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PREFACE

The purpose of this book is to provide an introductory treatment, in context suit-
able for classroom use, of the four basic aspects of integrated-circuit engineering:
fabrication, device behavior, small-signal (or linear) circuits, and digital circuits.
The majority of engineering students who become involved during their professional
careers with integrated circuits will do so as users rather than as process engineers.
However, the interdependent technologies employed in fabrication so markedly
influence the device, circuit, and even subsystem performance that the user must
have some understanding of processing techniques in order to appreciate the limita-
tions they impose on performance. We have therefore attempted to slant the
material toward the user and at the same time maintain the proportion of emphasis
we feel to be necessary on the fabrication and device aspects. In order to accom-
plish these objectives in a volume of reasonable size and to maintain an introductory
level of treatment, we have emphasized first-order behavior and first-order analyses.
Sufficient references are included to guide the student who wishes to go beyond
first-order cases.

The level for which the book is intended is a senior elective or first-year
graduate course; it is therefore assumed that the student has as prerequisites the
usual undergraduate electrical engineering courses in electronics and circuit theory.
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Understanding of device behavior at a level comparable to that of the well-known
“SEEC Notes” (Wiley) is presumed.

More material is included in the book than can usually be covered in two
semesters or three quarters of three lecture hours per week, and some selection by
the instructor is necessary. It should be noted however, that the material dealing
with linear circuits is basically independent of that dealing with digital circuits, so
that one can be studied without the other. The chapters on fabrication and device
behavior contain sufficient material for a one-quarter or one-semester course,
should the instructor wish to emphasize these aspects.

Two types of problems are used in the book. Exercises are integral with the
textual material; they are generally short and limited in scope and are designed to
provide the student with a means for testing his understanding of the material just
covered. Ordinary problems appear at the end of the chapters; these are generally
broader in scope and require more effort than the exercises.

Material selected from the book has been used in a one-semester three-unit
laboratory course and a one-semester three-unit lecture course at the University of
Arizona; in a two-quarter three-unit lecture course at the University of California,
Berkeley; and in a one-quarter three-unit lecture course at Montana State
University.
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THE BASIC PROCESSING TECHNOLOGY AND
LAYOUT FUNDAMENTALS

1-1 INTRODUCTION

Production of integrated circuits relies on close interaction among technologies
from as diverse disciplines as solid-state physics, chemical engineering, and pho-
tography. In order to appreciate these interactions and their relevance to the in-
tegrated-circuit designer, we first develop perspective by listing some general facts
about integrated circuits and drawing some conclusions about how these facts
influence the role of the designer.

The Technologies

The technologies for producing integrated-circuit components are completely inter-
dependent. All components and their interconnections are fabricated during a
single sequence, and the technologies employed in this sequence must be compatible.
This interdependence of technologies and the resulting limitation of available com-
ponents impose some severe compromises on circuit design.
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Economics and Production

A far greater capital investment is required for integrated-circuit production than,
for example, the production of discrete-component etched-card circuits. Further-
more, many more man-hours of design time are required for a given integrated
circuit than for a given etched-card circuit. Therefore large-volume high-yield
production is essential to the economic success of integrated circuits.

Reliability and Performance

Reliability of integrated circuits is higher than that of corresponding discrete-
component circuits because of the absence in the former of such low-reliability
aspects as solder joints. Performance of integrated circuits is usually higher,
because of the reduction of interconnection parasitic effects and because of matched-
component capabilities. The increased reliability and p'erformance make possible
the realization of systems of much greater complexity and sophistication than was
previously possible with discrete-component circuits. The designer can now begin
to think in terms of subsystem “building blocks™ instead of just in terms of circuits.

Lack of Component Adjustment

Because the integrated components are all fabricated as part of a monolithic struc-
ture, the designer loses the freedom of postfabrication adjustment of components
that he enjoyed with discrete-component circuits. Although some trimming of
components such as thin-film resistors is possible, it is very costly.

Matching of Components

The fact that all components are made during the same processing sequence ensures
that those device parameters which depend on the technologies will be well matched
in any given production run. Moreover, all devices on a chip will have nearly the
same environmental operating conditions; this leads to temperature tracking of
component values to a degree not achievable in discrete-component circuits.

The Role of the Designer

Because of the interdependence of the technologies in integrated circuits, the role
of the integrated-circuit designer is quite different from and more complex than
that of the discrete-component-circuit designer. The discrete-component-circuit
designer requires only a thorough knowledge of the terminal behavior of the devices
he uses, so that he can predict how a circuit will perform when these devices are
interconnected. He has at his disposal a large variety of different devices, but he
does not need to concern himself with the design of the devices themselves as long
as he knows their terminal behavior. Not only is the variety of discrete com-
ponents large, so in general is the range of their values. Resistors of approximately
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the same physical size range from fractions of an ohm to several megohms; capaci-
tors range from several picofarads to many microfarads. Finally, economics
dictates a hierarchy of devices: active devices such as transistors are usually most
costly, while resistors are least costly. In a discrete-component-circuit design, the
designer usually tries to minimize the number of transistors required.

The integrated-circuit designer, however, must be at once a circuit designer,
device designer, and process designer. The actual interconnection of devices to
form a circuit is a relatively small part of the fabrication sequence used in making
an integrated circuit. The devices must also be designed as part of this sequence.
Furthermore the fabrication processes must be specified to some degree. Thus the
integrated-circuit designer must concern himself with, for example, the influence of
geometry and fabrication processes in the terminal pehavior of transistors.

In addition to designing devices, the integrated-circuit engineer must concern
himself with a different sort of economics than does the discrete-component-circuit
designer. Instead of dollar cost, the economic variable for an integrated circuit
is chip surface area. As chip area for a given circuit is reduced, more chips can
be obtained per wafer, and hence more circuits are produced per batch. As we
shall later see, the entire fabrication sequence is optimized for the production of
bipolar transistors. Transistors also occupy less chip area than capacitors or
large-value resistors. Therefore the designer must recast his design philosophy in
terms of using transistors to the exclusion of other devices, where possible.

Other aspects of the design philosophy for integrated circuits must differ
markedly from those for discrete-component circuits. Only a few types of com-
ponents can be conveniently fabricated: transistors, diodes, resistors, and capacitors.
Furthermore, the range of values of these components is very limited. For ex-
ample, one tries to avoid the use of resistors with resistance less than about 50 Q
or greater than about 100 kQ. One also tries to avoid capacitors entirely if
possible.  When capacitors must be used, the total capacitance cannot exceed
about 100 pF. These restrictions mean that considerable ingenuity must often be
employed in the design of circuits which are to meet the requirements of (1) being
acceptable as building blocks, and (2) being amenable to integrated-circuit fabrica-
tion techniques. One result of these restrictions is that the circuit diagram for an
integrated circuit will generally appear very complex and even economically un-
feasible by discrete-circuit standards.

Finally, in addition to being circuit, device, and process designer, and to
designing circuits with a limited variety of components with restricted ranges of
values. the integrated-circuit designer must always attempt to take advantage of
those properties which the integrated-circuit technology offers that are not to be
found in discrete-component circuits: availability of closely matched components,
capability of temperature tracking of matched components, and useful interactions
among components.

It is clear from the preceding discussion that the design of integrated circuits
is more complicated than, and quite different from. the design of discrete-com-
ponent circuits. (The experienced discrete-component-circuit designer will find
that he has some well-developed prejudices which he must lose if he is to make the
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transition to integrated-circuit design.) To begin to be an integrated-circuit de-
signer, one must develop a basic foundation of knowledge in the essential fabrica-
tion processes; one must understand how they influence the behavior of integrated
devices, and how those devices which can be fabricated in integrated form can be
used in the production of digital and linear circuits. It is the purpose of this book
to provide such a basic foundation.

1-2 THE BASIC FABRICATION SEQUENCE

During the fabrication of an integrated circuit, the silicon wafers from which a
large number of the circuit chips will be cut undergo over a hundred individual
processing steps such as chemical cleaning procedures, rinses, and so on. All of
these steps are, of course, essential; however, a detailed understanding of the
sequence is not necessary for our purposes in this book. Rather, we are con-
cerned only with the major milestones in the sequence, and at this stage we require
only a qualitative and superficial understanding of them. This can be obtained
by looking at the block diagram of Fig. 1-1, which shows the order in which the
processing proceeds, and Fig. -2, which shows the cross section of a typical n-p-n
transistor as the sequence unfolds.'t

The sequence begins with the formation of a single-crystal ingot of silicon.
There are several ways to produce such ingots; however, the process usually used
today consists of pulling the crystal from a “melt” of doped molten silicon. The
crystal “pulling” process results in a cylindrical crystal varying in diameter roughly
from 2 to 4 in, depending upon the pulling rate, melt temperature, and other exter-
nally controlled factors. The crystal is doped p-type by placing a small amount of
impurity such as boron in the melt.

Next the crystal is sawed into thin wafers. These wafers are then carefully
polished to a mirror finish by first mechanically lapping the wafer, and then polish-
ing using successively finer grits, ending with a combination chemical-mechanical
polish which leaves the surface virtually free of scratches and imperfections,

A layer of silicon dioxide (SiO,) is grown on the surface of the wafer by
heating the wafer to a temperature of approximately 1100°C and exposing it to
oxygen or steam. This oxide serves to protect the silicon surface from contamina-
tion and to prevent diffusion of impurities into the silicon during subsequent proc-
essing steps.

Special photolithographic techniques are employed to remove the oxide in
certain selected regions where transistors are ultimately to be placed. The regions
from which oxide has been removed now provide “windows” through which im-
purities can be deposited on the silicon surface. Now the wafer is placed in a dif-
fusion furnace at a temperature of about 1000°C, and a gas containing an n-type
impurity such as arsenic is passed over the surface of the wafer.f The gas de-

+ Superscript numbers refer to references at the end of each chapter.
1 The diffusion processes described here are called gaseous-source diffusions. Methods
using solid sources and liquid sources can also be employed.
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FIGURE 1I-1

Basic silicon integrated-circuit fabrication sequence.

composes and the impurity atoms are deposited on the wafer.  Where no windows
exist in the oxide, the oxide prevents the impurities from reaching the silicon surface.
Where windows exist, the impurities are deposited on the silicon surface and, be-
cause of the elevated temperature, they begin to diffuse into the silicon, thereby
forming an n-type highly conductive layer, but only at the window locations, as
shown in Fig. 1-2. This layer, called the buried layer, serves to reduce the series
collector resistance of the transistor. Following the buried-layer diffusion, all
oxide is removed from the wafer surface.

A new layer of n-type silicon is now grown on the surface of the wafer by
means of epitaxial growth. In this step the wafer is exposed at high temperature
to an atmosphere containing a silicon compound which decomposes at high tem-
peratures, depositing silicon atoms on the wafer surface. Since these atoms are
deposited in accordance with the crystal structure of the substrate, the epitaxial
layer thus grown and the substrate are part of the same single-crystal structure.
The epitaxial layer is doped by including small amounts of the desired impurity in
the gas stream during growth. In this case, as Fig. 1-2 shows, the epitaxial layer
is n-type.
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FIGURE 1-3
Cross section of an integrated-circuit transistor shown to correct scale.

Successive oxide growths, photolithography steps, and diffusions are now
carried out to put isolation walls and base and emitter impurity distributions in
place. The successive diffusion of isolation walls, base region, and then emitter,
shown in Fig. 1-2, requires impurity compensation of the p-type base by the n-type
emitter diffusion in order that the region containing the emitter be converted to a
net n-type region. )

Finally, contact windows are opened in the oxide layer for connections to be
made to the device. A metal (usually aluminum) is evaporated over the entire
wafer surface and the interconnecting contacts are formed by a photolithography
stepin which unwanted metal isetched away. Since the aluminum is evaporated into
the contact windows, it also makes contact to the silicon itself.

It is important to note at this point that in the remainder of the book we shall
make frequent use of drawings of device cross sections to explain various aspects of
fabrication. These drawings are never scale drawings, but are distorted for the
particular emphasis required. In order to give the reader some feeling for the
aspect ratios involved between surface dimensions and junction depths, an exact
scale drawing of a typical n-p-n transistor fabricated by the sequence just described
is shown in Fig. 1-3. This drawing does not include the metallization.

Finally, the wafer is then broken up into small chips, or dice, each of which
contains a single circuit, and the dice are then mounted on the case, or header.
Wire leads are used to connect the aluminum pattern on the chip to the header
leads. After sealing, the circuit is tested and is ready to be used.

Important conclusions about the design of integrated circuits can be drawn
from the above summary of processing steps. First, since many components are
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made at the same time, utilizing the same set of diffusions, one can expect good
matching of characteristics of similar devices on the same chip. Second, the same
set of diffusions is used to make different types of components (for instance, the
p-type base diffusion is also used to make resistors). Finally, since the entire circuit
is fabricated from a single crystal of silicon, and since the component interconnec-
tions are accomplished by the metallization pattern, the only actual “wire” inter-
connections are those between chip and header. In some headers, even these are
replaced by film stripes. Thus the integrated circuit should be more reliable than
its discrete-component counterpart.

From the foregoing discussion, it can be seen that the cornerstones of the fab-
rication sequence are oxidation of silicon, photolithography, impurity diffusion,
and epitaxial growth. All of these topics, with the exception of photolithography,
are discussed in quantitative detail in Chap. 2. However, for purposes of layout
and basic circuit design, one needs only the description given above, with additional
qualitative details of photolithography.

1-3 PHOTOLITHOGRAPHY?™

Integrated-circuit photolithography encompasses two major areas: photographic
mask making and photoresist. In photographic mask making, two objectives are
accomplished: the reduction of layout size and the production of multiple images
of the layout. In the photoresist procedure, the multiple-image exact-size pattern
required by the wafer is transferred from the photographic mask to the surface of
the wafer. As we have seen in the preceding section, this is done several times in
the fabrication sequence to open windows in the oxide, and finally to remove un-
wanted metal from the wafer surface.

Mask making begins with a large-scale layout called artwork. Once the
designer has completed his circuit design, it is necessary to determine the locations
of all the components of the circuit on the surface of the chip. Because the chip
dimensions are of the order of 50 to 100 mils on a side,} the artwork must be made
many times the actual chip size in order to avoid large tolerance errors and to be of
size reasonable for human operators to deal with. The layout is usually carried
out in the form of a drawing showing the position of the windows that are required
for a particular major step of the fabrication sequence. Six or more layout
drawings are required, as can be seen from Fig. 1-2. For very complex circuits,
the layout process can be carried out by use of computer-aided graphics, and the
computer can generate the drawing.

Artwork is now made from each drawing. This can be done on a plastic
material called Rubylith, a clear mylar with a red plastic coating. Cuts are made
in the red coating, and the coating is peeled off in appropriate regions. The
Rubylith artwork is to be photographed, and the red areas will appear opaque to
photographic film. Rubylith artwork for a simple circuit requiring no buried-
layer diffusion is shown in Fig. 1-4.

t 1 mil =0.001 in. Surface dimensions are usually given in mils, while cross-section
depths are usually given in micrometers, abbreviated pm. 1 um = 10" m,
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FIGURE 1-4
Rubylith artwork for a simple circuit. (@) Circuit diagram; () isolation
diffusion; (¢) base diffusion.
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FIGURE 1-4 (continued)
(d) emitter diffusion; (e) contact win-
dows; {f) metallization.

If the layout has been generated by computer, all layout information can be
stored on punched or magnetic tape. The tape is then used to drive an automated
light beam which exposes a large sheet of photographic film. The film is then used
as artwork.

Next the artwork is photographed by a large camera. Typically the original
artwork will be as much as 500 times the size of the final circuit chip, so for a chip
100 mils on a side, the artwork is 50 in on a side, and a large camera indeed is
required. Successive photographs are taken to reduce the artwork size first to 100
times, then to 10 times, and finally to exact size on a master plate. The master plate
is used in a precision step-and-repeat printer which produces multiple images of the
layout on a high-resolution photographic plate. This plate is the mask which is
used in the photoresist operation to transfer the layout pattern to the wafer surface.

The photoresist procedure enables small openings to be placed in the silicon
dioxide layer covering a silicon wafer. Since the oxide acts as a barrier to im-
purity diffusion, impurities are deposited on the wafer surface only where there is
an opening in the oxide. Photoresist is a light-sensitive coating which is placed
on top of the oxide layer to be selectively removed, as shown in Fig. 1-5a. The
coated wafer is then placed in contact with the glass mask containing the pattern
of the oxide to be removed, as shown in Fig. 1-56. During the development
process the unexposed coating is dissolved, leaving an opening in the coating as
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shown in Fig. [-5¢.  The photoresist coating which remains is chemically resistant
to the buffered hydrofluoric acid solution which is used to etch through the oxide
layer, producing an opening in the oxide as shown in Fig. 1-54. The remaining
photoresist coating is now removed from the wafer, and the wafer is now ready to
undergo a diffusion. As has been previously mentioned, the photoresist procedure
is used not only to etch silicon dioxide but also to remove metal after the metalliza-
tion step.

1-4 LAYOUT FUNDAMENTALS

It is clear from the preceding discussion that circuit layout is the first step in in-
tegrated-circuit fabrication, since the layout determines where each of the diffusions
is to take place on the wafer surface. The discussion of circuit layout in this chapter
is not complete, since layout considerations are often determined by parasitic
effects allowable in the elements; however, the question of geonmetryand its effect on
element values and tolerances can now be discussed.

Isolation by Reverse-Biased p-n Junctions

Since all components of the integrated circuit are to be fabricated simultaneously in
a single-crystal silicon structure, the first problem which must be solved is that of
providing some means for electrically isolating the components from each other.
The method most compatible with the processing sequence is junction isolation; it is
shown schematically in Fig. 1-6. Basically the method involves producing islands
of n-type material surrounded by p-type material. Components which must be
electrically isolated from each other are then fabricated in different n-type islands.
As can be seen from Fig. 1-6¢, each island is electrically isolated from the others
by back-to-back diodes.

One begins with the wafer having an a-type epitaxial layer. (If transistors
are to be fabricated, the buried layers will already have been formed at the proper
locations.) A p-type diffusion is now performed from the surface of the wafer;
sufficiently long drive-in time is used so that the acceptor impurity concentration is
greater than the epitaxial-layer donor concentration throughout the entire thickness
of the epitaxial layer. Thus the region directly below the surface, at the location
of the isolation diffusion, is changed to p-type from the surface to the substrate.
As far as impurity fype is concerned, the isolation region now becomes an extension
of the substrate upward to the surface. This causes the formation of a p-» junction
everywhere around the n-type islands except at the surface. All p-n junctions thus
formed share electrically a common p region: the substrate. As far as dc isolation
is concerned, the » regions are as shown in Fig. 1-6¢.  If the substrate is connected
to a voltage which is always more negative than any of the n-region voltages, the
junctions will all be reverse-biased and negligible dc current will flow. 1t is to be
understood, of course, that the diodes shown in Fig. 1-6¢ are actually distributed
over all but the surfaces of the # regions. There will also be a distributed capaci-
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FIGURE 1-6
(a) Cross section of the wafer before isolation diffusion; (b) after diffusion of
isolation walls; (¢) dc electrical egquivalent circuit.

tance associated with the isolation junctions; this distributed capacitance will produce
parasitic effects at high frequencies.

MOS Capacitor Layout

The cross section of an MOS (metal-oxide-semiconductor) capacitor in an isolation
region is shown in Fig. [-7a; the effect of the substrate is shown in Fig. 1-7h. A
simple parallel-plate structure forms the capacitor; the lower plate is made by an
n* (heavily doped) diffusion performed at the same time as the emitter diffusion for
all n-p-n transistors in the circuit. A thin layer of silicon dioxide forms the dielec-
tric. and a metal pattern deposited at the same time as the metal interconnection.
pattern forms the upper plate.

If we assume that the isolation region has alrcady been defined by an isolation
diffusion and that a layer of oxide exists over the entire wafer surface. then the
masks needed for an MOS capacitor are:

[ n* diffusion mask
2 Mask to define area for thin oxide
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FIGURE 1-7
(a) Cross section of an isolated MOS capacitor; (b) equivalent circuit showing
the effect of the substrate.

3 Contact window mask
4 Metal plate and conductor mask

(As we shall later see, mask | also contains the emitter locations of n-p-n transistors,
mask 3 contains the locations of all contact windows for the entire circuit, and mask
4 contains the locations of all metallization interconnection stripes.)

The first mask is used to open a window in the existing oxide for the n* dif-
fusion. During the n* diffusion cycle, a new layer of oxide is grown over the entire
surface; this layer will generally be thicker than that desired for the capacitor di-
electric. The second mask is used to remove all the oxide at the capacitor location,
and a thin layer is regrown there. The third mask is used to select a window to be
opened in the oxide at the location where contact is to be made to the lower plate.
Metal, usually aluminum, is deposited over the entire surface, and the fourth mask
is used to remove metal from the proper locations, leaving the interconnection
pattern and the upper plate.

To determine what surface dimensions must be delineated by the masks, we
assume that fringing effects can be neglected, and we calculate the capacitance of
a parallel-plate capacitor by

KoéepA

C=—22 (1-1)

where K, = relative dielectric constant of oxide
{ = its thickness
A = effective area of one plate
Note that for the MOS capacitor, the bottom plate is larger than the top plate;
therefore if fringing effects are neglected, the area to be used is that of the top
plate.
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EXAMPLE 1A Layout of a 100-pF Capacitor. 1tis clear from (1-1) that to con-
sume the smallest surface area for a given capacitance, one should use the thinnest
possible .oxide. In practice, 500 A is about the thinnest oxide that can be repro-
ducibly obtained; therefore that value is used for /. For silicon dioxide,

Kyeo = 3.9¢5 = 3.46 x 107" F/m
With / =5 x 107 m, the area required on the chip is
A=145%x10""m? =224 x 107*in? = 2.24 x 102 mils?

Before we can draw the artwork for the masks, we must have additional
information about the type of photographic system being used, the photoreduction
ratio, and the type of photoresist. For this example we assume that

! A two-step photoreduction system employinga total of two image reversals
is used.

2 The total reduction ratio is 125x. (In practice, a larger ratio would be
used.)

3 A negative photoresist is used. For negative photoresists, that part of
the photoresist exposed to ultraviolet light through the mask is not removed
by the developing process. Therefore areas of oxide which are to be opened
as windows must lie under photoresist which is not exposed.

We also must know something about the minimum size of window openings which
can be tolerated, and about the maximum registration errors that are likely to be
encountered during the alignment of successive patterns atop the wafer. For this
example, we assume that

[ Minimum window size is | x | mil.
2 Maximum registration errors are | mil.

These are somewhat larger than would actually be encountered in a practical situa-
tion. Carefully controlled production lines can achieve window sizes as small as
0.2 x 0.2 mil and registration errors less than 0.2 mil.

With two image reversals and a negative photoresist, the artwork must be
cut and the Rubylith peeled so that areas representing removal of oxide or metal are
opaque. The masks to be used are shown separately in the sketches of Fig. 1-8.
Note that with 125x reduction, § in on the artwork reduces to | mil on the chip.
To realize 224 mils? on the chip, the artwork for the upper plate must be 3.5 in.
The shape of the plate is arbitrary; however, long thin shapes are avoided since
they produce excessive parasitic resistance in the n* diffusion of the lower plate.

Since registration errors as much as 1 mil must be allowed for, the size of the
artwork must be increased so that misalignment of successive masks does not
change the value of the capacitance. Accordingly, the n* region and the oxide
regrowth areas are made larger than the upper plate. If the masks all register
perfectly, their overlay is as shown in Fig. 1-9. I

The errors in capacitor value from layout are due to errors in area. For a
capacitance tolerance of + 1 percent, the layout area must be held to within + 1 per-
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Capacitor mask layout.

cent. In order to achieve this, the individual capacitor plate dimensions must be
held to within +0.5 percent. In the above example, this means that the side dimen-
sions of the artwork must be accurate to within approximately + 10 mils (0.0} in).

Diffused-Resistor Layout

Because a high value of resistance is generally desirable and because adequate
control of resistance is essential, the p-type diffusion which is used to form the base
of transistors is also used to form resistors. The cross section of the diffused
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Registration of the masks for the MOS capacitor.

resistor is shown in Fig. 1-10. The value of the resistance is controlled by the
surface geometry (length and width) of the resistor as well as the characteristics of
the diffused impurity profile. As we will later see, the diffusion characteristics are
embodied in the surface resistance of one square (independent of the size of the
square). This characteristic resistance, called the sheet resistance of the diffusion,
is easily measured and is fixed by the processing schedule. The resistance of a
diffused resistor can be expressed in terms of this sheet resistance and the surface
dimensions L and W:

L
R=p,—  (-2)

where p, = characteristic sheet resistance

L = resistor length

W = resistor width
Note that L/W is the aspect ratio of the surface geometry, and is therefore the
effective number of ‘“‘squares’ contained in the resistor.

If it is assumed that the isolation diffusion has already been performed and

a layer of oxide grown over the entire wafer, then the masks required for a diffused
resistor are

I p-type diffusion mask
2 Contact window mask
3 Metal conductor interconnection mask

The first mask is used to open a window in the oxide over the location where
the resistor is to be formed. A p-type diffusion into this window forms the diffused
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(a) Cross section (single diffused p-type resistor); (b) Equivalent circuit showing
effects of the substrate.

resistor and is accomplished at the same time that base regions are diffused for any
transistors in the circuit. The second mask is used to open contact windows in
the oxide over appropriate locations on the resistor. This step is carried out at
the same time that contact windows are opened for all other components in the
circuit. Metal is then deposited over the entire wafer and the third mask is used to
remove metal from the proper locations, leaving the interconnection pattern.

EXAMPLE B Design of a 2-kQ Diffused Resistor. We again assume that the
photographic system uses two image reversals and that a negative photoresist is
employed. We also assume that the sheet resistance resulting from the p-type
diffusion is 200 Q per square, a typical value for transistor base diffusions. Then
from (1-2) we find

L R 2x10°

—=—=———=1053q

W p 200
Only the aspect ratio is calculated; the value of either L or W must be chosen from
other considerations.

One such consideration is resistor layout tolerance. It should be noted that
the tolerance variations of p; may be as much as 20 percent, so that errors of, for
example, | percent in layout dimensions introduce insignificant errors in the absolute
values of resistances. However, in many circuits the performance can be made to
depend not upon absolute values of resistances, but rather on ratios of resistance.
If it is necessary to control resistor ratios to within 1 percent, artwork errors become
significant.

If both L and W are reproducible to within + Ax in the layout drafting, the

resistance for a given p; is
R ,L+Ax L ,(I+Ax)(]_Ax)
“hwra T whUFTIV T,
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For Ax/L and Ax/W sufficiently small (less than 0.05), the resistance becomes in

the worst case
L Ax Ax
Rrp,—|l+|——— (1-3)
w L w

In our example, L/W = 10 so Ax/L is small compared with Ax/W. If
resistance variations due to layout are to be less than 5 percent, then Ax/W = 0.05
or W =20 Ax. Suppose that the accuracy with which the artwork can be cut is
0.00625 in. Then W =0.125in. If the photoreduction is 125x, as was used for
the capacitor example, the width of the resistor on the chip is 0.00! in or 1 mil, and
its length would be 10 mils.

We cannot complete the design of the resistor without some knowledge of
how the contacts are to be made, since the contact geometry also influences the
total resistance of the resistor. A good aluminum-silicon ohmic contact has a
conductance of approximately 0.08 {/mil?; a contact made through a 1-mil square
window will add about 12.5 Q to the resistance of the resistor. Furthermore, the
resistance added by the region where the contact is made must also be taken into
account. The contact window must not overlap the edge of the resistor, or the
contact will electrically connect the resistor to the » material in which it is em-
bedded. Because of the registration tolerances encountered in mask alignment,
the window must be placed well within the region to be contacted. In cases where
wide resistors are used. this can be done as shown in Fig. [-11a.  When the region
around the contact window size is comparable to the width of the resistor, which is
more often the case, the contact region is enlarged as shown in Fig. 1-115 to allow
for registration clearances. Here the contact region adds cffectively 0.65 square
to the number of squares of the resistor, as shown.

For our example, we can now calculate all the dimensions and draw the
masks. If we assume that a 1-mil width is used for the resistor, and that 1-mil
windows are used for contacts, the resistance contributed by the contacts them-
selves is 25 Q. and the resistor must then have a resistance of 1975 Q. For p; =
200 Q per square, the total number of squares of the resistor must be

i = % = 9.88 sq

w200
Since each contact region, or end pad, contributes 0.65 square, the body of the
resistor must contain 9.88 — 1.30 = 8.58 squares. For W =1 mil, the length of
the resistor between end pads is 8.58 mils. The layout is then as shown in Fig.

1-12. i

For this example, the layout was straightforward. However, if we require
a much larger resistance, complications arise. Suppose that a 100-k Q resistor is
required on a 100 x 100 mil chip. If p;is 200 Q per square, and if we must again
use W = 1 mil, the length of the resistor must be approximately 500 mils. A layout
of the type shown in Fig. 1-12 cannot fit on the chip. In such cases, maze geom-
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FIGURE 1-11
(@) Contact area for a wide resistor; (b) enlargement of contact region for the
case in which contact window dimensions are equal to resistor width.

etry of the type shown in Fig. 1-13 is used. However, at the bends the electric
field lines are not uniformly spaced across the width of the resistor, but are crowded
toward the inside corner. A square at a bend of the resistor does not contribute
exactly 1 square, but rather 0.65 square. If it becomes necessary to bend a resistor,
this fact must be taken into account in determining the total length of the resistor.

Exercise 1-1 For p, = 200 Q per square, find the maximum resistance that
can be fabricated ona 100 x 100 mil chip for: (a) 1-mil lines and 1-mil spacing;
(b) 0.5-mil lines and 0.5-mil spacing.

Base diffusion

Metallization -

FIGURE 1-12
Layout for diffused resistor masks.
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FIGURE 1-13
Maze geometry for long resistors.

n-p-n Transistor Layout

A number of different surface geometries can be used for the n-p-n transistor; only
one will be treated here. The cross section of a single-base-stripe single-collector-
stripe isolated transistor is shown in Fig. 1-14. The masks required for this device
are:

n* buried-layer diffusion mask

p isolation diffusion mask

p base-region diffusion mask

n* emitter diffusion mask

Contact window mask

Metallization mask

A AW N~

Base Emitter Collector Substrate
contact contact contact contact

|

V/A//I V/AA I/ W% A

-]

n

)

p-substrate

FIGURE 1-14
Cross section of a single-base-stripe single-collector-stripe isolated n-p-n transistor.
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FIGURE I-15
A set of masks for an n-p-n transistor.

In general, unless exceptionally close matching between transistors is required, the
performance is not first-order-dependent upon the surface geometry. (Second-
order effects related to surface geometry are discussed later.) Therefore the tran-
sistor most often used is one which requires the least amount of surface area. The
amount of surface area required depends upon the minimum window size, the
minimum line widths, and the registration tolerances for the processing sequence
being used. For generality, let

I = minimum clearance from isolation window to any p diffusion window
IB = minimum clearance from isolation window to buried-layer window
W = minimum window size
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R = maximum registration tolerance for successive masks
S = minimum spacing between lines on the same mask

A set of masks for an isolated n-p-n transistor is shown in Fig. 1-15.  To show the
interrelationships among the quantities listed above, a superimposed set is given in
Fig. 1-16. There are some subtleties involved in the layout of the transistor, and
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FIGURE I-16

Layout of a single-base-stripe single-collector-stripe n-p-n transistor with buried
layer.




24 BASIC INTEGRATED CIRCUIT ENGINEERING

some clearances are less critical than others. These subtleties are best understood
in terms of their effects on device terminal performance; they are discussed later
in conjunction with device design. A typical 1-mil-geometry device has all dimen-
sions above equal to 1 mil except I = 2 mils, and /B = 2 mils.

Exercise 1-2 Find the area required for a 1-mil-geometry n-p-n transistor.

1-5 LAYOUT GUIDELINES

We have discussed thus far the layout of MOS capacitors, diffused resistors, and
n-p-n transistors. Other components, for example, p-n-p transistors and field-
effect transistors, can be fabricated in monolithic form. However, we have at this
point sufficient knowledge to formulate some useful general guidelines for layout;
the layout of other devices will be discussed in conjunction with their design.

I Since isolation diffusions always occur at the periphery of device regions,
and since isolation clearances are usually larger than other clearances, the
isolation diffusion occupies a significant amount of area. Therefore it is
desirable to minimize the number of isolated regions that have to be used.
This is achieved by such expedients as putting all resistors together in a single
isolation region and putting all transistors together whose collectors can be
electrically connected.

2 A contact should always be made to the substrate, so that it can be
connected to the most negative supply voltage in the circuit. Often this contact
is most conveniently made on the surface of the chip by opening a window
over the isolation diffusion.

3 A contact should always be made to the n material of a region containing
resistors. This »n material should be connected to the most positive supply
voltage in the circuit, thus ensuring that the p-n junctions surrounding resistors
will never become forward-biased.

The above three guidelines have to do mainly with ensuring proper isolation,
and can be deduced from what is already known about layout. There are several
other important factors which bear on layout and which are discussed in later
chapters.

4 The base diffusion mask should also include the isolation windows, so
that the p-type isolation material receives a base diffusion. This is to prevent
an n-type inversion layer from forming at the surface of the isolation diffusion.
5 Any parts of the epitaxial n» material which are to be contacted should
receive an n* emitter diffusion. This is because aluminum is an acceptor
impurity in silicon; hence the donor concentration of the region to be con-
tacted must be larger than the acceptor concentration in order to prevent
formation of a p-n junction.
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6 Aluminum areas used as bonding pads for bonding wires which make
connection with the header pins should be at least 3 x 3 mils. If smaller
pads are used, it will be difficult to position the bonding tool on the pad, and
the bond will also extend outside the pad area.

7 It is often desirable to include some sort of alignment pattern on the art-
work to make the task of registering successive masks easier.

EXAMPLE 1C Layout of a Single-Transistor Inverter Stage with Speedup
Capacitor. We can now illustrate the layout of a simple but complete circuit in-
volving only resistors, capacitors, and transistors. The circuit diagram is shown in
Fig. 1-17.

First, some knowledge of the constraints of the processing system is necessary.
We assume the following:

The photoreduction is 250 x .

A two-step photographic procedure with two image reversals is used.
A negative photoresist is used.

All clearances are 1 mil except the isolation clearance, which is 2 mils.
Base diffusion sheet resistance is p; = 200 Q per square.

MOS capacitor oxide thickness is / = 900 A.

Resistor tolerance due to layout are +2 percent.

Drafting accuracy is Ax = +5 mils on the artwork.

S NN L AW~

Next we determine how many isolation regions are needed. Both resistors
can go in one region, and this region should have its » material connected to V..
The transistor requires its own region, as does the capacitor. The number of
regions required is three. The substrate should be connected to ground.

The size of resistors and capacitors can next be determined. For the capacitor,
we have

Cl
A = — =403 mil?
£

+ Vee

1.4kQ

’_| I—— ———2 Out

In 0—4;W—4—K
14kQ

FIGURE 1-17
Single transistor inverter with speedup
capacitor. —
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(e) Oxide regrowth

(a) Buried layer diffusion

. |
] » -
a
] [
]
|
| . =
B
() Contact windows

(b) Isolation diffusion

(c) Base diffusion (g) Metallization

|
|
FIGURE 1-18

(d) Emitter diffusion Rubylith artwork for the inverter
circuit.
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or an artwork area for the upper plate of 2.52 in?>. Both resistors have the same
resistance, and the resistance is relatively low. To meet the tolerance requirement,
it is necessary that the width of the resistor be

Ax .
W =—— =0.250 in on the artwork
0.02

On the chip the resistor will be I mil wide. Since the contacts have [-mil windows,
they contribute 25 Q, so the number of squares must total 1375/200 or 6.88. Be-
cause the resistor width is | mil and the minimum contact window is also | x I mil,
enlarged end pads must be used. These contribute a total of 1.3 squares, so the
resistor body must be 5.58 squares, and the length between end pads is therefore
5.58 mils on the chip, or 1.39 inches on the artwork.

A standard 1-mil-geometry single-base-stripe single-collector-stripe buried-
layer transistor is used. The artwork for the seven masks required in the fabrica-
tion of the entire circuit is shown in Fig. 1-18. i

1-6 CROSSOVERS

In all our discussions of layout to this point. we have implicitly assumed that any
circuit to be fabricated requires no crossovers of the metal interconnection pattern.
For this to be the case requires that the circuit be able to be represented by a coplanar
graph. Obviously not all circuits are coplanar; a case in point is the simple Eccles-
Jordan multivibrator. Clearly we need some means for realizing crossovers.

One method which requires neither increase nor alteration of the fabrication
steps is the so-called buried crossover. A cross section of a buried crossover, to-
gether with its surface geometry, is shown in Fig. 1-19. An n™* diffusion is made
and contact windows are opened at each end. Sufficient space is left between
contacts so that a metal stripe can be deposited on the oxide above the n™* diffusion.
The diffused material serves as one conductor, and the metal above the oxide crosses
it without making electrical connection. Since the n* diffusion can be performed

Sio, n* emitter diffusion
%, R ‘ % 7
A 4 %
k n* emitter %
n-epi /
Z
p-substrate %
FIGURE 1-19

Cross section and surface geometry of a buried crossover,
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p-substrate

7 7
A
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N

FIGURE 1-20
Use of a diffused resistor location to make a crossover.

at the same time as the emitter diffusion, no extra processing steps are needed.
However, the n* material introduces some series resistance, so it should not be
used in, for example, power supply lines or ground lines. Also it may be necessary
to provide an isolation region for the n* diffusion; this will increase the area it
consumes.

Before resorting to buried crossovers, one should determine that they are
absolutely necessary. This involves more than a glance at the circuit diagram,
however. Note, for example, that a diffused resistor provides a natural means for
implementing a crossover. As long as the value of the resistance is large enough
so that there is sufficient space between the end pads for a metal stripe, a crossover
can be made there, as shown in Fig. 1-20. Furthermore, crossovers can sometimes
be avoided by using double-base-stripe or double-collector-stripe transistors. Fig-
ure 1-21 shows a case in which effective crossing of emitter and base leads is
accomplished by using a double-base-stripe transistor.
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“A Collector

E/. 1//2 %’I/{

L

Base 7

—T K

| I | G o'}
o
Emitter
FIGURE 1-21
Use of a double-base-stripe transistor to implement crossing of base and emitter
leads.

Exercise 1-3 For I-mil geometry, find the resistance of a buried crossover if
the sheet resistance of the n* diffusion is p;.

Exercise 1-4 For 1-mil geometry, what is the minimum resistance for a
resistor to be used as a crossover? Assume that the base diffusion sheet
resistance is p, = 200 Q per square.

By making use of the above techniques it is usually possible to implement all
necessary crossovers without unduly compromising circuit performance. Should
this not be the case, it is possible to use more than one layer of metal interconnect
pattern; this is done as follows. The circuit is fabricated as usual, but after the
removal of unwanted metal, a layer of oxide is deposited at low temperature over
the surface of the wafer. This is typically done by pyrolytic decomposition of
silane in a reactor at temperatures below 300°C. The decomposition forms silicon
dioxide on the wafer surface. Because of the relatively low temperature involved.
there is no damage to the existing metal pattern. Windows are next etched in the
oxide, a second layer of metal is deposited, and unwanted metal is removed in the
usual way from the second layer. A cross section of a crossover formed in this
way is shown in Fig. 1-22. Because several extra processing steps are required,
this method of implementing crossovers should be avoided if at all possible.
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Low-temperature glass

% A
Z A
) Thermally grown SiO,
Silicon
FIGURE 1-22
Multiple-layer metal crossover.
+ Vee

FIGURE P1-2 =
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PROBLEMS

1-1 Suppose that all clearances and dimensions for the layout of an n-p-n transistor are
1 mil, except the isolation clearance, which is 2 mils. Find the area required for an
isolated, non-buried-layer transistor for: (a) single-base-stripe single-collector-stripe
geometry; (b) double-base-stripe double-collector-stripe geometry; (¢) single-base-
stripe collector-ring-contact geometry.

1-2 A three-input ECL gate with emitter-follower outputs is shown in Fig. P1-2.
Determine how many isolation regions are required and what would be put in each
region.

1-3  For 1-mil geometry, how much area is required for an isolated buried crossover?
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DIFFUSION-RELATED PROCESSES

Diffusion is a physical process which is important in several aspects of integrated-
circuit fabrication, as well as in the operation of bipolar transistors. Because dif-
fusion is such a basic process, we begin this chapter with a general treatment of
diffusion theory, leading to Fick’s laws for diffusion. These general results are
then applied successively to impurity diffusion in silicon, oxidation of silicon, and
epitaxial growth of silicon layers.

2-1 FIRST-ORDER DIFFUSION THEORY!'

In obtaining a first-order model for diffusion, our purpose is not to provide a
derivation, but rather to state the postulates which are to be assumed for the
general case, and the results which follow from these postulates. We consider a
collection of particles moving in some medium, and we assume the following:

I The particles obey classical mechanics. This applies to the various types
of diffusion we wish to consider in this book; it is possible, however, to
remove this limitation and to account for particles obeying quantum statistics.?
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2 The particle concentration is sufficiently low that collisions among par-
ticles are negligible in comparison with collisions between particles and the
medium.

3 Collisions are adequately described by a linear relaxation model with
relaxation time 1. Because of (2), 7 is not a function of spatial coordinates.
4 A quasi-equilibrium description of the particle-distribution function is
adequate; that is, the distribution function in six-dimensional (position and
momentum) space differs only slightly from its equilibrium value.

By using these approximations, together with the Boltzmann transport equa-
tion,” one can show that the particle flux density f'is given by

f(r.f) = —VDN + uNE 2-1)

where N = particle density
D = diffusivity, or diffusion coefficient, of particles
u = mobility of particles
E = electric field
V = gradient operator in position space
r = position vector
t = time
Now let us also assume that:

5 The particles obey Maxwell-Boltzmann statistics.
6 Isothermal conditions exist.
7 The effects of the electric field can be neglected.

We can now obtain Fick’s first law:
f=—-DVN (2-2)

One can also write a continuity equation relating the time rate of change of
particle density to the divergence of flux density; this is known as Fick’s second
law.

oN
FT -V-f (2-3)
N

or Fn = —V-(DVN) (2-4)

For our purposes. diffusion can usually be regarded on a first-order basis as
one-dimensional, and the diffusion coefficient can be assumed to be constant.
Fick’s laws then become

ON
f(x,)=—=D = (2-5)
oN of 0 ON *N
oo _Z(-pZ)=D— -
ot Ox 8x( 8x) ox? (2-6)

where r = x.
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The physical interpretation of (2-5) is that particles move by diffusion from
regions of higher concentration to regions of lower concentration. One can also
obtain a physical interpretation of (2-6) by considering a small volume Z Y(x, — x,).
If one integrates (2-6) over this volume, the result is

a;—? =i(xy, 1) — (x5, 1) (2-7)
where Q(f) = total number of particles in the volume

i(x, t) = particle current
The physical interpretation is embodied in (2-7): The rate of increase of the number
of particles in the volume is equal to the net particle current flowing into the volume.
[Note that if the particles have a charge g, g0 is the total charge in the volume,
and qi(x, 1) is the electric current.}

2-2 DIFFUSION OF IMPURITY ATOMS IN SILICON

In planar processing technology, formation of p-type or n-type layers of silicon is
usually accomplished by diffusing impurity atoms such as boron or phosporus into
the silicon crystal from the surface of the wafer. If the crystal is originally of a
given type, for example, n-type, it can be changed to the opposite type by diffusing
in impurity atoms of opposite type, for example, acceptors, with density greater
than that of the original impurity atoms. This technique is known as compensa-
tion and is used in forming base and emitter regions for bipolar transistors.

Impurity diffusion is generally carried out in two steps. In the first, or
predeposit step, the wafers are placed on a quartz carrier in the quartz tube of a
diffusion furnace. The region containing the wafers is heated to a high tempera-
ture (typically 950°C) by heating elements surrounding the tube. Impurity atoms
are then deposited on the surface of the wafer. There are several ways of imple-
menting the deposition; these are called gaseous source, solid source, and liquid
source, according to the phase of the material originally supplying the impurity
atoms. In these methods, the impurity atoms are carried to the wafer by the flow
of a gas in the diffusion tube. A schematic drawing of a gaseous-source system is
shown in Fig. 2-1. For boron diffusion, the impurity gas is diborane (B,H,),
while for phosphorus, phosphine (PH;) is used. The carrier gas is typically argon
or nitrogen. Focusing attention on the boron case, we note that when the im-
purity gas enters the hot diffusion tube, it decomposes into several boron-containing
compounds, which are carried to the wafer and react with the wafer surface. As a
result, boron atoms are deposited on the surface, dissolve in the silicon. and begin
to diffuse into the wafer.

It is important to note that there is a maximum density N, of impurity atoms
which can dissolve in silicon; N, is known as the solid solubility limit. In general.
N, differs for different impurities, but it is a weak function of temperature over a
fairly wide range of temperatures. Graphs of N, versus T are given in Fig. 2-2.%
and a table of values is given in Table 2-1. (Diffusivities of boron and phosphorus
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Diffusion tube

Wafers
Mixing
manifold
L ]
— Quartz carrier
Inert Impurity
carrier
gas gas

FIGURE 2-1
Schematic diagram of a gaseous-source diffusion system.

are also given in Table 2-1; note that D for boron is independent of surface con-
centration, while for phosporus it is not.) The existence of a solid solubility limit
and its weak dependence on temperature are important to the success of the planar
process, for they ensure that the number of impurity atoms deposited during the
predeposition step is relatively independent of the partial pressure of the impurity
gas in the gas stream. This solid solubility limit makes possible reasonable control
of the predeposit results.

In the second, or drive-in, step the wafers are again placed in a diffusion furnace,
but now the temperature is increased and the gas-stream constituents are changed.
During this step, the impurities which were predeposited are diffused farther into
the silicon wafer, usually for the purpose of producing a junction at a predetermined
depth below the surface. Typical temperatures are of the order of 1100°C, and

Table 2-1 USEFUL VALUES FOR BORON AND PHOSPHORUS

Boron Phosphorus

7,°C  Ng,cm™3 D, u*/h No,em~3 Ns,em™3 D, u*/h
950 4.5 x 102° 1.6 x 1073 8.5 x 10%° 1 x 10'? 1.7 x 1073
8.5 x 1020 22x 1072
1000 52 x 103 1 x 10%! 1 x 10'* 6.4 x 1073
1 x 102! 6.0 x 10~2
1050 5.0 x 10%° 1.7 x 10-2 1.1 x 10%! 1 x 10'? 20 x 10-2
1 x 10%! 1.7 x 10-!
1100 5.8 x 1072 1.2 x 10%! I x 10'? 7.3 x10°2
1 x 102! 3.7 x 107!
1150 5.2 x 10%° 1.6 x 107! 1.3 x 102! 1 x10'? 1.8 x 10°!
1 x 102! 8.1 x 107!

Note: Ns = surface concentration, cm ™3

No = solid solubility, cm~3
u=10"°m
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FIGURE 2-2
Temperature dependence of solid solubilities.

the gas stream is steam or oxygen for approximately the first one-half hour, followed
by nitrogen for the remainder of the drive-in time.

Predeposit Diffusion

To analyze the predeposit step, we assume that Fick’s laws adequately describe the
diffusion of impurities inside the silicon wafer. It is also postulated that:

1 Quasi-equilibrium conditions exist at the wafer surface, so that whatever
chemical reactions occur between the wafer surface and its surroundings
cause the impurity concentration to be maintained at solid solubility N, .

2 The wafer is semi-infinite in thickness.

3 The x direction is taken from the surface into the wafer.

4 No impurity atoms exist in the wafer for t <0. This restriction is easily
removed later.

We now solve (2-6) subject to the boundary and initial conditions which are
embodied in the above postulates.” For concreteness we assume diffusion of
acceptor atoms with concentration N (x, t) cm~3. The boundary conditions are

N0, 1) = Nyu(t)
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where u(t) is the unit step function

N4(o0, 1) < o0
and the initial condition is
Ny(x,0)=0

To find the solution of (2-6) we first eliminate ¢ by use of the Laplace trans-
formation; the resulting ordinary differential equation is

d*N ((x, 5)

SNA(-X’ S)_'NA(X’ 0) = Dp dxz

(2-8)
where N ,(x, s) is understood to mean the Laplace transform of N (x, t). The sub-
script p is used to emphasize the fact that the diffusivity must be evaluated at the
temperature of the predeposition.

The solution of (2-8) is

N (x, 5) = A(s) exp(—x\/DE) + B(s) exp(x\/g) (2-9)

Because N (oo, 1) < oo, B(s) =0. To evaluate 4(s) we note that NA(O., 1) = Nyu(t)
which when transformed yields

N
N0, s) =—2
S
N,
Thus we obtain A(s) = TO
N _
and Ny(x,5) =2 exp(—x\/i) (2-10)
s D,
The inverse transform of (2-10) is
N(x, 1) = N, erfc — @-11)
X, = rNec ——— =
! RSN
207 .,
where erffcy Al —erfy =1 ——f e " di
Yo

This impurity distribution is sketched in Fig. 2-3 for a predeposition time ¢,.

It is also of interest to calculate the total number of impurity atoms in the
wafer after a predeposition time ,. If the surface area of the predeposit is 4, then
the total number of acceptor atoms Q 4(t,) is given by

Q4(1,) = Afow N(x, t,) dx

dx 2-12)

= l\f’oAf00 erfc
0

X
2\/ DP tP
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Sketch of impurity distribution resulting 25
from predeposition. Dy,
e 2] —
From a table of integrals, J. erfc y dy is found to be ]/\/n; therefore
1]
2NgA —
04t) ==—=—/D,t, (2120

NE:
The quantity /D, t, can be thought of as a characteristic length associated

with a particular diffusion. If the thickness of the material is large in comparison
with this length, the approximation of a semi-infinite wafer is a good one.

EXAMPLE 2A  Calculation of the Characteristic Length. A boron predeposi-
tion is carried out at 950°C for 30 min. Using D, ~ 1.6 x 107> um?/h, we obtain
a characteristic length

D,t,=28x10"2um=28x10"%m
PP

If the wafer thickness is L = 10 mils = 10 x 25.4 x 107°m, we find L/\/ D, 1, ~ 10%,
so the semi-infinite approximation is excellent for this case. /1]

Diffusion into Constant Background Concentration

The assumption that the wafer had no initial impurities is not a realistic one for most
applications. For example, the base diffusion is performed into an epitaxial layer
which, if n-type, has some distribution of donor atoms. It is convenient to
regard this distribution of donor atoms as initially being uniform, although such an
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approximation is not valid near the substrate-epitaxial-layer junction. However,
typical epitaxial-layer thicknesses are of the order of 8 to 12 um, while device junc-
tions of interest are fabricated within approximately 3 um of the surface. There-
fore the epitaxial layer near the surface is often assumed to have approximately a
uniform distribution of impurities whose concentration is Ngc, the background
concentration. Since a p-n junction will be formed where the diffusing acceptor
density is equal to the donor density of the epitaxial material, it is relevant to ask
what happens to the donor distribution during the diffusion of acceptors.

It must first be recalled that collisions among impurity atoms themselves dur-
ing diffusion are assumed to be insignificant in comparison with collisions
between impurity atoms and atoms of the silican crystal. Therefore the diffusion
of acceptors and the simultaneous diffusion of donors can be treated as independent
problems.

It is assumed that during predeposition of acceptors, the flux of donor atoms
is zero at the wafer surface; that is, donor atoms are neither added to nor subtracted
from the wafer during diffusion of acceptor atoms. It is also assumed that the
thickness of the epitaxial layer is semi-infinite, and that the initial donor distribu-
tion is Np(x. 0) = Nyc. Again, the semi-infinite approximation is valid as long as
the thickness of the epitaxial layer is large in comparison with the characteristic
length for donors. The result of these approximations is that there is effectively no
change of the donor distribution near the wafer surface, and

Np(x, 1) = Ng¢

This approximation is not valid near the substrate junction since donors diffuse into
the substrate.

During the acceptor predeposit, a p-n junction is formed; if the constant-
background-concentration approximation is used, the junction depth x; is given
by

Na(x;,1,) = Ngc (2-13)
Substituting (2-13) in (2-11), we obtain

Nyc = N, erfc —— (2-14)

\/pp

EXAMPLE 2B  Calculation of Predeposition Junction Depth. A boron predeposi-
tion is performed in a wafer having Ngc =5 x 10'% ¢cm 3, with predeposition dura-
tion of 30 min at 950°C. The resulting junction depth is given by (2-14), which

yields
x;02um=02x10"°m

The total number of atoms predeposited is found from (2-12) to be

Ny A
Q4lt,) = ' D,t, = 14.4 x 10" x

J

where A is the surface area in square centimeters. /1]
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Drive-in Diffusion

After the predeposition has been carried out for a predetermined time, the wafer
is placed in a different atmosphere, one not containing impurity-bearing gas, and
at a higher temperature than was used during predeposit. Diffusion of the impurity
atoms continues, but now with different boundary conditions. This procedure is
used for two principal reasons:

I 1t is necessary to grow a layer of SiO, on the surface for passivation and
for use as oxide masking in subsequent photoresist steps. If this is done
during predeposition, the oxide growth will interfere with the deposition of
impurity atoms.

2 As we shall see in later chapters, high-performance bipolar transistors
require base-region surface concentrations lower than N,. The two-step
diffusion procedure lowers the surface concentration during drive-in.

Since the wafer is placed in an oxidizing atmosphere, it is reasonable to
assume that no impurity atoms flow from the wafer to the atmosphere. For the
present, we also assume that no impurities dissolve in the oxide layer. This means
that the total number of impurity atoms remains constant, and that the flux is zero
at the surface. To find the resulting impurity distribution, we first define a new
time variable

rpt—tu,
Next we must solve (2-6) subject to the following conditions:
I Ny (0, t)—0
(The wafer is assumed to be semi-infinite in extent.)

ON 0,1
2 —Dd%=

(Note that the subscript 4 is used to indicate that the diffusivity must be
evaluated at the drive-in temperature.)

3 Ny(x,0)=Nylx,t =1,

0

Condition (3) is simply a statement of the fact that the acceptor distribution
at the beginning of the drive-in is that distribution which exists at the end of
the predeposit diffusion.

Equation (2-6) can be solved subject to conditions (1) through (3); the result

Ny(x, t') = (A4nDyt') V2 | Nj(o, t J(e~ G~ 4Pat . p=GHa*/4Daty gy (2-15
° P

Unfortunately, when (2-11) is substituted for N 4(«, t,) in (2-15) the integral must
be evaluated by numerical methods. We therefore wish to investigate the use of
approximations for N (x, t,) which would



DIFFUSION-RELATED PROCESSES 41

1 Enable the integration of (2-15) to be carried out
2 Yield tractable results which can subsequently be used in evaluating the
profile and calculating junction depths

The Step Approximation

In the interest of finding an approximation which will make possible the integration
in (2-15), we first consider

Ny(x,1,) =N, 0<x<h
Ny(x,t,) =0 x>h
Nohd = Q (1))

This approximation is shown pictorially in Fig. 2-4; note that it conserves the total
number of predeposited atoms. Use of this approximation in (2-15) yields

N — 1 h
Nyx, t) = =2 (erf XN et a L) (2-16)
2 2/D,r 2/ Dyt

While the step approximation satisfies the requirement that the integration
be carried out, the results can hardly be considered tractable.

>
L

log N 4(x,t,)

Step approximation

FIGURE 24
The step approximation for the initial
distribution in drive-in diffusion. h
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The Delta-Function Approximation
A mathematically simpler approximation is to assume that all the atoms pre-
deposited are concentrated at the wafer surface; that is,

Nx, 1)~ %‘ t,6(x)  (2-17)

where 6(x) is the unit delta function. Now approximation (2-17) is used in (2-15);
the delta function in the integrand makes the integration simple, with the result
that

t 2 .
N, 1y = 249D posmar (5 1)
A\/nD,, v
Furthermore, (2-18) is certainly more tractable than (2-16).

To evaluate the profile after a prcdcposit'followcd by a drive-in, one need
only

I Use (2-12a) to calculate Q4(z,).
2 Use the delta-function approximation, substituting Q ,(z,) in (2-18).

It is intuitively clear that the delta-function approximation is worst for

1" ~0. For characteristic lengths \/D,t' large compared with the predeposit

charatteristic length \/D‘p 1,, the approximation is reasonably good, as is shown by
Fig. 2-5.¢

EXAMPLE 2C  Drive-in Diffusion. Suppose that the wafer having the pre-
deposit diffusion of Example 2B is now subjected to a drive-in diffusion in a nitrogen
atmosphere for 2 h at 1150°C.  Q ,(t,) has already been calculated. For a drive-
in time t' = t,, the delta-function approximation yields a profile from (2-18) of

t 2
N, 19 = 248 psaiane

A/ nD, t;

N (x;, ts) = Ngc

For Ng¢c =5 x 10'° ecm™?3, the resulting junction depth is

A p-n junction is formed at a depth x;, given by

x;=31x%x10"%m

The profile after drive-in, and the junction location, are sketched in Fig. 2-6. ////

Note that the calculations show that the junction depth is more than an order
of magnitude greater after drive-in than it was after predeposit. This provides
an affirmative consistency check on the validity of the delta-function approxima-
tion.

Convenient normalized curves for erfc y and e™* are given in Fig. 2-7.
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FIGURE 2-5

Accuracy of the delta-function approximation (after Grove'®). Two-step
diffusion: predeposition followed by drive-in diffusion. Solid lines are exact
final distributions. Dashed lines correspond to case when predeposited distri-
bution is approximated by delta function at a = 0.

Variation of the Diffusivity

In order for the crystalline structure of the semiconductor to be maintained, the
impurity atoms must enter substitutionally in the lattice; that is, a silicon atom
must be displaced by an impurity atom. This means that impurity atoms must
have some minimum energy AE, in order to enter substitutionally into the lattice,
and we therefore expect the diffusivity to be a function of temperature. It is as-
sumed that the diffusivity is of the form

D(T) = Dy ™ 2EIT

The proportionality constant D, and the activation energy AE, can be determined
experimentally. Measurements indicate that the functional form proposed for
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Drive-in profile and junction depth.

D(T) is accurate. Graphs and values of D(T') for several impurities in silicon are
given in Fig. 2-87'8 and Table 2-1.

During the several diffusion cycles performed on a wafer during a given proc-
ess sequence the temperature varies quite drastically, causing an attendant varia-
tion of the diffusivities of all impurity species in the wafer. There are two principal
variations of temperature which are of concern: )

I The variation of temperature as the wafer is inserted in and removed from
the diffusion furnace. The rate of variation of temperature in this case is a
function of the thermal characteristics of the diffusion boat holding the wafer
and the transient response of the furnace. .

2 Long-term variations of temperature resulting from successive steps being
carried out at different temperatures, and from variations of furnace tem-
perature during a given step.

If the diffusivity varies with time because of temperature variations, the
continuity equation (2-6) is a partial differential equation with time-varying coef-
ficient. We now demonstrate that its solution can be obtained from the solution
which we have already found for the continuity equation with constant coefficients.®
If we assume negligible electric field, and diffusivity independent of concentration,
the equation which must be solved is

2
o2l
ot ox
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FIGURE 2-8
Diffusivity versus temperature for boron and phosphorus in silicon.

where N is the concentration of the impurity under consideration. We make a
change of variable

a A a(t)
Now we have
ON  ON ou
ot du dt
Since « was not restricted, we can let it be defined by the relation
do D(Y)
dt

from which we obtain
t —
cx=f D(t)dt = Dt
1]

where D is the time average of D(f). In terms of x and «, the partial differential
cquation to be solved is now

oN 0*N

da  0x?
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But this equation is of the same form as the continuity equation with constant
diffusivity. Thus we see that for any given boundary conditions and any given
initial profile N(x, 0), we can find N(x, t) for the case when temperature varies by:

! Finding N(x, 1) for D assumed independent of time
2 Replacing Dt by Dt

For most diffusion systems, furnace temperatures are controlled to +1°C,
and transient temperature variations subside within a few minutes. Therefore for
diffusion times greater than several minutes, the most important temperature varia-
tions are those which occur because successive steps are carried out at different
temperatures. Since the temperature is essentially constant during each step, it is
easy to obtain D.

EXAMPLE 2D Use of the Average Diffusivity for Calculation of Boron Diffusion.
In the fabrication of integrated circuits the phosphorus emitter drive-in is usually
carried out at a lower temperature than the boron base drive-in. Since the boron
atoms are also subjected to the temperature change during the emitter drive-in,
further diffusion of boron takes place, causing a deeper collector-base junction
than would occur without the emitter drive-in. A sketch of D(t) for the diffusion
cycle is shown in Fig. 2-9,

Let the drive-in times be f5 and t, for base and emitter, respectively, and let
the diffusivity of boron be Dg, and Dy, at base drive-in and emitter drive-in
temperatures. The transient effects will be neglected. Note also that when the
wafer is not in the furnace, D ~ 0 for all impurities. Diffusion of boron during
phosphorus predeposition is also neglected.

The total diffusion time for boron atoms is t; Aty + tg. The average
diffusivity is
D, - Dpytg + Dp,tg
g+ tg

and the resulting boron profile at the end of the emitter drive-in is

Nee ) =248 L -coramann

A /aDgt,

The collector junction occurs at x;c, where

N(x;c, t;) = Ngc "

Exercise 2-1 The wafer of Example 2C is further subjected to a phosphorus
predeposit of 30 min at 950°C and a drive-in of 2 h at 1100°C. Find the
new location of the collector junction after thiscycle. Neglect the phosphorus
concentration near the collector junction.
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FIGURE 2-9
Boron diffusivity Dg(¢) for emitter and base diffusions.

v

Location of the Emitter and Collector Junctions

We have seen that prior to the emitter diffusion the collector junction occurred
where N(x;, t,) = Ngc. When the phosphorus drive-in for the emitter diffusion
is completed, the epitaxial layer contains the original donor atoms of that layer, the
boron acceptor atoms of the base diffusion, and the phosphorus donor atoms of the
emitter diffusion. These profiles are all sketched in Fig. 2-10.  Junctions will occur
at any values of x where the net impurity concentration Np(x) — N ,(x) is zero.

For most practical cases, the variation of boron and phosphorus concentra-
tions with depth is so large that in the vicinity of the collector junction the phos-
phorus concentration is much less than the background concentration. Therefore
the approximation

Np(x) & Ng¢
can be used in calculating the collector junction depth, resuiting in
N(xjc, 4;) = Ngc (2-20)

Furthermore, near the emitter junction the phosporus concentration is often
much larger than the background concentration, and in this case the contribution
of the background concentration to the total donor concentration is negligible.
If this is true the emitter junction depth satisfies the relation

Np(xjg, tg) = Ny(xjg, ty) (2-21)
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Emitter profile

Base profile N,

FIGURE 2-10
Impurity profiles after base and emitter diffusions.

where Np(x;g, tg) is the phosphorus profile after a drive-in time t;. Since both
Np(x;g, tg)and N (x;¢. t;) are of the same functional form. (2-21) can be solved for
X;g. 1t should be noted, however, that if Ny is not negligible in comparison with
Np(x;g, tg). a transcendental equation results:

Np(xje. 1g) + Npc = Ny(xje. 1)) (2-22)

Exercise 2-2 A double diffused n-p-n transistor has been made with the
following diffustion schedule:

! Boron: Predeposition 30 min at 950°C; drive-in 2 h at 1150°C
2 Phosphorus: Predeposition 30 min at 950°C; drive-in 2 h at 1100°C

The background concentration is Ngc =5 x 10'° ecm™2.  Find the emitter
junction depth.

Lateral Diffusion

All diffusion calculations so far have been based on the one-dimensional form of
Fick’s second law. Consider the diffusion of an impurity at the edge of an oxide
window, as shown in Fig. 2-11. It is unrealistic to assume that the diffusion will
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FIGURE 2-11
Diffusion at an oxide edge: (a) after predeposit; (b) after drive-in.

proceed only straight down from the oxide window. There will also be a diffusion
tendency parallel to the surface, causing the impurity to spread out under the oxide
as shown in Fig. 2-11b. To a first-order approximation the lateral diffusion will be
approximately equal to the vertical diffusion, resulting in a junction profile which
is approximately a quarter circle in the region under the oxide, if the background
impurity concentration is uniform. Because of this lateral diffusion, the actual
junction reaches the silicon surface at a point under the protective oxide layer.
Since the oxide layer remains in place, it shields the junction against surface
damage and contamination, and the oxide layer is often called a passivating layer.

Mathematical analysis of the three-dimensional diffusion problem suggests
the approximation that diffusion occurs laterally in approximately the same way
that it does vertically for most practical cases of interest. Detailed analysis con-
firms the validity of the approximation.*°

When the emitter is diffused into the previously diffused base layer, the fact
that the acceptor profile is nonuniform causes the locus of the emitter junction
under the oxide to be no longer a section of a circle. Because the acceptor con-
centration is highest near the surface, the distance from the corner of the window
to the junction is less at the surface than it is below the surface. This gives rise to
a junction locus similar to that sketched in Fig. 2-12. It can be shown that if Ny
is negligible in comparison with the diffused donor concentration at a depth x;;
the lateral distance to the junction is given by

Dyt Y2 p, .t =i
y£0) :ijcoso(#— 1) (M—sinz 0) (2-22)

ap Lap Dyptup
where D,, = acceptor diffusivity during base drive-in
t;4 = base drive-in time
D,p = donor diffusivity during emitter drive-in
t;p = emitter drive-in time
The effects of lateral diffusion are particularly important in the layout of
isolation regions. Typical epitaxial-layer thicknesses are 1 to 4+ mil. To ensure
isolation the concentration of the isolation diffusion acceptors must be greater than
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FIGURE 2-12
Effects of lateral diffusion on location of the emitter junction after diffusion into

the base layer.

Nge atadepth of  mil.  This means that the lateral location of the isolation junc-
tion will be at least § mil from the isolation window. As a consequence, the
spacing between the isolation window and a neighboring window for a p diffusion must
be at least § mil greater than the minimum spacing allowed for registration or clear-
ance tolerances. For this reason, a [-mil-geometry device usually requires 1.5 to
2 mil isolation clearances in the layout.

Out Diffusion

The emphasis of the discussion of diffusion has been primarily on base and emitter
diffusions. It must be recognized, of course, that at elevated temperatures, all
impurity atoms in the wafer are diffusing. This means that epitaxial-layer donors
diffuse into the substrate, substrate acceptors diffuse into the epitaxial layer, and
buried-layer donors diffuse into both epitaxial layer and substrate. In cases where
undesirable diffusion occurs, such as for buried layers, its effects can sometimes be
minimized by choosing impurities such as antimony or arsenic, which have small
diffusivities.

Other conditions for diffusion occur when it is not possible to ensure that
ON(0, 1)/ox ~ 0. This can be caused by impurities dissolving in the oxide layer
during drive-in, or by impurities reacting with the gas stream and leaving the wafer
during predeposition. For example, if donors from the epitaxial layer leave the
wafer during predeposition of base acceptors, the profile of the epitaxial-layer
donors will no longer be constant near the surface. The result of this out diffusion
is sketched in Fig. 2-13.
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FIGURE 2-13
Effects of out diffusion of epitaxial-layer
donors.

Sensitivity to Process Variables

The kinetics of the gas-phase reactions in the diffusion tube, and of the gas-solid-
phase reactions at the wafer surface, are not well understood. Fortunately, the
weak dependence of the solid solubilities of impurities on temperature mitigates this
circumstance. For solid-phase diffusion in the wafer, the temperature is the most
important variable. One can define a sensitivity of the diffusivity to temperature as

oD T
SPPA ==+ (2-23)

Since we have postulated that D is of the form
D — DO e—AEa/kT

_AE,
kT

we find S;P

Measurements indicate that for boron at 1000°C,

AE, = 2.69 eV

Using this value, we find

SrP =245 at 1000°C

For a 2.5 percent tolerance on total number of atoms predeposited at a given time,
D must be held to +5 percent. This means that the maximum temperature varia-
tions are + 2.0 percent or + 2.0°C. Electronic controllers are generally used on
diffusion furnaces to maintain these temperature tolerances.

It is, of course, possible to calculate sensitivities other than that of D to
temperature; several possibilities are considered in Probs. 2-4 to 2-6.
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2-3 EVALUATION OF DIFFUSION RESULTS

Since the results of a fabrication sequence are quite sensitive to the process variables,
it is desirable to have some method of evaluating results during the fabrication
sequence so that adjustments in subsequent steps can be made if necessary. Since
it is very difficult to measure the actual impurity profiles, other parameters must
be measured. The two parameters most often used are junction depth and sheet
resistance. Typically, a monitor wafer is processed with the wafer containing
circuits. This permits the use of destructive measurements without damage to the
integrated circuits.

Measurement of Junction Depth

Junction depth is measured by lapping and staining a piece of the monitor wafer.
One commonly used method is to mount the wafer on a post which is beveled at an
angle of about 1°.  The surface of the wafer is then lapped with a suitable abrasive
until several micrometers of material have been removed. The resulting lapped
surface is now at a 1° angle relative to the original surface, and the location of the
junction is exposed by the lapping. A stain such as concentrated HF in the pres-
ence of intense light is applied, causing p regions to be darker in color than »
regions. This color difference can be observed visually through a microscope.
To measure the junction depth, one uses a partially reflecting mirror, as shown in
Fig. 2-14, and monochromatic illumination.'” The light reflected from the bottom
surface of the mirror produces an interference pattern with the light reflected from
the beveled surface of the wafer. The junction depth is measured by counting the
number of interference fringes that appear between the actual wafer surface and the
junction location, and multiplying by half the wavelength of the illumination used.
The result is independent of the beveling angle, thus making accurate determination
of the angle unimportant.

The stain is somewhat sensitive to the impurity concentration as well as to
the space charge occurring in a junction depletion region. Calculations indicate

Monochromatic light

Interference
pattern ! I

Mirror

Silicon wafer
Bevel

FIGURE 2-14
Angle-lap method of measuring junction depth.
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that for typical integrated-circuit junctions, the stain described above causes a color
change to occur at the p side of a depletion region, rather than at the metallurgical
junction. This should be taken into account when measuring junction depths.

While lap and stain methods are relatively quick and convenient to use, they
are not extremely accurate. For typical monochromatic illumination used for this
measurement, the distance between fringes is approximately 0.3 um. It is therefore
difficult to make measurements that are accurate to better than 0.15 um.

Nondestructive electrical measurements can be made to determine the
collector junction depth. This is done by diffusing a V-shaped pattern during the
base diffusion. An angle of only a few degrees is used for the V, and the resistance
of the pattern is measured. This resistance will be a function of the amount of
lateral diffusion that takes place inside the V. Since the vertical diffusion is
approximately the same as the lateral diffusion, if the lateral diffusion is found
from the resistance measurement the junction depth is known. Junction depth
measurements made with this method correlate well with angle-lap measure-
ments.!?

Measurement of Sheet Resistance

The sheet resistance p, can be measured on a monitor wafer by the four-point probe
method. Four equally spaced probes are brought into contact with the wafer.
A known dc current is applied to two probes, as shown in Fig. 2-15.  The voltage
between the remaining probes is measured and the sheet resistance is computed
from

T

ps=m

=4.53 (2-24)

~ <

V
I

While (2-24) applies only for an infinite wafer surface, it is a good approximation
if the wafer dimensions are large in comparison with the probe spacing.

An alternate and superior method is to include a pattern for sheet-resistance
measurement in the layout of the integrated circuit. This method has the advantage

I

/A

N\

(D
v

FIGURE 2-15
Four-point probe method for measuring
sheet resistance.

Silicon test wafer
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FIGURE 2-16
Van der Pauw method for measuring sheet resistance.

that it provides a measurement on the actual chip rather than on a monitor wafer.
Furthermore, if the Van der Pauw method!? shown in Fig. 2-16 is used, the sheet
resistance measured is independent of the chip size and the pattern dimensions.
The sheet resistance in this case is also given by (2-24).

The Van der Pauw method has the further advantage that the sheet resistance
of, for example, the base layer after the emitter diffusion can easily be measured by
performing an emitter diffusion over all but the contact areas.

Irvin’s Curves'*

The sheet resistance of a diffused layer between the depths x; and x, is related to the
average conductivity of the layer by

1
py=———— (2-25)
a(x; — Xx;)

where & is the average conductivity and is given by

6=+fxzo(x)dx= —

X2 X1 Vxy 2 1¥xy

— [CTaNwd @2)
X X

where u(N) = majority carrier mobility
N(x) = majority carrier concentration

If a junction is formed at x,, all lateral current flow in the layer is confined
to the region above the junction; if depletion regions are assumed to be negligible
we can let x, = x;, and for 0 < x < x; the sheet resistance of any layer can be
determined from (2-26). Curves have been plotted by J. C. Irvin to facilitate the
determination of sheet resistance for commonly encountered impurity profiles
diffused into a uniform background concentration. These curves are designed for
calculation of the sheet resistance of the general layer depicted in Fig. 2-17. They
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FIGURE 2-17
General layer for which Irvin’s curves yield sheet resistance.

take into account the dependence of mobility on concentration, and are available
for a wide range of background concentrations. Correspondingly, if the sheet
resistance and the junction depth can be measured, Irvin’s curves can be used to
find the surface concentration. Typical curves are given in Fig. 2-18.

EXAMPLE 2E Calculation of Surface Concentration. A base diffusion has been
performed into a uniform background concentration Ngc = 10'°.  From an angle-
lap measurement the junction depth is found to be x; = 3 um. From a four-point
probe measurement, the sheet resistance of the base layer is found to be p; =
200 Q per square. The surface concentration is found by using Irvin’s curves
as follows.

The base diffusion is known to produce approximately a gaussian impurity
distribution after drive-in. Since the four-point probe measures sheet resistance
at the surface, we wish to use the particular curve for x/x; =0. Furthermore, the
average conductivity is

_ 1 1
6=———"—=—=1670/cm
pxj— Xx)  peX;

We enter the family of curves at & = 16.7 and move vertically until an inter-
section is obtained with the x/x; =0 member. Moving horizontally from that
intersection we obtain

N,=3x10'%cm™3 I

EXAMPLE 2F Sheet Resistance of a Partial Layer. Suppose that the surface
is now etched to a depth of 2.7 um. 1f depletion regions are neglected, we can cal-
culate the sheet resistance which would be measured at the new surface as follows.

We wish the sheet resistance of the layer originally located between x = 2.7
pm and x = x; = 3.0 ym. Entering the family at N, =4 x 10'® cm™3, we move
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FIGURE 2-18
Irvin’s curves for p-type guassian layers in a uniform n-type background of 10'3
cm™3,

horizontally until an intersection occurs with the x/x; =2.7/3.0 =0.90 curve.
Moving vertically to the axis, we find d = 1.1 x 107! U/cm. The sheet resistance
can now be calculated from

I I
- - —3.0x10°Q
P GG —x 10x107x03x10% x /sq 1

Exercise 2-3 If the depletion region extended 0.1 um into the p material in
Example 2F, how would you calculate the sheet resistance of the layer after
2.7 um are etched from the surface?
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EXAMPLE 2G Concentration Below the Surface. Suppose we must determine
what will be the new surface concentration after 2.7 um is etched from the surface,
that is, what the original concentration is at a depth of 2.7 um. The average con-
ductivity of the layer between x = 2.7 um and x; = 3.0 um has been found to be
& =1.1 x 107!, When the 2.7 um is etched away, this will be the average con-
ductivity measured at the new surface. Therefore the new surface concentration
can be found by entering the family of curves at ¢ = 1.1 x 107!, moving vertically
until an intersection with the x/x; = 0 curve is obtained, and then moving horizon-
tally to read N, = 3.5 x 10"° cm ™3, 1/

It is to be emphasized that Irvin’s curves are for diffusions into constant
background concentration. They cannot be used for emitter diffusions into dif-
fused base regions for two reasons:

1 The background for the emitter diffusion is the gaussian base diffusion
profile. One might be tempted to use Irvin’s curves to obtain an estimate
for emitter layers, except that

2 The curves do not take into account the degradation of mobility which
occurs as a result of successive compensation of the material to form the n-type
emitter.

2-4 OXIDATION{

Oxidation is the process of creating the protective silicon dioxide passivating layer
on the wafer surface. The silicon dioxide layer serves to mask silicon against
impurity diffusion in predeposition steps and to protect the surface against con-
taminants (particularly the junctions), and it serves as an insulating layer over which
interconnections, bonding pads, capacitor plates, and thin-film elements may be
placed. Silicon dioxide is, in many ways, a principal ingredient in the success of
the planar process. It is indeed fortuitous that silicon has an easily formed pro-
tective oxide, for otherwise we would have to depend upon deposited insulators
for surface protection—a necessity which has held back germanium integrated-
circuit technology until just recently. We consider here only thermally grown
oxide.

Silicon undergoes thermal oxidation in the presence of either oxygen or
water vapor. In order to obtain a sufficiently rapid rate of oxide formation, the
process is carried out at elevated temperatures of the order of the drive-in tempera-
tures used for diffusion steps. For this reason, and because an oxidizing atmos-
phere can be inert as far as the impurity distribution is concerned, thermal oxida-
tion is often done at the same time as the drive-in diffusion.

Figure 2-19 shows a silicon wafer covered by a layer of SiO,. The oxide
forms according to the chemical reaction

Si+0, —— Sio,

t Our treatment of oxidation follows closcly that of Grove.'$
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FIGURE 2-19 Silicon wafer
Growth of silicon dioxide on a silicon
wafer.

In order that the reaction take place, however, either silicon or oxygen, or both,
must traverse the SiO, barrier. This means ‘that either silicon or oxygen must
diffuse through the dioxide. Experiments conducted using radioactive tracers
have shown that thermal oxidation takes place as oxygen diffuses through the oxide
layer. We therefore treat the problem of oxide growth as a diffusion problem
governed by Fick’s laws.

It is important to recognize that there are three distinct regions which must
be considered: the gas stream in the diffusion tube, the oxide layer on the surface of
the wafer, and the silicon wafer. Note that as oxide is grown, silicon atoms from
the surface of the wafer are consumed, with the result that the actual surface of the
silicon is changing position. We are thus confronted with diffusion in the presence
of a time-varying boundary. To expedite the solution, we make the important
guasi-static approximation that all reactions reach their steady-state conditions
essentially instantaneously. The effects of the moving boundary on the diffusion
process are neglected.

To simplify the analysis, it is assumed that the region outside the wafer con-
sists of a thin stagnant film of gas contiguous with the wafer surface, and a gas
stream contiguous with the stagnant layer. The concentration of oxygen molecules
in the gas stream is assumed to be constant and of value N;.

The-oxygen-molecule concentration profiles in the gas stream, stagnant layer,
and oxide are shown in Fig. 2-20. Note that the molecules diffuse across the stag-
nant layer and through the oxide to the silicon surface, where they react with silicon
to form silicon dioxide. Since we have assumed static conditions to apply, Fick’s
second law becomes, in one dimension,

d’N @
dx?*

indicating that the concentration profile is linear. Furthermore, the quasi-static
approximation also implies that the fluxes of oxygen molecules in the stagnant film,
in the oxide, and at the silicon surface must all be equal. Since the fluxes in the
stagnant film and the oxide are diffusion fluxes, we can write

Fy = hg(Ng — Ns) (2-27)

D
F, =“(N§—Ni) (2'28)
X0




60 BASIC INTEGRATED CIRCUIT ENGINEERING

Gas Oxide Silicon
Ng
—{\
| Ng
I
) |
Flowing | Stagnant

gas | film N
|
|
| —_ —
| F 1 F 2 F3 N i
I » x

—Xx; 0 Xo
FIGURE 2-20

Concentrations of oxidizing molecules in the three regions.

where N; = O, concentration in gas stream
Ng = O, concentration at gas-oxide interface
Ng = O, concentration inside oxide surface
N; = O, concentration at oxide-silicon interface
hg = gas-phase mass transfer coefficient
D = diffusivity of O, in oxide
X, = oxide thickness
Now we assume that the reaction rate at which oxygen molecules are used in the

formation of oxide is proportional to the O, concentration at the oxide-silicon
interface; that is

Fy = kgN; (2-29)
where kg = chemical surface reaction constant.

We must also postulate a relationship between Ng and N§. To do this we
make use of Henry’s law, which states that in equilibrium the concentration of a
species just inside the solid surface is proportional to the partial pressure of that
species in the gas at the surface. Since Henry’s law applies only in equilibrium,
we assume that quasi-equilibrium quasi-static conditions apply for the oxidation
process. The validity of the quasi-equilibrium quasi-static approximation is veri-
fied by the fact that good agreement is obtained between theoretical and experi-
mental data.!®

If we assume the carrier gas to be an ideal gas, we can write the concentration
Ny as

_Ps :
Ns=r%  (230)
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where pg = partial pressure of O, at the surface. By Henry’s law we also have
Ng = Hpy (2-31)
where H = Henry’s law constant. Combining (2-31) and (2-32), we obtain
N§ = H'Ng (2-32)
where H' = HkT.
It is instructive to analyze an electrical analog model for the oxidation process.
Let flux be analogous to current, and concentration analogous to voltage. From
(2-27) and (2-28). we note that conductances can be used to represent flux in the
stagnant layer and in the oxide. A conductance can also be used to represent flux
at the silicon surface. Henry’s law can be represented by two dependent sources.
The analog circuit is shown in Fig. 2-21.
Noting first that F, = F, = F; A F, we see by inspection that

NsG, G,
S A= 2-33
G, + G, (2-33)
Ns
and that F=G{(Ng— Ng) =G, [N; — F) (2-34)
Combining (2-33) and (2-34), we obtain
G, Ng ksH'Ng (2:35)

F= =
| + GG, + Gy)/H'G, Gy | + (H'ks/hg) + (ks/D)x,

Now, at the silicon surface, let the number of oxidant molecules required to
form a unit volume of oxide be N,. The flux of molecules at the silicon surface is

then

dx
F3=N,—=F 2-36
=M (2-36)
Combining (2-36) and (2-35), we obtain the differential equation for oxide growth:
dx, ksH'Ng

V@ T 15 Ukgfhg) + (kyiD)xg 207

Let the oxide thickness at t =0 be L,. Then the solution of (2-37) with this initial
condition is

: 2DH" ti L +D(1+H1k3)]2 D, Hks 2-38
Yo = Ty, Net e T T g ks( hG) (2-38)

It must be emphasized that (2-38) will be considerably in error when both L,
and ¢ are small, since for this condition one cannot neglect the effects of the moving

boundary.
A limiting case of (2-38) is of particular interest. Note that for large ¢,

x> [PPHNG,
N,

Experimental data confirm the square-root dependence of x4 on 1.1
Thus far we have considered oxidation only by oxygen molecules. It is also
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Henry’s law

Gas stream Stagnant film | |

FIGURE 2-21
Electrical analog model for the oxidation process.

possible to produce silicon dioxide by exposing the wafer to steam instead of dry
oxygen. For this case the chemical reaction at the silicon surface is

Si+2H,0 —— SiO, + 2H,
Our simplified model for diffusion through the oxide is not quite correct in this
case, since the hydrogen molecules must diffuse out through the oxide to the gas
stream. However, this diffusion of hydrogen can safely be neglected because the
diffusivity for hydrogen in oxide is so large. Typical diffusivities in silicon dioxide
are
Do, ~2.82 x 1078 cm?/s

Dy,0 9.5 x 1071° cm?/s
Dy, 222 x 10" % cm/s
Inspection of these diffusivities shows that:

I Compared with O, or H,0, the diffusion of hydrogen through the oxide
is almost instantaneous, and it can therefore be neglected.

2 The H,0 diffuses much faster than O,; therefore the growth rate of
silicon dioxide in steam is much faster than in dry O,.

Charts for determining oxide at various temperatures are shown in Fig. 2-22
for dry O, and in Fig. 2-23 for steam.'”{

Exercise 2-4 A wafer has an oxide of thickness 2000 A. A window is
opened for a deep n* diffusion. After the predeposit, a 3-h drive-in is per-
formed at 1200°C in an atmosphere of dry O,. Find the oxide thickness
over the window and over the remainder of the wafer.

t An excellent table of properties of Si, SiO,, Ge, and GaAs is given by Grove,18
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Oxide growth rate in dry O, (after Burger and Donovan®).

Effect of Oxide Growth on the Silicon Surface

When silicon dioxide is grown on the wafer, the silicon atoms which are used in the
formation of oxide are taken from the surface of the wafer. Consider a wafer
having no initial oxide. If an oxide layer of thickness x, is grown, the surface of
the wafer will no longer be at its original location, because of this removal of silicon
atoms. As is shown in Fig. 2-24, the new surface is at a depth x, below the original
surface.

The number of silicon dioxide molecules per square centimeter is Ng;o, Xo
where Ng;o, is the density of oxide molecules per cubic centimeter. Since the
number of silicon atoms in a given layer of oxide is equal to the number of oxide
molecules,

Nsix; = N0, X0
where N, is the density of silicon atoms per cubic centimeter in the silicon crystal.
Thus the change of the new surface from its original location is

_ X9 Nsio,

X, =
Ng;
s
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Oxide growth rate in steam (after Burger and Donovan?).
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FIGURE 2-24
Effect of oxide growth on the silicon surface.
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FIGURE 2-25
Formation of steps on the silicon surface Silicon wafer
as a result of oxide growth over a
window.

Values for Ng; and Ny, are
Ng; = 5.00 x 1022

Ngio, =2.3 x 1022
We therefore obtain
x, = 0.46x,

As windows are opened and oxides of various thicknesses regrown on dif-
ferent parts of the water, steps are formed on the silicon surface as is shown in Fig.
2-25.

Exercise 2-5 A window is opened for an emitter diffusion. After emitter
predeposit, a drive-in is carried out for 40 min at 900°C in a steam atmos-
phere. Find the depth below its original position of the silicon surface
under the emitter window.

Masking of Impurity Diffusion by Silicon Dioxide

One of the principal functions of the oxide layer is to serve as a mask against pre-
deposited impurities. The oxide must present an effective impurity diffusion
barrier at the temperatures of both predeposit and drive-in; such a masking effect is
made possible by the fact that both boron and phosphorus have diffusivities of the
order of 10715 cm?/s in silicon dioxide, compared with 1072 cm?/s in silicon.

In order to ensure effective masking it is necessary to provide an oxide layer
thick enough to prevent appreciable amounts of impurity from reaching the silicon.
The diffusion of boron and phosphorus in silicon dioxide takes place by a mecha-
nism different from impurity diffusion in silicon. Since thermally grown silicon
dioxide is not crystalline, but instead is amorphous, there can be no solid solubility
in the same sense as there is in silicon. Instead, silicon dioxide, when exposed to
heavy concentrations of boron or phosphorus, forms a surface layer of borosilicate
glass or phosporus glass. These doped glasses result when impurity atoms become
a part of the amorphous glass structure. As time progresses, the layer of contam-
inated glass becomes progressively thicker, and, if this is allowed to continue, the
doped glass layer will eventually reach the silicon surface, introducing impurities into
the silicon.

Unlike the case of diffusion in silicon, there is a well-defined division be-
tween the borosilicate or phosphorus glass and the underlying silicon dioxide. This
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Etch rate of an oxide layer after exposure to phosphorus (after Burger and
Donovan?).

sharp demarcation is shown by the etching-rate graph of Fig. 2-26. In this experi-
ment, an oxide layer covered by a phosphorus glass layer was etched in a dilute
solution of hydrofluoric acid, and the oxide thickness periodically determined.
Since phosphorus glass etches much more rapidly than pure silicon dioxide, the
sharp divison between the two glasses is clearly shown. Diffusion of impurities
beyond this dividing line is generally negligible (this holds well for phosphorus and
is adequate to explain the boron case). The graphs of Figs. 2-27 and 2-28 give
the minimum masking thicknesses for boron and phosphorus at various times and
temperatures.!®: 2°

While diffusion of boron and phosphorus through silicon dioxide is slow,
other impurities diffuse very rapidly through both silicon dioxide and silicon.
Among these are acceptors such as gallium, indium, and aluminum, which diffuse
400 to 700 times faster through silicon dioxide than boron or phosphorus. The
implication of this is that furnace tubes used for predeposit and drive-in must be
kept clean and free from cross-contamination from other processes, regardless of
whether or not oxide windows are open while the wafer is in the furnace.

Effect of Oxide on Impurity Redistribution?’

The thermal growth of undoped silicon dioxide layers by the process discussed
above often aflects the impurity distribution in the underlying silicon substrate.
Thermal oxidation of silicon takes place at the silicon-silicon dioxide interface; as
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Minimum oxide thickness required to mask boron at various temperatures
(after Burger and Donovan*).

we have seen, this requires that some of the substrate silicon be incorporated into
the silicon dioxide film as the process continues. The impurity atoms which were
present in the layer of silicon consumed must therefore be redistributed between the
silicon dioxide and the remaining silicon. How this redistribution takes place
depends upon the relative solubility of the impurity in silicon and silicon dioxide.
In the case of boron, for example, the impurity is more soluble in the oxide than
the silicon. As a result, the concentration of boron on the silicon side of the
silicon-silicon dioxide interface is reduced. This process, known as boron getter-
ing, is often employed to reduce the total number of impurities during the drive-in
step in order to increase the final sheet resistivity. A danger implicit in boron
gettering is the possibility of inversion of the impurity type of a lightly boron-
doped surface to n-type because of the surface depletion of boron. To avoid
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Minimum oxide thickness required for phosphorus diffusion masking as a func-
tion of time (after Burger and Donovan®).

inversion, the surface concentration of boron profiles must remain relatively high.
For this reason, base and resistor p-type diffusion sheet resistances are limited to
approximately 200 Q per square.

Huang and Welliver?? have investigated the problem of boron redistribution
during oxide growth, and have found that in extreme cases as much as 80 percent
of the predeposited boron can dissolve in the oxide. The boron profile which
results from oxide growth during drive-in diffusion is shown in Fig. 2-29.

The opposite effect, an impurity buildup in the silicon, occurs when the
impurity is less soluble in silicon dioxide than in silicon. This situation, which
pertains to the case of phosphorus, causes the so-called “snowplow” effect and
leads to a steadily increasing surface concentration as oxide growth proceeds. One
practical use of snowplow effect is to produce a reverse bend in diffusion profiles of
varactor diodes where “ hyperabrupt™ junctions are necessary to achieve a large
capacitance variation with voltage.

In addition to their use for masking against impurities, oxides may also
be employed for doping. Instead of relying on a gaseous predeposit, this proc-
ess involves the low-temperature deposition on the silicon surface of an oxide
layer containing the desired dopant. During the subsequent drive-in, the dopant
present in the oxide layer diffuses across the oxide-silicon interface and into the
silicon.
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Boron profile after oxide growth (after Huang and Welliver??).

2-5 EPITAXIAL GROWTH OF SILICONfY

As was discussed in Chap. 1, epitaxial growth of n-type silicon follows buried-layer
diffusion. The buried layer under an epitaxial-layer diffusion must be part of the
integrated transistor structure in order to simultaneously meet requirements of high
breakdown voltage and low series collector resistance. In a transistor without a
buried layer, the breakdown voltage is proportional to N, !, the collector donor
density, while the collector resistance is approximately proportional to Ny~ L
Thus, there is no way to simultaneously achieve high breakdown and low series
resistance without modifying the collector region. The buried layer is a region of
high donor concentration, providing a low-resistance path for coliector current.
The thin layer between base-collector junction and buried layer has low enough
donor concentration to provide reasonably high breakdown voltage, yet it is
sufficiently thin that it contributes very little series collector resistance.??

t Our treatment of epitaxial growth closely follows that of Grove.'*
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Epitaxial growth of silicon takes place in a reactor at approximately 1200°C.
A mixture of gases containing silicon tetrachloride or silane is passed over the wafer,
and a chemical reaction occurs at the wafer surface which results in silicon atoms
being deposited on the silicon wafer surface. Because of the high temperature, the
deposited atoms are quite mobile, and move across the surface until a favorable
binding energy situation occurs, whereupon the silicon atom is deposited according
to the crystal structure of the underlying substrate. Nucleation sites are thus
formed, other atoms attach themselves in preferred orientations, and the crystal
Zrows.

Crystal Defects

Since the epitaxial layer is to grow along the crystal structure of the silicon sub-
strate, the condition of the wafer is extremely important, and the growth must
proceed without inducing defects in the epitaxial-layer crystal structure.2* Crystal
defects are undesirable, since they cause diffusion anomalies and device failures in
the general region of the defect.

There are two principal types of crystal defects common in epitaxial growth:
stacking faults and edge dislocations. Stacking faults occur as a result of a plane
of atoms missing from the normal structure as the epitaxial layer grows vertically.
Such faults usually originate at the epitaxial-layer-substrate interface, and prop-
agate through the epitaxial layer to the surface. In silicon having a (111) surface
orientation, stacking faults appear as triangular structures on the surface. The
edge length of the triangle is approximately 1.22 times the epitaxial-layer thickness.

As the epitaxial layer grows horizontally between nucleation sites, atoms may
occasionally be missing from the crystal structure at the edge of the layer. Absence
of these atoms disrupts the periodicity of the layer and causes edge dislocations.
Edge dislocations are detrimental to the electrical behavior of junctions made in the
region of the dislocation. Viewed from above, an edge dislocation appears in the
crystal structure as shown in Fig. 2-30. If the substrate contains edge dislocations,
these will propagate into the epitaxial layer.

Since defects in the crystal structure are detrimental to electric performance
of devices made in the epitaxial layer, and since crystal defects propagate through a
growing epitaxial layer, it is essential that the substrate have as nearly perfect a
surface as possible before the epitaxial layer is grown. Wafers are normally polished
both mechanically and chemically to the highest possible degree of perfection before
the oxide growth and buried-layer diffusion are carried out. However, these pro-
cedures are not adequate to provide the surface perfection required in epitaxial
growth.

The oxide growth prior to the buried-layer masking is thought to result in
precipitation of impurities at the wafer surface, so that the removal of the oxide
layer prior to epitaxial growth leaves numerous sites which cause lattice defects.
To remedy this problem, the back of the wafer is left unpolished to provide alter-
nate sites for precipitation where the integrated-circuit devices are not damaged.
In addition, the initial step in growing an epitaxial layer is to etch the substrate
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FIGURE 2-30
Schematic representation of an edge dis-
location.

wafer surface in the reactor just before growth begins. Etching is accomplished
by introducing anhydrous hydrochloride (HCl) gas into the reaction chamber with
the wafer inductively heated to 1200°C. As the graph of Fig. 2-31 shows?®
removal of approximately 2 um of the substrate material produces a reduction of
three orders of magnitude in the stacking fault density.

Growth of an Epitaxial Layer from Silicon Tetrachloride

We treat the growth of an epitaxial layer in much the same way as the growth of a
silicon dioxide layer, making a number of simplifying approximations in order to
obtain a first-order model for the growth process. As before, we adopt the artifice
of assuming a stagnant layer to exist near the surface of the wafer as shown in
Fig. 2-32. The incoming gas stream maintains a concentration Cg of silicon
(SiCl,) molecules in the gas stream outside the stagnant layer, and these molecules
diffuse across the stagnant layer to the wafer surface. At the surface of the growing
layer, the concentration of molecules is Cs. A chemical reaction is occurring at
this surface in which the molecules are converted to silicon atoms and HC! mole-
cules.

Again we use a quasi-static approximation: It is assumed that the film growth
rate is sufficiently slow in comparison with the chemical reaction that the system
reaches steady state essentially instantaneously and remains essentially in steady
state as the film grows. Then the flux F; of molecules through the stagnant layer
must be equal to the flux F, of molecules into the surface, i.e., being consumed
in the chemical reaction. Thus we have

F,=F,
Since steady-state conditions are assumed, F; is found from Fick’s first law
to be
Fy =hg(Cg — Cg)

where hg is the gas-phase mass transfer coefficient.
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Effect of surface etching in reactor on epitaxial-layer stacking-fault density.

If we assume that the steady-state chemical reaction rate is proportional to
the surface concentration of reacting molecules, we can write

F, = ks Cg

where kg is the chemical surface reaction-rate constant.

Again we note that an electrical analog circuit can be used to represent this
process. Letting flux be analogous to current and concentration be analogous to
voltage, we obtain the circuit of Fig. 2-33.  From this circuit we see by inspection
that

Cs(1/G C
s = G( / 2) - G (2_39)
1/Gy + 1/G, 1| +kg/hg

If the density of silicon atoms required in the silicon crystal is N,(N, =
5.00 x 10?2 cm™?), the rate at which the film grows is

dx, F,
— == 2-40
da N, (2-40)
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SiCl, concentrations during epitaxial growth.

Substituting for F, in (2-40) and combining the result with (2-39), we obtain

dx, ksCs  kshgCg

= 2-41
di N, Nithg + kg) (2-41)

Next we incorporate information about the gas mixture. Let Cr be the total
concentration of molecules in the gas stream, and let ¥ be the mole fraction of
SiCl, molecules. Then we obtain

dxo,  kshg YCy

= 2-42
dt kg+hg N, (2-42)

Two limiting cases are of interest; these can be deduced easily by in-
spection

FIGURE 2-33 -
Electrical circuit analog for the epitaxial
growth process. = —
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of the circuit analog. First, suppose hg > kg. Then Cg — Cg, and the flux will
be determined almost entirely by k5. Then

dx°~k YCy,
— RKs

dt N,

for he > kg

This case is called the surface-reaction-limited case.
Second, suppose kg > hg. Now Cg—0, and the flux is determined almost
entirely by A;. Then
dx, heYCr
dt = N,
This case is called the mass-transfer-limited case.
As (2-42) shows, the temperature dependence of the growth rate can be
found if the temperature dependences of kg and A are known. Note that kg is the
rate of chemical reaction. We assume that a simple Boltzmann relation governs

the reaction and that an activation energy E, is required for the reaction to take
place. We therefore make the approximation

ks~ Ke E/AT (2-43)

where K is a constant.
Experimental results show that this is a reasonable approximation, and that

K =107 cm/s
E,~19eV
Experiment also shows that 4 is a weak function of temperature.
By combining (2-42) with (2-43), one can obtain growth rate as a function of

temperature, with h; as a parameter. Growth-rate curves are plotted in Fig.
2-34.15

Effect of the Gas Mixture on Growth Rate

Our simple model for growth rate predicts a linear dependence of growth rate on Y,
the mole fraction of SiCl,. This is because we have assumed only the single
chemical reaction

SiCl, + 2H, —— Si +4HCI

to occur. There is, however, a second reaction which can also occur:

SiCl, + Si 28iCl,

For low concentrations of SiCl, the first, or growth, reaction dominates; but if the
SiCl, concentration is very large, the second, or etching, reaction takes place even
without HCI in the gas stream. Observed growth rates as a function of Y are
shown in Fig. 2-35.2¢ It is common practice to operate with small values of Y and
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Growth rate versus temperature.

growth rates of about | um/min. While it would be advantageous to operate
with larger growth rates in order to reduce diffusion during growth, it is found that
more surface defects occur at higher rates.

Impurity Doping of Epitaxial Layers

One of the advantages of epitaxial growth is that the impurity concentration in the
epitaxial layer can be controlled by the composition of the gas stream in the
reactor. The gases most commonly used for impurities are diborane for acceptor
doping and phosphine for donor doping. The curves of Fig. 2-36 indicate the
effects of impurity gas concentration on impurity concentration of the silicon layer.?’

Diffusion During Epitaxial Growth

Since the epitaxial layer is grown at a high temperature, diffusion of impurities will
occur. The buried layer will diffuse into the epitaxial layer, impurities in the
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Observed growth rates of epitaxial layers (after Burger and Donovan?25).

epitaxial layer will diffuse into the substrate, and substrate impurities will diffuse into
the epitaxial layer. The most important of these is the diffusion of the buried layer
into the epitaxial layer, since the impurity concentration is much greater in the
buried layer than in any of the other regions. We thus confine our discussion to
this case.

Consider first the case shown in Fig. 2-37, where the concentration in one
region is assumed to be uniform and in the other region it is assumed to be zero.
Forsimplicity assume each region to be semi-infinite. ~After a given diffusion time ¢,
the impurities will have redistributed and the profile will be as shown by the solid
line. In region 2 the profile is given by

N(x, t) = N erfc x

2 2/Dr
In the case of an epitaxial layer growing on a substrate, the substrate can be
considered to be semi-infinite, but the growing film represents a finite region with a
time-varying boundary, as shown in Fig. 2-38. This moving boundary modifies
the diffusion process. One can see qualitatively that for a given diffusion time,
N(x, t) will be smaller in the layer than it would be if the layer were semi-infinite.
One can also see intuitively that once the thickness of the layer becomes large com-
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Effects of impurity gas concentration on impurity concentration of the silicon
layer: (a) phosphine used as dopant, (b) diborane used as dopant. (after Warner
and Fordemwalt27),

pared with 2\/E the diffusion process proceeds as though the layer were semi-
infinite. It can be shown that for x, > 2\/th the profile in the epitaxial layer
resulting from buried-layer diffusion is?8

x

2,/Dt .
where ¢, is a correction factor with value 0 < ¢, < 1.

Near the surface, the impurity concentration is essentially ¥, , the concentra-
tion produced by the gas stream in the reactor. A reasonable approximation is to
add N, to N(x, 1) to obtain the profile for x > 2\/Dt.

In order to minimize diffusion of the buried layer. impurities having low dif-
fusivities, such as arsenic or antimony. are generally used for buried-layer
impurities.

N,
N(x, 1) = 78 g, erfc
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FIGURE 2-37
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FIGURE 2-38
Time-varying boundary from epitaxial > x
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PROBLEMS

2-1 For a predeposition diffusion, find the profile N,(x, t,) if it is assumed that the
wafer is not semi-infinite but has thickness L. Show that for L> V' D,z, the semi-
infinite approximation is valid.

2-2 Suppose that the donor concentration in the wafer is as shown in Fig. P2-2 at the-
beginning of an acceptor diffusion. Let the wafer thickness be semi-infinite, and
the thickness of the epitaxial layer be L. Calculate the donor impurity profile
Nop(x, t,) after the acceptor diffusion. How far below the surface is the approxi-
mation

ND(X, fp) ~ NBC

valid?
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Consider the predeposited atoms to have been deposited by an initial delta function
of flux at the beginning of the drive-in. Solve Eq. (2-6) subject to

Nux,00=0, x>0

atVA Qt(v)
— N= =P85
ax ©,1) AD, @)

Ni(co, 1) < ©

to obtain Eq. (2-18).
Calculate the sensitivity So
predeposit diffusivity D,.
Calculate the sensitivity S5} of the junction depth x, to drive-in diffusivity D,.
Consider both the case of diffusion into constant background concentration and
the case of diffusion into a gaussian profile. Show that for diffusion into constant
background concentration, Sp, can be made zero by proper choice of x; and
Dat,.
If during a boron predeposit and drive-in we can hold temperature to +100A
percent, and we can measure time to within +100 8 percent, find the variation of
junction depth which can occur. Let A = 8§ = 0.01, use typical values for base
diffusion times and temperatures, and calculate the variation of x;.
Select a reasonable processing schedule to fabricate a transistor with collector
junction depth x;c =3.0 pm, emitter junction depth x;z=2.3 pum, in 1-Q - cm
epitaxial material. Design for final base surface concentration of 6 % 10! ¢m~3
after drive-in.
A window is opened for a base diffusion. During the base drive-in a steam oxide
is grown for 33 min at 1100°C. Next a window is opened for the emitter diffusion.
During the emitter drive-in a steam oxide is grown for 17 min at 1000°C.

If the collector regions had 4000 A of oxide before the base diffusion, find the
oxide thicknesses over collector, emitter, and base regions, and the step sizes in
the wafer surface.

(tp)
(4

of the number of predeposited atoms Q(z,) to the
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2-9 An epitaxial layer is grown on a substrate having a uniform boron concentration

of 10'® cm~3. The epitaxial layer is grown with a SiCl, mole fraction ¥=10.03
at 1250°C for 5 min. During growth the layer is doped by using a gas-phase
phosphorus/silicon ratio of 10-7.

After epitaxial growth, an isolation diffusion is to be performed. A predeposit
of boron is carried out at 1050°C for 1 h. Estimate the drive-in time required for
the isolation diffusion. Ignore the effects of the moving boundary during epitaxial
growth.

2-10 A wafer has epitaxial-layer concentration Ngc = 10'> cm~3. A base drive-in

diffusion is performed at 1100°C for 1 h, and a piece of the wafer is removed.
Angle-lap measurements show the metallurgical junction depth to be 1 um.

The wafer is returned to the furnace for 3 additional hours. What is the final
base sheet resistance? WNo oxide is grown during the diffusion.

2-11 The process engineer on the day shift started an isolation diffusion, but left before

it was completed. You arrive to take over the night shift, and find that he left no
information on what he has done. You do not know what predeposit or what
time and temperature he used for his drive-in diffusion.

On a monitor wafer, you make measurements and find that the original wafer
had a 12-um epitaxial-layer thickness with Nsc = 10'5 cm~32, and the substrate
has N, =10'* ecm~* His diffusion, which you assume to be boron, shows a
junction depth x; =6 um and surface concentration N,, = 10'® cm~3. You
assume his profile to be gaussian.

You decide to put the wafers in for further drive-in at 1150°C for 6.5 h. What
junction depth do you expect to get at the end of that time?

2-12 A boron predeposit is made into a wafer having Nsc = 10'5 cm~3. A drive-in

diffusion is performed at 1150°C for 3.16 h. The junction depth is x; = 3.16 um.

Suppose that instead of the above drive-in, the same predeposit had been sub-
Jected to a drive-in of 17.6 h at 1050°C. What would the junction depth have
been ?
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3

OTHER PROCESSING METHODS

In the preceding chapters we have described and analyzed the basic planar inte-
grated-circuit fabrication sequence. This basic sequence has the advantage of
minimizing the number of processing steps and therefore minimizing the cost and
maximizing the yield. As one would expect, however, adherence to the require-
ments dictated by a minimum-complexity process often necessitates rather severe
compromises in device and circuit performance. If additional processing methods
compatible with the basic process are made available, they can introduce additional
degrees of freedom which permit the designer to improve circuit performance. 1In
this chapter we describe briefly and qualitatively some of the more important
processing options which are compatible with the basic process. In nearly all
cases, use of these options increases the cost of fabrication, so the designer must
always weigh the performance improvement against the cost increase.

We begin by discussing alternatives to the diffused junction isolation method.
Here the benefits are not only improved performance but also decreased area and
thus increased component density. Next we consider alternatives to the diffusion
of single-crystal monolithic components. Modifications of the diffusion process
are described, and ion-implantation techniques are discussed. Alternatives to
single-crystal monolithic devices are described in terms of compatible thin-film
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devices. Finally, interconnection methods, including beam-lead techniques, are
discussed.

3-1 ISOLATION METHODS

Conventional isolation by diffused p-» junctions has the following disadvantages:

I The time required for the isolation diffusion is considerably longer than
any of the other diffusions.

2 Because lateral diffusion is significamt during the isolation diffusion,
considerable clearance must be used for isolation regions. Since isolation
diffusions occur at the periphery of isolated regions, the area used forisolation
purposes is a significant portion of the chip area. This isolation area must
be considered wasted as far as component density is concerned.

3 The relatively deep sidewalls and large area of isolation regions contribute
significant parasitic capacitance which degrades circuit performance. Note
that not only the isolation sidewalls but also the bottom epitaxial-substrate
junction of isolated regions contribute parasitic capacitance. The epitaxial-
substrate junction must also be considered to be part of the isolation method.

Several isolation methods have been developed which avoid the use of an
isolation diffusion; these are the Fairchild Isoplanar II method, the Raytheon
V-ATE process, and the Motorola Multiphase Memory process. All of these
circumvent the difficulties of large area and sidewall capacitance, but still suffer
from epitaxial-substrate capacitance. A process known as diclectric isolation
avoids this latter problem.

The Isoplanar 11 Process'-?

Fabrication of the double-diffused epitaxial n-p-n transistor by the Isoplanar II
process begins, as in the basic process, with a buried-layer diffusion and the growth
of an epitaxial layer as shown in Fig. 3-la. Next a layer of silicon nitride is de-
posited over the surface of the wafer, and photoresist is used to remove the nitride
in areas where isolation is to occur. An etch is now used to remove the n-epitaxial
silicon as shown in Fig. 3-1b. Silicon dioxide is thermally grown to fill in the
regions that have been etched; the nitride prevents oxide growth elsewhere on the
wafer. A “‘sink’ diffusion is performed for the collector contact, and silicon
nitride is removed, leaving the wafer as shown in Fig. 3-1c. Note that oxide
isolation is used not only to isolate the transistor but also to separate the collector
contact region from the remainder of the device. This is done to eliminate the
clearances that would ordinarily have to be observed when the emitter is diffused
into the base region. From this point, the processing is similar to the basic proc-
ess; the completed device is shown in Fig. 3-14.

The reduction of surface geometry accompanying the Isoplanar II process
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FIGURE 3-1
The Fairchild Isoplanar II process.

can be seen from Fig. 3-2a. Since the entire base region is surrounded by oxide
rather than epitaxial collector material, there is no danger of misalignment causing
a short at the surface of the base-collector junction or an overlap of the emitter
diffusion and collector material. The only clearances that must be observed are
those between emitter and base contact regions. The double-base-stripe device
of Fig. 3-2a consumes less than half the area of the conventional device of Fig. 3-2b
having the same photolithography constraints.

While the Isoplanar IT process is compatible with the basic planar process, it
has the disadvantages of requiring thin epitaxial material in order that the etched
regions which have to be filled with oxide not be too deep, and of requiring long
oxidation times. The thin epitaxial layer means that all diffusions have to be
shallow. The process has shown much promise for large-scale memories, where
high component density is very important.
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FIGURE 3-2
Reduction of size achieved with the Isoplanar Il process: (a) Isoplanar Il device:
(b) conventional device.

The V-ATE Process’

The V-ATE (Vertical Anisotropic Etch) process makes use of a preferential etch
technique which etches 30 times faster along the {100 crystal plane than along
the {I111) plane.* If the wafer used has a (100> surface, etching of the silicon
after a window has been opened in the oxide forms a V groove, as shown in Fig. 3-3.
The preferential nature of the etch causes the groove to form a 54° angle with the
surface. Since the angle is fixed, the depth of the groove is determined by the
width of the opening at the surface. There is no undercutting of the oxide.

In the ordinary uniform etch, if channels several micrometers deep are
etched and metal is deposited over them, voids in the metal will occur because of
the steep walls of the channels. It is for this reason that the etched regions must
be refilled with oxide in the Isoplanar II process. However, in the V-groove case,
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FIGURE 3-3
V groove produced by anisotropic etching
of <100) silicon.

< 100> silicon

the angle of the groove provides a sufficient taper to the walls to permit metal
deposition without voids.

The V-ATE process begins with the buried-layer diffusion and growth of
the epitaxial layer as in the basic process. Next the base region is diffused as
shown in Fig. 3-4a. Windows for the isolation grooves are opened in the oxide
and the grooves are etched. Since there is nothing in this method analogous to
the lateral diffusion of the isolation region in the basic process, the isolation grooves
consume very little space. The oxide is now removed, and a sandwich of oxide-
nitride-oxide is deposited, as shown in Fig. 3-4b. Windows for all contacts are
opened down to the nitride, and those for emitter and collector are then etched
through the remaining nitride and oxide to the silicon. An emitter diffusion is
performed, and the base contact is then etched through the nitride and oxide to
the silicon, as shown in Fig. 3-4¢c.  All contact windows are now open.

A beam-lead type of metal interconnect system (to be discussed in a later
section) is used. This scheme consists of three layers of metal—titanium, platinum,
and gold—and is used because it permits close spacing of well-defined metal
patterns, leading to small geometries. In the V-ATE process, two layers of the
metallization process are used ; the first is employed to make the thin, narrow lines
required for contacting the small-geometry devices as shown in Fig. 3-4d. A layer
of oxide is then deposited and the second layer of metallization is deposited above
the oxide. The second layer of metal is electroplated to twice the thickness of the
first, and is used for those interconnections which must carry larger current.

As can be seen from the foregoing discussion, the V-ATE process requires
many steps and has a complicated metallization scheme. One advantage of the
metallization process is that it is compatible with the requirements for fabrication
of Schottky-barrier diodes.t

The Motorola Multiphase Process

The Motorola Multiphase process, also known as VIP, makes use of a V groove
formed by anisotropic etching, as in the V-ATE case. However, the Motorola
process is simpler. After grooves have been etched for isolation, a standard oxide
layer is grown. The grooves are then filled to the surface, not with oxide, but rather

t Schottky-barrier diodes are discussed in Chap. 7.
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FIGURE 3-4
The Raytheon V-ATE process.

with polycrystalline silicon grown by standard epitaxial methods. The metalliza-
tion is aluminum; a cross section of the completed wafer is shown in Fig. 3-5.  This
process has the advantages of being simpler than V-ATE and of retaining the
planar-surface characteristics of Isoplanar II. Although metal can be deposited
over V grooves, as was previously pointed out, the reliability of the metal inter-
connections is improved if the surface is planar.
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The Motorola Multiphase Memory process (VIP).

Dielectric Isolation®

In all of the isolation methods thus far discussed, the isolation diffusion has been
eliminated, thereby reducing the device surface area and eliminating the isolation
sidewall capacitance. Note that the bottom capacitance of the isolation junction is
still present. This capacitance can be reduced, and the isolation diffusion also
eliminated, by dielectric isolation. The basic dielectric isolation process begins
with an n-type wafer having the resistivity that would normally be selected for the
n-type epitaxial layer in the standard process. Buried-layer diffusions are per-
formed at the desired locations, and channels are now etched to a depth of about
8 um, as shown in Fig. 3-6a. Oxide is grown over the entire surface of the wafer.

Next a layer of silicon several mils thick is grown on the surface by standard
epitaxial methods as shown in Fig. 3-6b. Since this silicon grows over the oxide
layer rather than on the silicon wafer, it will be polycrystalline. However, as will
be seen, its only function is to provide mechanical support for the devices; that is,
it will play the role of substrate. The entire assembly is now turned over and
the back side of the n-type wafer is lapped away until what was originally the bot-
tom of the etched channels is reached. What remains are islands of the original
n wafer, surrounded by oxide and polycrystalline silicon. Standard diffusion
processing is now used to diffuse base and emitters into these islands, and contact
windows and metallization are accomplished in the usual manner, as is shown in
Fig. 3-6¢. The polycrystalline material forms a substrate, and the islands of n
-material are surrounded, on the bottom as well as the sides, by oxide. Since the
oxide is usually thicker than the depletion region of the substrate junction, and
since the dielectric permittivity of oxide is one-third that of silicon, the parasitic
capacitance is greatly reduced. Moreover, no junction is involved in the isolation,
so the biasing constraints of conventional isolation do not apply. Also the isola-
tion system is less susceptible to degradation from radiation, since no junction is
involved.

This method of isolation uses extra processing steps, and it is difficult to
perform the lapping operation with the precision that is required. Dielectric
isolation is therefore used only in cases where the low parasitic capacitances or
radiation hardening it offers are essential to circuit performance.
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The basic dielectric isolation process.

3-2 FORMATION OF IMPURITY DISTRIBUTIONS

Diffusion from Doped Oxides®

In the standard two-step diffusion process, the predeposit is usually carried out
with sufficient boron compounds present to ensure that the solid solubility limit of
boron will be reached at the silicon surface. Typically the boron-containing gas
in the diffusion tube decomposes, forming B,0; on the silicon surface. This
reacts with the silicon, producing silicon dioxide (SiO,) and boron, the latter
diffusing into the wafer. If too much B,0; is present, not all the boron can be
dissolved in the silicon, and a silicon-boron phase is produced at the surface.
This phase is difficult to remove, and interferes with proper contacting during
metallization. Ifthe amount of B,O; is still further increased, pitting of the silicon
surface results, causing a considerable degradation of surface properties and hence
of device behavior.

In some cases where devices require low surface concentrations, for example,
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MOS transistors, it would be desirable to carry out the predeposit in such a way
as to maintain the surface concentration during predeposit well below the solid
solubility limit. Tt is very difficult to control the gas mixture in the diffusion tube
with sufficient precision to accomplish adequate control of surface concentration
below the solid solubility limit. Moreover, the walls of the tube become enriched
with boron and themselves act as a diffusion source, increasing the difficulty of
control.

One alternative to the standard diffusion method is to deposit a boron-
containing glass on the wafer surface instead of using a predeposit.  This can be
done by introducing silane (SiH,), O, , and diborane (B,Hg) into a chemical reactor,
in which the silicon wafers are heated to a temperature of 300°C. The resulting
chemical reaction produces on the wafer surface a glass (SiO,) containing B,0;.
By controlling the gas-flow rates during the reaction, the molar percent of B,O;
in the glass can be controlled.

Next the wafer is subjected to the standard drive-in diffusion; during the
process the B,Oj; in the glass reacts with the silicon as previously described and
produces boron, which diffuses into the wafer. Figure 3-7 shows the surface
concentration of boron, following diffusion, as a function of the molar percent of
B,O; in the glass. Table 3-1 gives junction depths, sheet resistances, and surface
concentrations for different molar percents of B,0O;.

Selective diffusions can easily be performed by depositing the boron glass
and using photoresist procedures to remove it from areas where no diffusion is
desired, or by depositing boron glass over oxide in which windows have been
opened. Phosphorus-doped glass can also be deposited in a chemical reactor and
used as the diffusion source for n-type diffusions.
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Boron surface concentration in silicon
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Spin-on Sources for Diffusion

Deposition of doped SiO, films for use as diffusion sources can be accomplished
by using special liquid chemical compounds instead of by the pyrolytic decompo-
sition methods described above. Commercially available chemical solutions for
this purpose are made by Emulsitone Co.,t and are available for SiO, and SiO,
doped with various impurities such as phosphorus, boron, arsenic, antimony, gold,
etc. These contain an alcohol solution of a polymer, and a compound for the
appropriate impurity atom.

The liquid solution is applied to the wafer and the wafer is spun, in a manner
similar to that used for photoresist, at about 3000 r/min. A film about 1500 A
thick is formed, which becomes doped oxide when the solvent evaporates. The
wafer is then baked at 200°C for 15 min to harden the film, and the diffusion cycle
is carried out. A typical cycle for the Emulsitone Emitter Diffusion Source N-250,
for example, is 15 min at 1150°C. This produces an impurity profile which
approximates a complementary error function with surface concentration
1 x 10*' cm~3. For this case, if the resistivity of the p-type material is 5 Q - cm,
the sheet resistance of the n-type emitter is 4 Q per square and the junction depth
is 1.54 pm.

Solutions are also available for low-surface-concentration diffusions, and are
quite useful for such applications as MOS transistor fabrication. Surface concen-
trations of boron and phosphorus as low as 5 x 10'®, with junction depths of 1.2
um, have been obtained with these solutions.

Undoped oxides can also be deposited in the same manner. It is therefore
possible to avoid the growth of thick thermal oxides for masking against diffusion.
One can use the liquid solution to deposit undoped SiO,, then use photoresist
procedures to open diffusion windows, followed by use of liquid solutions to
deposit doped oxide, after which the diffusion is carried out. Since deposition of
SiO, from liquid solution does not require heat treatment at temperatures above
200°C, a final passivating layer can be deposited on the wafer after metallization,
and windows can then be opened over the bonding pads.

Ton Implantation’-®

While the diffusion technology of the basic process enables the designer to fabricate
high-performance devices, this technology also imposes some severe limitations on
design flexibility. Each diffusion profile must have a surface concentration higher
than that of the material into which it is diffused; this means that large values of
sheet resistance are difficult to obtain. Moreover, since the material is compen-
sated several times in, for example, formation of emitter regions, the total number
of impurities becomes large with a resulting degradation of mobility and lifetime
of carriers. For these reasons, the total number of diffusions in any given region
is usually limited to two, as in the basic process, although triple-diffused processes
can be designed if careful control of the process parameters is established. Finally,

+ Emulsitone Co., 41 E. Willow St., Millburn, N.J.
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lon-implantation scheme (after Mayer et al.”).

the designer has little control over the shape of the impurity profile resulting from
diffusion. Except for regions very close to the surface where oxide growth affects
the redistribution of impurity atoms, the profile will generally approximate a
gaussian function or a complementary error function.

Many of the objections to, and limitations from, diffusion can be overcome
by ion implantation, an important addition to integrated-circuit processing tech-
nology. The ion-implantation scheme is shown in Fig. 3-8. Tons such as boron,
for example, are emitted by a source and accelerated by an electric field; the ion
beam is passed through a magnetic field so that only ions with the desired mass are
collected at the exit port of the mass separator. This ion beam is passed between
deflection plates so that it can be swept across the target, in this case a silicon
wafer. The depth of penetration of the ions is controlled by their energy and hence
by the accelerating field; the density of ions implanted is controlled by the beam-
current. When the ions penetrate the silicon wafer, they produce dislocations;
these are removed by annealing the wafer at temperatures of the order of 600°C.

The impurity profile resulting from ion implantation is gaussian, with a peak
occurring at a depth R, called the mean range, and a half-width AR, called the
straggle ; these are shown in Fig. 3-9. The mean range depends on the ion mass
and energy, while the relative width AR /R, depends on the ratio between ion mass
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Distribution of implanted ions.

and silicon atom mass. Heavier ions produce narrower impurity profiles. Theo-
retical and measured profiles for boron implanted in silicon are shown in Fig.
3-10 for an energy of 30 keV.

Much better control of the impurity profile is possible with implantation
techniques than with diffusion methods. Sheet resistances in excess of 10,000 Q
per square can be obtained, and low surface concentrations which are well con-
trolled can be implanted. For example, in a MOS transistor requiring precisely
controlled threshold voltages, boron-implanted layers with surface concentration
controlled to 3.5+ I x 10'> cm™3 have been achieved. Fabrication of shallow
devices which would be difficult with diffusion can be achieved with good repro-
ducibility by ion implantation. TImpurity profiles can be tailored to permit op-
timization of device parameters.

EXAMPLE 3A  Fabrication of a Microwave Transistor by Ion Implantation.®
Fabrication of a shallow device and the control of the impurity profile are both
required in the construction of an integrated microwave transistor. In this device,
a double boron implant is used; the first is carried out with an energy of 100 keV
and a dose of 10'* ions per cm?. This provides a surface concentration of 10'°
cm ™3 to permit good ohmic contact and to prevent inversion of the surface. The
second boron implant is at-an energy of 200 keV and a dose of 10'? ions per cm?;
this produces a controlled number of impurity atoms in the base region at the
proper depth, and optimizes the current gain of the device. The base region
formed of this composite implantation has a sheet resistance of 780 Q per square
and a junction depth of 0.8 um.

Next, the emitter is implanted by using arsenic ions with 150 keV energy and
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a dose of 10'° ions per cm2. Finally the entire structure is annealed for 30 min
at 1000°C. The resulting impurity profiles are shown in Fig. 3-11; the emitter
Junction depth is 0.4 ym and the base width is 0.4 um. An indication of the degree
of process control that can be obtained with ion implantation is given by the
distribution of current gain A, shown in Fig. 3-12. /1]

Implantation in selected regions is accomplished either by using thick oxide
and opening windows by photolithography where implantation is to take place, or
by depositing metal such as aluminum and using photolithography to remove it in
the areas to be implanted. The depth of penetration of ions in SiO, is comparable
to that in silicon. Metal is used to advantage as an implant mask in the self-
aligning gate MOS transistor, discussed in Chap. 6.

3-3 THIN-FILM COMPONENTS®

Thin-film Resistors

Metal deposition on the surface of an oxide-covered chip can be used to perform
several circuit functions in a manner compatible with the rest of the monolithic
circuit construction. Resistors and capacitors are often better realized in thin-
film form than in diffused form in order to achieve particular temperature co-
efficients, sheet resistance, or parasitic effects different from those of diffused
components. Thin-film elements can be used to augment performance available
from diffused components, thereby increasing circuit design flexibility.

Perhaps the most widely used thin-film resistors are those made by evapora-
tion of nichrome, a nickel-chromium alloy. As in the case of conventional
aluminum interconnections, resistor dimensions are obtained by etching the
nichrome following a photoresist step. Nichrome resistor sheet resistances range
from 40 to 400 Q per square, depending upon the film thickness. Temperature
coefficients of nichrome thin-film resistors are generally less than 100 parts per
million per degree centigrade (ppm/°C), whereas diffused silicon resistor tempera-
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FIGURE 3-13
Tantalum resistor structure. Note that conversion of the base tantalum metal
to Ta,0s by oxidation allows the resistor value to be increased.

ture coefficients are typically 2000 ppm/°C for the standard 200 Q per square sheet
resistance.

Another material widely used for thin-film resistors is deposited tantalum.
Here again, various selective etching procedures can be used to define the resistor
geometry. Tantalum, unlike nichrome, has the advantage that the deposited layer
of tantalum, once etched, may be varied in thickness by controlled growth of
tantalum pentoxide as shown in Fig. 3-13. By converting some of the tantalum
to Ta,05, one can reduce the cross-sectional area of the remaining tantalum.
Tantalum resistors made in this way have a range of sheet resistance from about
80 to 4000 Q per square and a temperature coefficient of resistance from 0 to — 150
ppm/°C. An important aspect of tantalum resistors is the possibility of balancing
the negative tantalum resistor temperature drift against the positive temperature
drift of diffused silicon resistors in order to achieve very low net temperature
variation.

Aluminum contacts are made to both types of thin-film resistors; thus a
deposited thin-film resistor appears as shown in Fig. 3-14. Important parameters
of tantalum and nichrome resistors are given in Table 3-2.

Thin-film resistors have the advantage that their values can be adjusted after
fabrication, an advantage not shared by diffused resistors. Such trimming is done
by use of a laser beam. A slot is cut in the resistor structure by a laser beam, with
the result shown in Fig. 3-15. If the resistance is monitored during the trimming,
it can be adjusted to within any desired tolerance automatically. This process
requires only a few seconds, and makes possible fabrication of precise resistors.
Furthermore, the method can be applied to either nichrome or tantalum resistors.

Table 3-2 CHARACTERISTICS OF THIN-FILM RESISTORS

Diffused

NiCr Ta resistor

Range of sheet resistance, (/sa 40-400 80-4000 50-500
Temperature coefficient, ppm/°C <100 0to —150 2000

Fabrication tolerance, % 5 5 20
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FIGURE 3-14
Deposited thin-film resistor structure.

Thin-film Capacitors

Thin-film techniques can also be used to fabricate capacitors. We have already
seen the use of one type of thin-film capacitor, the MOS capacitor, in Chap. 1.
The capacitance per unit area of an MOS capacitor is typically of the order of
0.25 pF/mil%2.  Of course, a p-n junction can also be used as a capacitor, but typical
capacitances for junction capacitors are also of the order of 0.25 pF/mil®>. Larger
values of capacitance per unit area can be obtained by using a tantalum oxide
capacitor.

Since the tantalum oxide layer described in the preceding section is an
insulator, a capacitor can easily be fabricated by applying an upper metal plate
to this layer. Ordinarily, aluminum would be the first choice for this upper plate,
since use of aluminum is compatible with fabrication of the integrated circuit.
However, aluminum is soluble in tantalum oxide, even at low temperatures.
Therefore a layer of tantalum is sputtered over the tantalum oxide, and this
tantalum layer forms the top plate of the capacitor. Typical characteristics of
thin-film capacitors are given in Table 3-3.

It is to be emphasized that while thin-film components can be fabricated
which are compatible with monolithic integrated circuits in the sense that they can
be fabricated on the same substrate, extra processing steps are required for their
fabrication. This means not only an increase in the cost of producing the inte-

Table 3-3 CHARACTERISTICS OF THIN-FILM

CAPACITORS

SiO, Ta,0s
Capacitance per unit area, pF/mil? 0.25 2.5
Breakdown voltage 50 20
Fabrication tolerance 20% 20%
Temperature coefficient, ppm/ C 200

Dielectric constant 3.9 21.2
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FIGURE 3-15
Laser trimming of thin-film resistors. Laser cut

grated circuit, but also a decrease in the yield since the yield is an inverse function
of the number of fabrication steps. Therefore, thin-film components should be
employed only if it has been ascertained that they are absolutely necessary.

EXAMPLE 3B Design of a Thin-film Distributed RC Circuit for an Oscillator.
We now consider the use of thin-film components in the design of a phase-shift
oscillator. The basic circuit is shown in Fig. 3-16, with all bias circuits omitted.
A distributed RC structure is to be fabricated in thin-film form; it is connected to
a transistor as shown. The small-signal collector current passes through the RC
structure and reaches the base, diminished in amplitude and shifted in phase.
The transistor current gain has a phase shift of —180°. If, at the frequency at
which the phase shift of the RC structure is — 180°, the gain of the transistor is
equal to the attenuation of the structure, oscillation results. It can be shown that
the frequency at which the phase shift of the structure is —180° is given by

2n?
" RC
where R is the total resistance and C the total capacitance of the structure.
Suppose it is desired that the frequency of oscillation be f, = 100 kHz, and
that for biasing purposes the resistor have a resistance of 20 KQ. Then the total
capacitance required is

Wo

2n?
Rw,
If we use a layer of Ta,Os that is 500 A thick, the capacitance is 2.5 pF/mil?,

and we require an area of 628 mils? to realize 1570 pF. This layer of oxide can be
formed on top of the tantalum used for the resistance.

C:

= 1570 pF
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FIGURE 3-16
Basic circuit of a phase-shift oscillator. —_—

il

For a layer of tantalum 100 A thick, the sheet resistance is 500 Q per square.’
Thus we require 40 squares to realize 20 kQ. Let the width of the resistor be W
and the length L. The requirements which must be satisfied are

L
— =40
w
LW = 630 mils?
From these we obtain
W =3.96 mils
L =159 mils

To complete the design, end pads would have to be added for making contact to
metallization stripes.  Since it is unlikely that the chip on which the device is being
fabricated will be as large as 159 mils on a side, a folded pattern would probably
have to be used. I

3-4 INTERCONNECTIONS

Interconnections in integrated circuits occur at two levels: the interconnection of
the devices on the monolithic chip, and the interconnection of the chip with the system
by means of a header or similar substrate. In Chap. | the use of aluminum inter-
connections on the chip and the connection of the chip to the header by wire
bonding were described. We now consider qualitatively some of the problems
with conventional aluminum interconnections, and examine alternatives to these
and to wire bonding.

Conventional Aluminum Interconnections

As we saw in Chap. 1, aluminum interconnections are accomplished by evaporating
aluminum in a vacuum chamber containing the wafers. The entire surface of the
wafers is coated with aluminum, and the photoresist procedure is then used to
remove the metal from areas where it is not wanted. The evaporation of alumi-
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num from tungsten filaments should not be performed in the fabrication of MOS
devices for the following reason. In order to make tungsten sufficiently ductile to
be drawn into wire, sodium is added to the tungsten. When tungsten filaments
are heated to a temperature sufficiently high to evaporate aluminum, some sodium
is also evaporated. Sodium is a major contaminant for MOS devices, since
sodium ions apparently are able to migrate along the oxide-silicon interface, even
at room temperature, thus drastically altering the device characteristics. There-
fore, aluminum deposition for MOS devices is usually done by electron-beam
evaporation, a technique which does not require use of tungsten filaments.

After the unwanted metal has been removed, the wafer is sintered for a few
minutes at elevated temperature to improve the ohmic contact between the alumi-
num and silicon and to harden the aluminum. Here care must be taken to keep
the temperature below 577°C. At that eutectic temperature a silicon-aluminum
alloy forms; this occurs rapidly and the aluminum penetrates the silicon and will
destroy the devices. Sintering is therefore carried out at approximately 450°C.
Even at this temperature, care must be taken not to sinter for long times. Silicon
has a high solubility limit (1.5 percent) in aluminum, and even at temperatures as
low as 450°C a solid solution is formed.'® As time progresses, more silicon is
used up in the solution, with the result that shallow junctions can eventually be
shorted by this process, as is shown in Fig. 3-17.

In Chap. I, it was noted that during the fabrication of the integrated circuit,
the emitter diffusion must be performed not only in emitter areas but also in any
areas where contact must be made to lightly doped n-type material, such as the
epitaxial collector region. Aluminum is an acceptor impurity in silicon; hence
aluminum diffusing into n-type silicon during sintering may cause a diode to form,
rather than an ohmic contact. Fortunately, the solid solubility of aluminum in
silicon is only 6 x 10'® ¢m™3; therefore use of the emitter diffusion in lightly
doped areas increases the donor concentration to a level well above that of the
aluminum, and no junction can form.

The resistance of evaporated aluminum internal connections is determined
by the resistivity of aluminum and the thickness, length, and width of the inter-
connections according to the familiar resistance relation

ol
W
where p = metal resistivity
= connection length
W = connection width
t = film thickness
Just as with diffused resistors, thickness and resistivity may be combined into a
single parameter, sheet resistance:

R =

S

d
t

Since for aluminum p = 2.8 x 107% and ¢ is typically 1500 A, the sheet resistance
of a typical aluminum interconnection is R, =0.187 Q per square. While this
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FIGURE 3-17
Penetration of silicon by aluminum at a contact window (after Totta and Sopher!®).

may seem to be a relatively small value, it can be important in some cases and must
be taken into account. An example of this is given in the design of a 500-mA
transistor discussed in Chap. 7.

The above resistance relation holds as long as the film is thick enough that
conduction can take place directly along the aluminum film. For very thin films
(hundreds of angstroms), the conduction mechanism changes because of the greater
distance between nucleation sites of aluminum composing the film; consequently
for thin films the effective resistivity is greater than 2.8 x 107¢ Q - cm.

The extensive use of aluminum films for integrated-circuit connections has
led to the discovery of new high current density effects in thin metal films. One
such phenomenon, electromigration, is a progressive failure of interconnects
during continuous operation. Consider a typical integrated-circuit interconnec-
tion, 1500 A thick and | mil wide. For a 5-mA current flow in the connection,
the current density in the aluminum film is 1.3 x 10° A/fcm?. At current densities
of this order and larger, two effects are believed to contribute to the failure of
aluminum interconnections. The first is the transport of aluminum by mo-
mentum exchange with electrons. Tt is thought that the thermally activated
aluminum ions gain energy from collisions with electrons and are transported
away from the contact area. Since there are no aluminum ions available to fill the
vacancies created by the departing ions, these vacancies cluster and form a void
which eventually extends across the aluminum stripe, causing a failure.

The second effect which enhances failure is the transport of silicon in alumi-
num. At the contact regions, silicon dissolves in aluminum until the solid solu-
bility limit is reached. Because the activation energy for the diffusion of silicon
in aluminum is about 70 percent that of aluminum in aluminum, it is thought that
the silicon is readily activated and at the positive end of the stripe is swept away
from the contact area by the force resulting from the rate of momentum exchange
between activated ions and electrons. More silicon can now dissolve at the con-
tact. It is thought that as the silicon is transported down the film, some regions
of the film may become supersaturated with silicon, causing the growth of silicon
crystallites which weaken the film and lead to failure.
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It has been found that the failure rate of aluminum films can be reduced by
the deposition of several thousand angstroms of glass over the aluminum. It is
thought that the presence of glass reduces the diffusion of aluminum at the alumi-
num surface.

Theoretical analysis predicts that the mean time to failure for aluminum
films is related to the current density by

L gyreent

MTF
where MTF = mean time to failure in hours
J = current density
A = constant relating to the properties of the metal
¢ = activation energy for aluminum in aluminum
Experiments performed on glassed aluminum films indicate that the mean time to
failure is given by

1—:JZ x 1.88 x 1073 x o~ 1-2/kT
MTF

It has been shown that aluminum has many desirable properties as a contact
and connection metal: it is a good conductor (only silver, copper, and gold are
better), it has a relatively high eutectic temperature with silicon (577°C), it adheres
well to both silicon and silicon dioxide, and it is easy to evaporate and etch, yet it
does not react rapidly with most materials in a sealed header. It has, however,
several shortcomings. One major problem is the reaction of aluminum with gold
and silicon to form binary and ternary compounds of the three materials. Since
gold wires are often used to make connection between aluminum connections on
the chip and the header connections, and since the gold-aluminum reaction causes
the connections to fail, this can be a troublesome problem. Failures also occur
as a result of gold-aluminum-silicon compounds which can form at a wire bond on
the chip, since silicon is present in the SiO,. It is therefore desirable to use
aluminum bonding wires.

Beam-lead Interconnections'!

Beam-lead interconnections provide interdevice connections on the chip and at the
same time eliminate the need for bonding wires. Since metals different from
aluminum are used, the failure modes described above do not occur. Moreover,
the process results in air isolation, eliminating the isolation diffusion. The method
used proceeds as follows.

After contact windows have been opened in the oxide, platinum is sputtered
onto the wafer, which is then heated to 700°C in an inert atmosphere. This
causes platinum silicide (PtsSi,) to form in the windows. Titanium is now
sputtered onto the wafer to form good ohmic contacts with the Pt;Si, in the con-
tact windows. Next, a layer of platinum is sputtered onto the wafer. Platinum
is inert and does not react with either the titanium or the gold which is to follow.
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Interconnection lead patterns are next defined with gold, and the thickness
of gold is built up by electroplating. Gold is used because it bonds well, is
suitable for electroplating, and has high elongation. The gold leads are built up
in this manner to a thickness of 0.5 mil; where they taper in width to contact small-
geometry device terminals, they also taper in thickness. It is therefore possible
to have thick, wide leads tapering to thin, narrow contacts. Such leads are used
not only as interconnections on the chip but as bonding wires and as mechanical
support for devices. Thickness-to-width aspect ratios of 1 can be obtained with
electroplated gold.

After electroplating is completed, the platinum over the remainder of the
wafer is removed by backsputtering, during which the gold leads serve as a mask,
protecting the platinum under the gold. The titanium is removed by etching;
again the gold protects the titanium under the leads. The wafer is now turned
over, and isolation regions are formed by using photoresist on the back of the
wafer to delineate the isolation regions and then etching the silicon in these regions
through to the front surface. What now remains in each chip is a group of sub-
chips connected together electrically and mechanically by the electroplated gold
leads. The thickness of the leads makes them strong enough to act as mechanical
beam supports, hence the term beam lead. Parasitic capacitances between sub-
chipsare extremely low since no junctions are involved in isolation, and the isolation
dielectric is air.

The group of subchips which originally formed the chip is now interconnected
with the header as follows. A header of ceramic or similar material is used which
has on its surface film-leads in a pattern with terminals designed to match those of
the beam leads. The subchip array is now aligned face down on the header so
that the outlying beam-lead pads match the header pads. A weld is then performed
by ultrasonic or other means. No bonding wires are used. If the header is made
large enough, several arrays of devices of various types can be mounted, and are
interconnected by the film pattern on the header.

The beam-lead metal system of titanium-platinum-gold adheres well to the
SiO, on the chip, makes good contact with platinum silicide, and makes good
electrical connection to the external circuit. The isolation method which is part
of the beam-lead system makes possible fabrication of high-performance devices
with very low parasitic capacitance. The obvious disadvantage of the system is
that it requires many extra processing steps and is therefore quite expensive.

Solder-bump Interconnections’?

An alternative to the use of beam leads or wire bonds for interconnection of the
chip to the header is the use of small spheres which serve as mechanical support
and as electrical interconnection. A series of metal layers is deposited over the
contact pad areas as shown in Fig. 3-184. The particular metals are chosen to
provide good electrical contact, good adherence, and masking of the region below
the oxide against contamination by the solder. The wafers are now placed in an
automated assembly line, and plated copper spheres 5 mils in diameter are dropped
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FIGURE 3-18

Solder ball terminal (a) before and (b) after soldering copper ball (after Totta
and Sopher'?).

into the solder wells over the contact pads. The metals used for plating are
chosen to ensure wetting by the solder. Next the wafers with balls deposited
are placed in a furnace and heated until the solder melts. The solder flows over
the balls, forming a solder-coated bump on the contact pad as shown in Fig. 3-18b.
Chips can now be separated from the wafers, and mounted face down on headers.
As in the beam-lead case, the headers may consist of a ceramic substrate contain-
ing film interconnections and contact pads which will align with the bumps on
the chip. The assembly is heated again and the solder reflows, connecting the
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Controlled collapse solder bump (after Totta and Sopher'©).

chip to the header. During this procedure the copper balls hold the chip above
the header, and also provide a means for containment of the solder around the
pads.

An alternative to copper balls is the use of controlled-collapse solder bumps.'?
In this method, some means, such as a glass dam, is used to confine the solder to a
given region. Metallic layers are deposited followed by deposition of solder as
shown by the broken lines in Fig. 3-19. When the wafer is hecated, a reflow
“wetback”™ of the solder occurs, causing a bump to form. The chips are then
separated and mounted face down on the header substrate, and the assembly is
again heated. If glass dams are used on the substrate pads, the solder cannot flow
laterally away from the pads. Instead, a controlled collapse of the solder bump
occurs, maintaining the chip elevated above the substrate surface. No wire bonds
are used, and the process can be automated for mass production.

PROBLEMS

3-1 A boron-doped oxide is deposited on a silicon wafer having Ngc=10'¢ cm 3.
The wafer is then subjected to 1100°C for 2 h. If the boron concentration in the
oxide is large enough to maintain solid solubility at the silicon surface during the
entire 2 h, find the resulting junction depth.

3-2 Suppose that boron can be ion-implanted in a wafer with Npc=10'® so that a
gaussian distribution forms with a peak boron concentration of 102° cm~? at a
depth of 5.0 um. Suppose also that the concentration drops to 10'° cm~? 0.2 um
on either side of the peak. Find the location of the junctions if a diffusion is per-
formed for 1 h at 1100°C. To simplify the problem, assume that the wafer is
infinite in extent.

3-3 A 2-in-diameter wafer is subjected to a uniformly distributed beam current of
boron ions of 7 A for ts. If the voltage between the ion source and the substrate
is 50,000 V, calculate the energy and dose of the beam.
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PASSIVE COMPONENTS AND THEIR PARASITIC
EFFECTS

Now that we have studied basic layout fundamentals and basic processing tech-
nology, we can investigate the terminal behavior of integrated devices to see how
this behavior is influenced by the constraints imposed by geometry and processing
techniques. We begin by considering the simplest passive component, the MOS
capacitor, and then continue with interconnection parasitic effects, spiral inductors,
thin-film resistors, p-n junctions, diffused resistors, and the “pinch” resistor.

41 MOS CAPACITORS!

In Chap. 1 we assumed that the MOS capacitor was a parallel-plate capacitor in
which both plates were essentially perfect conductors, and we used the formula

_ Koo A
T
to calculate the capacitance. According to (4-1), the MOS capacitor would be a

linear circuit element whose capacitance was independent of applied voltage.
However, measurements indicate a capacitance-voltage relation similar to that

Co (a1
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FIGURE 4-1
Typical capacitance-voltage characteristic for an MOS capacitor.

sketched in Fig. 4-1. That the capacitance is a function of voltage is explained
as follows.

First consider an MOS capacitor with no applied voltage, and assume that
no work-function difference exists between the metal of the top plate and the silicon
n* layer of the bottom plate. For this case there is no accumulation of charge at
the Si-SiO, interface, and the capacitance is that given by (4-1).

Now assume that a positive voltage is applied as in Fig. 4-2a. A positive
charge accumulates on the surface of the upper plate, and a negative charge accumu-
lates at the surface of the silicon n* layer. This negative charge is supplied by
mobile electrons in the n* layer, and because they are accumulated at the surface
of the layer, the capacitance is still given by (4-1).

If a negative voltage is applied, a negative charge accumulates on the bottom
surface of the metal plate. An equal positive charge must accumulate in the silicon
layer. But since there are no mobile holes in the n* layer, the positive charge must
be created by the formation of a depletion layer. This depletion layer consists of a
region of depth w, below the silicon surface, in which there are essentially no mobile
electrons, thereby producing a positive space charge equal to the charge of the
bound donor atoms in the depletion region. This is shown in Fig. 4-2b. The
thickness of this depletion layer adds to the effective spacing between the plates,
reducing the capacitance. Because the donor atoms are bound in the lattice, they
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FIGURE 4-2

Charge in the MOS capacitor for (a) positive applied voltage, (b) negative applied
voltage.

cannot move to the surface to provide a surface charge. Therefore when the
applied voltage is made more negative, requiring more positive charge in the n*
layer, the increase of charge must be obtained by an increase of the depletion-layer
thickness. Thus the capacitance is voltage-dependent for negative applied
voltages.

Charge density, electric field, and potential in an MOS capacitor are sketched
in Fig. 4-3.

Qualitatively, one can think of the total capacitance for negative applied
voltage as resulting from the parallel-plate capacitor whose capacitance C,, is given
by (4-1) in series with a capacitor whose capacitance C, is that of the depletion
region

Keq A

Wy

Cy

where K| is the relative permittivity of silicon, as is shown in Fig. 4-4. It should
be noted that the dielectric permittivity of SiO, is 3.9¢, , while for siliconitis 11.7¢, .
Qualitatively, this means that for a particular thickness of depletion region, less
voltage is developed across the depletion layer than would be developed across
an oxide layer of the same thickness, having the same surface charge density. That
the variation of capacitance with voltage is usually negligible is demonstrated by
the following example.
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FIGURE 4-3
Charge density, field, and voltage in an MOS capacitor with negative applied
voltage.

EXAMPLE 4A Calculation of Capacitance Variation with Voltage. We con-
sider the case of an MOS capacitor formed by growing 0.9 x 107° c¢m of oxide
over an n* layer whose surface concentration is Np(0) = 10'® cm™3. Although
the donor concentration decreases with depth into the silicon, to simplify the
calculations we assume the donor concentration to be constant.

Let us calculate the applied voltage at which the contribution of the depletion
layer results in a decrease of the total capacitance to 90 percent of the value of the
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FIGURE 4-4
Equivalent circuit of an MOS capacitor. / wy

oxide layer capacitance. Since the two capacitors are in series, we have, for the

above condition,
Cd == 9C0

The voltage ¥, across the oxide layer is related to the voltage ¥, across the deple-

tion layer by
Vo = 9Vd

The thickness w,; of the depletion layer is

K
=== 1078
Wy 9K, 3x107°m

Now for this value of w,, the depletion-layer voltage is

__4
2Ks Eo

Vd NDW42=7V

The voltage across the oxide layer is therefore
Vo=63V

It is shown in Chap. 6 that a surface inversion layer forms at an even lower
voltage. I

Breakdown Voltage

Breakdown of an MOS capacitor occurs when the electric field in the oxide exceeds
600 x 10° V/m. For the case considered in Example 4A, breakdown occurs when
V, =54 V. Thus we see that the capacitor would break down before the total
capacitance changed by 10 percent.

In practice, imperfections resembling pinholes occur in the oxide when the
thickness is reduced. Yield considerations generally impose a lower limit of
approximately 107°cm of oxide thickness. For this thickness the breakdown
voltage is 60 V. If surface concentrations of the order of 10'® or greater are used
in the n* layer, capacitance variations with voltage will generally be negligible.

Parasitic Effects in MOS Capacitors
Parasitic effects in MOS capacitors arise in the following form:

1 Leakage conductance of the oxide layer

2 Series resistance of the contacts

3 Series resistance of the n* layer

4 Leakage effects resulting from the multiple-layer nature of the silicon
substrate
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The conductance of the oxide layer is of the order of 107° 5, and is usually
negligible.

For purposes of qualitative discussion, the other parasitic effects may be
considered in lumped form as is shown in Fig. 4-5. The resistances Rc and R,
result from the fact that the capacitor current must flow through the bottom n*
plate to the contact. Because the capacitor may be in an isolation region, the
effects of the substrate must be considered. The p-n junction between substrate
and epitaxial layer is represented in Fig. 4-5 by the diode and the capacitance Cg.
Since current which flows through the substrate junction must also pass through
the epitaxial layer, a resistance R, is added to include the epitaxial-layer resistance
contribution. Finally, a resistance Rgg is added to account for the resistance of
the substrate material.

Probably the most important parasitic resistance contributing to the degra-
dation of capacitor performance is the resistance R,. It must be remembered that
R, is distributed over the entire bottom plate, and with the capacitor C, it forms a
distributed RC structure. A quick estimate of the value of R, to use in the first-
order equivalent circuit can be made as follows. Consider the case of a capacitor
whose lower plate has a stripe contact, as shown in Fig. 4-6a. The first-order
equivalent circuit is shown in Fig. 4-6b. We assume that the resistance of the
bottom plate is small enough that voltage variations across the bottom plate are
negligible in comparison with the voltage between top and bottom plate. The
surface charge on the lower plate is then essentially uniformly distributed over the
lower plate. For a surface charge density p, the total displacement current is

dp

YX—
ot

At any point x in the lower plate, the current in the n* layer must be
dp

i(x) = Y(X — x) —

i) = Y(X - x) =

The current density in the n™ layer is

where /; is the thickness of the layer. Now the total voltage along the n* layer is
given by
X . 2
/b dp X
)= d = — —
‘ fo o 7 3 201,
If we define R A v/i, we obtain
R XY

where p| is the sheet resistance of the n* layer.
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Capacitor terminals
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FIGURE 4-5
First-order lumped equivalent circuit for Substrate
the MOS capacitor. terminal

A more accurate solution can be obtained by treating the MOS capacitor as
a distributed RC structure. If we let ¢ be the capacitance per unit area and p; the
sheet resistance of the n* layer, the partial differential equations describing the

structure are
i ov
Y

=Y (4-2)
ov pei
x| Y b
Combining these, we obtain
% 0i
Fhe psc 3 (4-4)

Next we take the Laplace transform of (4-2) to (4-4), and employ the boundary

conditions
1(0, 5) = I(s)

I(L,s)=0
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FIGURE 4-6

(a) Bottom plate of an MOS capacitor, with a stripe contact; (b) equivalent
circuit obtained by a first-order analysis; (c) equivalent circuit obtained by
considering distributed effects.

Solving for V(x, s) and letting Z(s) A V(0, 5)/I,(s), we obtain

| : —
Z(s)= ¥ \/& coth \/sp.c (4-5)

Sc

If we let s = jw, we can then resolve Z(jw) into a real and an imaginary part. We
can thus represent Z by the equivalent circuit of Fig. 4-6¢, in which

R(w) A Re Z(jw) (4-6)

wCy(w) A

By using these values one can calculate the dissipation factor of the MOS capacitor.

Exercise 4-1 An MOS capacitor of 100 pF is made with an oxide thickness
of 1.5 x 10" cm. The sheet resistance of the n* diffusion is 50 Q per
square, and the depth is 1 um. The epitaxial layer has a resistivity of 1 Q -
cm, and a thickness of 10 um. Estimate the values of R, R,, and R, in the
equivalent circuit of Fig. 4-5.

4-2 INTERCONNECTIONS

The metallization stripes used as interconnections between devices in an integrated
circuit can contribute parasitics resulting from the transmission-line nature of
the stripes.

For a straight interconnection stripe such as that shown in Fig. 4-7, the
series resistance is
_Liw

Omim

R

—_— ’L
_psW
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FIGURE 4-7

Interconnection stripe.

where o,, = conductivity of stripe
t,, = its thickness, and
p. = its sheet resistance
For an aluminum stripe 1.5 x 1072 cm thick, the sheet resistance is 0.186 Q
per square.

The capacitance per unit length between stripe and silicon is approximately
C Koo W
L~ 1
if fringing effects are neglected. For a 1-mil-wide stripe over an oxide layer
2.5 x 1073 cm thick, the capacitance is 0.089 pF/mil.
The inductance of the stripe can be estimated by assuming that the magnetic

field is confined to the region between the metal and the silicon. For a current /,
the magnetomotive force H in the oxide is

The flux density B and flux ® are

Ll
® = BLI = pl =
W

where u is the permeability of the oxide. Since the inductance per unit length is
the flux per unit length divided by the current, we have

. !
Inductance per unit length = %V

For the 1-mil stripe over 2.5 x 10™° cm of oxide, the inductance is 3.14 x 10713
H/mil.
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At high frequencies, there is a penetration of the H field into the silicon, the

skin depth for which is
Ho (L2
wuc

where ¢ is the conductivity of silicon. For | @ - cm silicon, the skin depth at 1
GHz is 62.6 mils, considerably greater than the typical 10-mil wafer thickness. If
we therefore assume H to be uniform in the silicon, we obtain an inductance of
3.14 x 107!° H/mil. Although this overestimates the inductance, it can be used
as a guide in calculating metallization stripe inductance.
Losses also occur as a result of eddy currents produced in the silicon by the
magnetic field. From Faraday’s law we have
J=VxH
which for our case yields a magnitude
J= % 2
Since at high frequencies é is much greater than the wafer thickness, we use the
approximation

The power density thus produced is

J? H? -

6 6% W3&%

If the volume encompassing the magnetic field is of cross-sectional area A, the
power dissipation per unit length is given by

P =

P I*4
L W26
This corresponds to the losses which would result in the stripe from an equivalent
series resistance per unit length of
R A4 Aou
L W23 2W?
For A =2 x 12 mils, R/L =241 Q/mil at 1 GHz. Increasing the width of the
stripe decreases the series resistance.

The velocity of propagation along the interconnection is sufficiently large
that delay associated with interconnections is not generally a factor in integrated-
circuit design. Therefore the shunt capacitance and series loss from both bulk
resistance and substrate coupling are the primary interconnection parasitic effects.

Parasitic effects associated with a single stripe can be expanded to encompass
coupling between adjacent interconnections. There are two coupling mechanisms
between adjacent interconnections: inductive coupling and substrate coupling.
Direct capacitive coupling between interconnections is small, since the stray
coupling fringe capacitances are small.

Substrate coupling occurs when interconnect signals are capacitively coupled
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FIGURE 4-8
Substrate resistive coupling between two interconnections.

into the substrate. The substrate resistance to ground appears in an equivalent
circuit as shown in Fig. 4-8, and the parasitic substrate signal is then coupled into
the second interconnection through the oxide capacitance.

Magnetic coupling between interconnections occurs because of the fringing
magnetic fields. The effect of this coupling is to produce a transformer equivalent
between the two adjacent leads. For closely spaced stripes, coupling factors as
high as 0.3 have been observed.

Interconnection parasitic effects are important in integrated circuits at fre-
quencies above 100 MHz; however, bulk resistance and stray capacitance are
the primary effects in most cases.

4-3 HEADER PARASITICS

There are several types of headers which can be used for mounting integrated-
circuit chips; they are made of various materials such as plastic, ceramic, and
metal alloys. The type of header selected will generally depend upon the system
application in which the integrated circuits are being used. As far as parasitic
effects are concerned, the metal can-type header is the worst offender. This type
of header is, however, quite useful where it is necessary to replace or interchange
circuits quickly, since it is easily inserted in a socket which can be mounted on an
etched card.

Parasitic effects in headers result from lead inductance, pin capacitance,
header losses, and mutual coupling between bonding leads. Many of these effects
become important in the metal TO-5 header at lower frequencies than for other
headers. This is because the iron-nickel-cobalt alloy, chosen because its thermal
coefficient of expansion matches the glass used for the pin seals, is ferromagnetic
and therefore contributes to the inductive parasitic effects.
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k as large as 0.1

pin ;ln L lead R fead

Cpin
Chip
Header
Lpin
Ry, =11025Q
Ly ~25x107°H
Rice = 0.1 Q/mm Ry
Liag~1 x 107° H/mm
FIGURE 4-9
First-order model for header and lead parasitic effects. Values are for a TO-5
header.

A first-order model for lead and header parasitics is shown in Fig. 4-9 for
only two bonding wires and a header connection. This circuit configuration
applies for most headers; the values shown are for the TO-5 package.

4-4 SPIRAL INDUCTORS

It is almost impossible to fabricate inductors of any reasonable value of inductance
in integrated circuits without resorting to additional fabrication techniques.
First, because of the limitations of the processing technology, it is almost manda-
tory that inductors be planar. This means that some form of spiral geometry
must be used. Second, the metal deposition and etching techniques used in stand-
ard processing do not lend themselves to the production of thick, closely spaced
metal patterns. Consequently the resistance of the metal used to form the induc-
tor is sufficiently large that it is not possible to obtain Q factors much larger than
unity. Third, no materials having high permeability are directly available in the
standard fabrication procedure. This means that relatively large spirals are
required to produce a reasonable fraction of a microhenry. But as the size of the
spiral increases, so does the resistance of the metal pattern. The silicon wafer also
contributes eddy-current losses, further degrading the Q. The result is that if it
is at all possible, one avoids the use of inductors, substituting instead different
circuit techniques to produce inductive effects.
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If it becomes absolutely essential to use inductors, one must be prepared to
use additional processing steps. Olivei® has studied the fabrication of thin-film
inductors by processing which can be made compatible with planar technology.
Basically, the techniques involved are the electrodeposition of thick gold films to
yield a low-resistance metal pattern, the electrolytic etching of closely spaced spiral
turns, and the deposition of ferrite films over the spiral.

It is interesting to note that there is significant difference in performance
among inductors having different geometrical forms of spiral. The three spirals
considered by Olivei are the Archimedes, the logarithmic, and the hyperbolic
spirals, whose polar equations are, respectively,

S(r,0) =Ry + ab
S(r, 0) = Rye'

Lol e

Sh RO
Power dissipation, skin-effect losses, and inductance of air-coil spirals are shown
in Fig. 4-10a, b, and ¢. Here A4, B, and C refer to the spirals in the order listed
above. R, is the radius of the outermost turn of the spiral. Inductance of spirals
with deposited ferrite is shown in Fig. 4-10d, and Q for spirals with deposited
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FIGURE 4-10

(a) Power dissipation of Archimedes (A4), logarithmic (B), and hyperbolic (C)
spirals; (b) skin-effect losses; (c) air-coil inductance; (d) inductance of spirals
with deposited ferrite; (e) Q of spirals with deposited ferrite (after Olivei?).
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ferrite is given in Fig. 4-10e. It is easily seen by inspection of Fig. 4-10 that the
hyperbolic spiral offers significant advantages over the others in all cases. Olivei
reports that inductance values of 1 to 1200 uH with Q’s of 100 over the frequency
range of 0.5 to 1.5 MHz have been obtained.

The parasitic capacitance between spiral inductors and the silicon wafer
can easily be computed from knowledge of the surface area of the spiral and the
thickness of the oxide.

4-5 THIN-FILM RESISTORS

In Chap. 3, we saw that resistors can be made by using thin films of various types,
such as nichrome and tantalum. Since these resistors are deposited on the surface
of the SiO, layer, a capacitance is formed between the thin film and the silicon
under the oxide. Thus the thin-film resistor is actpally a distributed RC network.
Analysis of the distributed RC network can be handled in a manner similar
to that used for distributed effects in MOS capacitors in Sec. 4-1. We consider a
resistor film of length L and width W, as shown in Fig. 4-11a. Usually the sheet
resistance of the film will be larger than that of the silicon, and we therefore make
the approximation that the voltage drop along the surface of the silicon is negli-
gible. For this approximation, a model for a section of length Ax is as shown in
Fig. 4-11b, where r and c are the resistance and capacitance per unit length. Writ-
ing the Kirchhoff voltage and current-law equations for the section of Fig. 4-115,
and taking the limit as Ax — 0, we obtain the partial differential equations for the
structure.> These can then be solved for the y parameters. The results are

| _
V11(8) = yy2(8) = = \/src coth L \/src
r

1 ,— .
Yi2(8) = yyi(s) = — —\/src csch L./ src
r

These can also be written in terms of p; and e, the sheet resistance of the film and
dielectric constant of the oxide:

w .;I;); SEQ,
Y11(5) =}’22(S)=—,\/-— coth L\/—
pN [

s

W [sep, sep,
y12(5)=y21(s)=;7\/ IpCSChL\/ ]

where ¢ = K &, .

For most practical applications it is not necessary to deal with the distributed
network; rather, one can make a first-order lumped model which adequately
represents the device up to approximately its cutoff frequency w, = 2.43/RC.
This is done by using a single-pi-section model as shown in Fig. 4-11¢, in which
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(a) Section of thin-film resistor; (b) approximation used for a section of length
Ax; (¢) first-order lumped model for the resistor and its parasitic capacitance.

the resistance and capacitance values are chosen so that the steady-state current
flow and stored charge of the model match those of the distributed structure.
This results in

C_sLW
DY
R= L

_psW

The above analysis applies for resistors which are made with either stripe or
maze geometry. As we have seen in Chap. 3, laser trimming is often used to ob-
tain precise values for thin-film resistors. For this case, considerably more area
will be used than for the stripe geometry. Consequently, for resistors of a given
resistance, the surface area will be larger for the trimmed resistor, and the capaci-
tance will be correspondingly larger.

EXAMPLE 4B Capacitance of a Thin-film Resistor. We consider the design of
a 500-kQ thin-film resistor for an application which requires a large-value resistor
with low-temperature coefficient. The resistor is made by depositing tantalum
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and oxidizing the film, as described in Chap. 3, to produce a sheet resistance of
1000 Q per square. For a 500-kQ2 resistor, 500 squares are required. If we use
a line width of W = 0.5 mil, the stripe length is 250 mils, and the surface area is
125 mils2. (Contact pads are assumed to be negligible.)
If we assume that the resistor is deposited on the layer of SiO, 6 x 107° cm
thick, the total capacitance of the resistor is
C =4.64 pF

The cutoff frequency of the open-circuit voltage transfer ratio of this device would
be
fe~ 167 kHz

while the lumped model of Fig. 4-11c predicts a cutoff frequency of
fo=137kHz i

4-6 INTEGRATED JUNCTIONS

While p-n junctions form the basis for the construction of diodes, transistors,
field-effect transistors, and other integrated devices, our first concern with junc-
tions at this point is the understanding of their depletion regions and the capaci-
tances that arise therefrom. Essential to the analysis of integrated juctions is
the depletion approximation, without which calculation of, for example, capaci-
tance becomes tedious even for the simplest cases.

We first review the calculation of the locations of the junctions themselves.
Sketches of typical impurity profiles for double-diffused integrated devices are
shown in Fig. 4-12a. The net impurity distribution is sketched in Fig. 4-12b. As
we have seen in Chap. 2, the so-called “metallurgical junctions’ occur at the points
in the material where the net impurity is zero, that is, at the points where the
impurity distribution changes from donor to acceptor, or vice versa. If we
assume that in the vicinity of these junctions the impurity profiles resulting
from diffusion are well approximated by gaussian functions, then the junction
locations are those values of x which are solutions for the equation

Nep el ~*/xop)? 4 Ngc — N4 e~ xlxea)? — (4-8)

where N,p and N, = surface concentrations after diffusion
N ¢ = background concentration of epitaxial layer
Xop and xg, = diffusion lengths

Equation (4-8) is transcendental, and requires numerical solution for the
junction depths. However, as we have seen in Chap. 2, simplifying approxima-
tions can often be made for typical diffusions used in practice. For the collector
junction, one can often assume that the emitter diffusion produces a donor profile
which, near the collector junction, is negligible in comparison with the background
concentration Ngc. Making this approximation in (4-8), one obtains

NSAe—(J‘Jcl:m,«)z & Ngc (4_9)
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FIGURE 4-12
(a) Impurity profiles for a double-diffused structure; (b) net impurity distribution,
showing junction depths and depletion regions.

which can be solved for x;c. Similarly, it often occurs that, near the emitter
junction, the background concentration is negligible in comparison with the donor
concentration of the emitter diffusion. Making this approximation in (4-8), we
obtain

NS‘)()—(»‘;‘tslxoo)Z ~ NsAe_(ij/XOA)Z (4_10)

which can be solved for x;z. These approximations usually hold for structures
with junction depths of the order of 1 to 2 ym. For structures with junction
depths of 5 to 6 um, the approximations usually do not hold. If there is some
question of the validity of (4-9) and (4-10), the following consistency check can
be used:
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I Assume (4-9) to be valid, and calculate x;c.
2 Calculate Ny(x;c) = N,pe~(xiclxon)?,
3 If Np(xjc) € Ngc, (4-9) is valid.

A similar consistency check can be used for (4-10).

Depletion Regions*

On ecither side of the metallurgical junctions there will be regions in which there is
net space charge resulting from a difference between the density of impurity atoms
and the density of mobile carriers. The resulting charge dipole which appears
across the junction causes a voltage to appear, and is responsible for the junction
capacitance. In thermal equilibrium, the voltage between the two sides of the
junction is called the built-in voltage ¢, and is of the order of 0.7 V. When a
voltage is applied to the junction and thermal equilibrium no longer obtains, the
charge distribution in the dipole layer changes to conform to the requirements of
the applied voltage.

The potential distribution—and hence the electric field and the charge
distribution—near the junction are not conveniently solved for, and in order to
expedite the solution a very important approximation, the depletion approximation,
is used. The depletion approximation assumes that a region exists on either side
of the metallurgical junction in which the density of mobile carriers is much less
than the density of ionized impurity atoms. These regions are called depletion
regions. In other regions, the depletion approximation assumes space-charge
neutrality ; that is, the charge of mobile carriers is exactly balanced by the charge
of impurity ions.

A consequence of the depletion approximation is that the electric field is
zero outside the depletion regions, but large within them. That the depletion
approximation is valid for a typical integrated junction can be seen from Fig.
4-13.> Here one can easily define regions outside which the electric field is less
than 10 percent of the peak field at the junction.

Use of the Depletion Approximation

To appreciate the utility of the depletion approximation, we first review the case
of an abrupt junction of Fig. 4-14a in thermal equilibrium. According to the de-
pletion approximation, there will be regions of extent x, and x, around the junction
where the density of mobile carriers is much less than the density of impurity ions.
Outside these regions, the net space-charge density is zero. Since the impurity
concentrations on either side of the junction are uniform, the charge dipole which
results will be as shown in Fig. 4-14b. Moreover, the charge dipole requires that

Npx,=N, X,
The electric field is E(x) = (1/e) jp(x) dx, which is easily seen from simple

geometrical arguments to have the form shown in Fig. 4-14¢. Since the electro-
static potential is related to the field by —d@/dx = E(x), the potential can
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easily be calculated. If the potential of the donor side of the junction, outside the
depletion region, is taken as zero, the potential difference between the neutral
regions on either side of the junction is the built-in voltage ¢¢, and the potential
is as shown in Fig. 4-144.

If a voltage V is applied to the junction, thermal equilibrium no longer
obtains. The total voltage V7 across the depletion regions is now V=V +¢¢,
and the plots of Fig. 4-14 must change accordingly. Since the charge density in
each depletion region is fixed by the impurity distribution, the widths of the
depletion regions x, and x, must change. For example, if ¥ has the same sign
as ¢c, V+ ¢¢c>¢c. The maximum field must then increase, which in turn
requires an increase of x, and x,, making the depletion region larger.

Clearly, before any calculations of depletion-region sizes can be made, it is
necessary to know the built-in voltage ¢¢. If one assumes that in thermal equi-
librium the net current flow across the junction is zero and that also for each
carrier type the drift and diffusion components of current exactly balance, one
can show that for the abrupt-junction case
_ li" o NNy

2
q n;

bc




e TR e e

128 BASIC INTEGRATED CIRCUIT ENGINEERING

4N(x) = Np(x) = N ,(x)
Np
(@)
» x
_N‘
ﬂup(x) =gqlp — n + Np(x) = N ,(x)]
qNp
b
Xy
—Pp X
xl
-gN,
4 E(x)
()
> X
TMX)
» X
(d)

FIGURE 4-14

The abrupt junction in equilibrium; (@) Impurity distribution; (b) net space-
charge density according to the depletion approximation; (c) resulting electric
field; (d) electrostatic potential.
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where #n; is the free electron (or hole) density for intrinsic material. With this, the
calculation of all the distributions of Fig. 4-14 in terms of N, and N, becomes
straightforward and simple.

The charge dipole of the depletion regions also produces a capacitance.
Since the width of the regions changes with applied voltage, the capacitance is
voltage-dependent. 1f the capacitance is defined as

dQ
where Q is the space charge on one side of the junction, it is easily shown by use
of the relations which apply to Fig. 4-14 that the capacitance per unit area of the
junction is
C @,
A (1+ V)"
where Cy 4 is a function of N, and N.

Exercise 4-2 Find C,, for an abrupt junction.

One other type of junction can be conveniently and easily analyzed. This
is the so-called linear graded junction, in which the impurity profile changes from
donor to acceptor in a linear fashion, as shown in Fig. 4-15. Note that for this
case, the charge dipole imposes the requirement that x, = x,. The capacitance of
the linearly graded junction is easily shown to be

€__ Cu
A (1 + Vg3

While the abrupt and linear junctions do not exist in practical integrated
circuits, they provide at least a qualitative understanding of the behavior of
general p-n junctions. Integrated junctions differ in quantitative detail from
abrupt and linear junctions, but the first-order qualitative behavior of the former
is the same as for the latter. Some cases exist for which abrupt or linear junctions
can be used as approximations of actual junctions for purposes of quantitative
calculations. However, care must be used in employing these approximations,
as we shall later see.

Exercise 4-3 Find Cy, for a linear graded junction.

The Lawrence-Warner Curves for Diffused Collector Junctions®

The abrupt and linear junctions can be analyzed quantitatively with relative ease
because the impurity distributions have very simple analytical form. Unfortu-
nately, the junctions formed by diffusion in an integrated circuit are not easily
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The linearly graded junction.

(a) Net impurity profile; (b) space-charge density;
(c) electric field; (d) electrostatic potential.
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analyzed because the net impurity profile is not a simple form. However, Law-
rence and Warner, using computer-aided analysis techniques, have generated
nomographs to simplify the calculations for two types of integrated junctions: a
gaussian profile diffused into a constant background concentration, and a comple-
mentary-error-function profile diffused into a constant background concentration.
The latter applies to the junction formed after base predeposit; the former, to the
collector junction resulting after subsequent base and emitter drive-in steps.

A set of Lawrence-Warner curves for gaussian profile and constant back-
ground concentration is shown in Fig. 4-16. These curves enable the calculation
of capacitance, total depletion-layer thickness, and percent of depletion-layer
thickness on each side of the junction, in terms of total depletion-layer voltage V.
Note that since V. = V + ¢, it is necessary to know the built-in voltage for the
junction before the curves can be used. Forfunately, the built-in voltage shows
rather weak dependence on the impurity profiles, so that one can assume as a
reasonable approximation ¢¢ =~ 0.7 V for all junctions.

EXAMPLE 4C Use of the Lawrence-Warner Curves for a Typical Collector
Junction. Consider the case for which the base diffusion results in a boron im-
purity distribution, after all drive-ins, having surface concentration N, = 5 x 10'8
cm™3, background concentration Ngc = 5.4 x 10'°cm™3, and junction depth
3 x 107*cm. Let us calculate the zero-bias capacitance and depletion-layer thick-
ness for this junction.

Since V = 0, we have V; = ¢, which we assume to be 0.7. Then V;/Ng- =
0.13 x 1075, We enter the family of curves at this value, and move to the left
along a diagonal line corresponding to 0.13 x 107'%. (Interpolation is necessary
in order to find this diagonal line.) We continue along the diagonal until we
intersect a line corresponding to x;=3 x 107*cm. (Interpolation between
2x 107* and 3 x 10™* is necessary.) Now we move horizontally left from this
intersection and find C/4 =~ 1.5 x 10* pF/cm?, and x, = total depletion-layer
thickness = 0.70 x 10~ *cm = 0.70 um.

Next we go to the x,/x,, family of curves corresponding to Ngo/N, = 1073,
Here x, is the thickness of the depletion region on the more heavily doped side; for
our case this is the base side of the junction. Entering the family at Vi/Ng- =
0.13 x 107'5, we move vertically until we intersect the curve corresponding to
x;=3x 10"*cm. (Interpolation is required.) We then move left horizontally
and read

1 _0.39

xm
Thus the depletion thickness x ¢ into the base side of the collector junction is
X,c=0.39 x 0.70 x 10™* cm = 0.273 um
and the depletion thickness x,. into the epitaxial collector is

X,c=0.61 x 0.70 x 10™* cm = 0.427 um
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FIGURE 4-16
Lawrence-Warner curves for gaussian impurity distribution into constant
background.

The use of the Lawrence-Warner curves for this example is summarized in Fig.
4-17.

Note that if a linear-graded-junction approximation were used, it would
yield x,c = x,c. From the results obtained with the Lawrence-Warner curves,
we conclude that a linear graded approximation would be very poor in this case.

1




PASSIVE COMPONENTS AND THEIR PARASITIC EFFECTS 133

"‘E A E;A
e »
& Vr/Nac
104 1074
1.5 x 10— =
07 > 10 013 x 10°1
10-16
Nyc/N,=1072
£ 4
X 05
09F———————
|
| x;=3x10"*cm
|
|
|
|
|
!
- 5 -
0.15 x 10! Vo/Nac
FIGURE 4-17

Summary of the use of the Lawrence-Warner curves for Example 4C.

Since the Lawrence-Warner curves apply to diffusions into constant back-
ground concentration, they can be used for calculating the capacitance of collector
junctions and isolation junctions. They are not, however, directly applicable to
emitter junctions since these involve diffusion into a background consisting of
both the epitaxial layer and the base diffusion. For the special cases in which
approximation (4-10) is valid for calculating junction depths, the Lawrence-
Warner curves can be used as follows to estimate emitter junction capacitance:

! Use (4-10) to calculate junction depth.

2 With this junction depth, calculate the concentration of base diffusion
acceptors at the junction.

3 Use this concentration as an effective background concentration,

4 Use the appropriate Lawrence-Warner curves to estimate capacitance
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Since the “background” in this case is not constant but decreases with depth, the
Lawrence-Warner curves will overestimate the depletion width on the emitter
side of the junction and underestimate the depletion width on the base side. The
total depletion-layer width, and hence the capacitance, is probably a reasonable
estimate.

Design of Junction Capacitors

Our discussion thus far has been confined to planar junctions. If we wish to
fabricate a capacitor in an integrated circuit, we could, for example, use a base
diffusion into the epitaxial material. The cross section of such a capacitor is
shown in Fig. 4-18. As was mentioned in Chap. 2, because diffusion proceeds
laterally as well as vertically, and because the epitaxial material has constant back-
ground concentration, the location of the junction sidewall will be approximately
a quarter circle centered at the edges of the diffusion windows. Since the impurity
concentration gradient of the p diffusion is the same along the junction sidewalls
as along the bottom, the sidewall capacitance and bottom capacitance (per unit
area)are thesame. Thus itis only necessary to compute the total effective area of
the junction, and multiply by the capacitance per unit area obtained, for example,
from the Lawrence-Warner curves,

EXAMPLE 4D Design of a 10-pF Junction Capacitor. We now consider use of
the base diffusion to fabricate a 10-pF capacitor. Although any reasonable sur-
face geometry which results in the correct area is permissible, for simplicity we
assume the diffusion window to be a square W mils on a side. The problem then
is to calculate W for the particular base diffusion and background concentration.
Let the processing parameters be

Nge =10 cm™3
Ny =5x10"%cm™3
xIC = 3.0 X 10_4cm

First we calculate Npc/N,, = 2.00 x 1073, so we use the Lawrence-Warner
family of curves corresponding to Ngo/N,= 1073, We wish to calculate the
capacitance per unit area at zero bias, so we need the built-in voltage ¢¢. Again
we assume ¢¢ = 0.7 and enter the curves at ¥V /Nge = 0.7 x 107'%.  We find

C
i 2 x 107* pF/em? = 0.12 pF/mil?

Now we must calculate the area of the junction. If we neglect the small
fillets that occur at each of the four corners of the diffusion, we can write

Ax W2 +4W (4 x 2nx)c)
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FIGURE 4-18

Cross section of a junction capacitor using the base diffusion.

Then we have
C
Ciota1 = (W2 +0.742W) y

Solving for W we obtain
W = 8.77 mils

It is interesting to compare this with the value obtained by neglecting the
sidewalls. For that case, W = 9.13 mils. i

Typical values of C/A for base diffusions in most integrated circuits are 0.2
pF/mil? or less. This is approximately the same as that which can be obtained
with MOS capacitors, so comparable areas are required for either. However, no
extra processing steps are required for the junction capacitor, whereas an extra
photoresist step is required for the MOS capacitor in order to have oxide of the
proper thickness. The junction capacitor will generally exhibit more voltage
dependence than the MOS capacitor.

Junction Breakdown Voltage

Breakdown in collector junctions is usually caused by avalanche multiplication,
which occurs when the electric field in the silicon reaches a critical value

Ec=~3x 10° V/em = 30 V/um

As inspection of Figs. 4-13 to 4-15 shows, the maximum field always occurs at the
metallurgical junction, and breakdown begins to take place there when the maxi-
mum field E,,, reaches the critical value E.

Lawrence and Warner have also computed a nomograph for breakdown
calculations; it is shown in Fig. 4-19, and applies for gaussian or complementary-
error-function profiles diffused into a constant background.
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FIGURE 4-19
Lawrence-Warner chart for maximum field.

EXAMPLE 4E Breakdown Voltage of a Junction Capacitor. We now calculate
the breakdown voltage of the 10-pF capacitor designed in the previous example.
First, we note that Ngc/N, = 2.00 x 1073, but the chart is for Ngc/N, =107°.
Fortunately, the maximum field is only a weak function of Ng./N,, and so the
chart will be used.

The problem is to find what applied voltage will produce E,, = E-. There-
fore we enter the chart on the ordinateat E,,,/Nyc = 3 x 10°/10'¢ = 0.30 x 107'°.
Moving horizontally to the right until we interesect the x; = 3.0 x 107% curve
(interpolation is necessary), we then move vertically down to read

Y ~5x 107" V-cm?
BC

Vex 50V =V + ¢

Thus we obtain

For this case the built-in voltage is negligible in comparison with the total depletion-
layer voltage, so the applied voltage at which the onset of breakdown occurs is
50 V. 111

In this example, we have assumed that the maximum field is uniform every-
where along the metallurgical junction. This is true for a planar junction, but
sidewall curvature will cause nonuniformities for diffused junctions because the
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The effect of curvature on junction breakdown voltage (after Grove”).

field lines are concentrated in regions of curvature. This causes the maximum
field to be larger in curved regions than in planar regions. The result is that
breakdown in diffused juctions occurs at somewhat lower voltages than those
calculated for planar junctions. Grove has calculated this effect for one-sided
junctions; the results are shown in Fig. 4-20.”

Other Junctions

We have thus far confined our discussion to the collector-junction capacitor; we
now consider other junctions. There are two basic factors which influence the
choice of junctions for capacitor applications: capacitance per unit area and
breakdown voltage. From Fig. 4-14, we see qualitatively that as the impurity
concentration on either side of the junction is increased, the depletion-layer width
on that side is decreased. This means that the capacitance is also increased;
furthermore it can be shown that the maximum field also is increased. Thus the
breakdown voltage is less. Therefore, in general, larger capacitance per unit area
is obtained at the expense of lower breakdown voltage.

The emitter junction can be expected to exhibit slightly higher capacitance
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per unit area than the collector junction since the impurity concentrations on both
sides of the former are higher than for the latter. However, the emitter junction
does not have a constant background. As we saw in Chap. 2, the concentrations
on both sides of the emitter junction are largest near the surface. This means
that:

1 The capacitance per unit area is not uniform along the junction, but is
largest at the surface.

2 The maximum field is also largest near the surface, and breakdown will
occur there.

Finally, as we saw in Chap. 2, the sidewall is not a section of a circle, but has a
shape which depends on the parameters of the emitter and base profiles. Thus
the area will not be easy to calculate.

Typical breakdown voltages for emitter junctions are in the range 7 to 9 V.
Therefore these junctions are used for capacitors only in circuits where the capacitor
voltage is very low.

Because it is difficult to make calculations for any but collector and substrate
Jjunctions, Table 4-1 is given as a means of estimating capacitance for other junc-
tions.® Since it contains a range of background concentrations, it is very useful
for quickly estimating capacitances for almost all integrated circuits.

Computer Calculations for General Impurity Profiles

In some cases, notably structures having deep junctions, it is not possible to make
approximations (4-9) and (4-10), and the Lawrence-Warner curves cannot be
used even for collector junctions. In the general case it is necessary to use a
computer solution. This is done as follows.

First, the net impurity profile N(x) is calculated from processing data (times,
temperatures, etc.) or obtained by profile measurements. From these calcula-
tions, the computer can locate the junction depths.

Next, the built-in voltage at each junction is calculated by an iterative
method. It can be shown that

kT . N(x; — x,)N(x; + x,)
=—1In
q N7

bc (4-11)

where x, and x, are the depletion widths on p and n sides of the junction. It can
also be shown that

l xjt+xn

Ks &o

Vi xp(x) dx (4-12)

Xj=Xxp

which is valid for both equilibrium and nonequilibrium.
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The following algorithm can now be easily implemented on the computer:

1 Choose a point x, on the left side of the junction. Calculate
Xy Xy
0= p(xydx =" qN(x) dx
2 Choose a point xz on the right side of the junction. Calculate
Or=[ gN() dx
Xy

3 If Qg # Q., change x; and repeat (2) until Qp = Q, .
4 We have now established a charge dipole between x; and xz. Now

calculate
r= J. ) xgN(x) dx
s©¢0 “xL
5 Calculate
N
b = k—Tln (xL)N(xg)

N2

6 If ¢ # Vr, choose a new x; and repeat the entire procedure.

This algorithm enables the calculation of a built-in voltage, and the equilib-
rium depletion width xg — x,. For nonequilibrium with an applied voltage V,
steps (1) through (4) are repeated, but the remainder of the algorithm is

5 Calculate Vy, =V + ¢¢.
6 If Vi, # Vi, choose a new x and repeat the entire procedure.

In this manner one can calculate the built-in voltage, the equilibrium deple-
tion width, and the variation of depletion width with applied voltage for a junction
having an arbitrary impurity profile. Once the depletion width has been obtained,
the capacitance is simply

K e04
Xg — Xp

Moreover, as we shall later see, such a computer routine also forms the basis for
calculating the parameters of the double-diffused junction-gate field-effect tran-
sistor.

Results of computer calculations for a variety of devices are shown in Table
4-2. For both deep structures, approximations (4-9) and (4-10) could not be used.
It is interesting to note, by comparing x, with x,, that none of the net impurity
profiles can be reasonably approximated by a linear profile in the vicinity of the
junctions. It is also interesting to note that the built-in voltages vary from 0.592
to 0.793.



PASSIVE COMPONENTS AND THEIR PARASITIC EFFECTS 141

Junction Capacitor Parasitic Effects

The principal parasitic effects associated with a collector junction capacitor are the
resistances of the p and n materials, and the capacitance of the substrate junction.
The resistance resulting from the p diffusion can be minimized by metallizing over
the entire surface area of the p diffusion. A first-order representation of the
remaining parasitic effects is shown in Fig. 4-21. By inspection of Fig. 4-21a cne
notes that all the parasitic effects are distributed. 1n the first-order lumped model
of Fig. 4-21b, R, represents the lateral resistance of the epitaxial layer between the
junction and the n* contact, R, is the vertical resistance of the epitaxial layer
between the collector junction and the substrate junction, C; is the collector junc-
tion capacitance, C, is the substrate junction capacitance including sidewalls, and
R, is the resistance of the substrate between the substrate junction and the substrate
contact. R, can be minimized by using a ring-type contact to the epitaxial layer,
and R, can be minimized by using as thin an epitaxial layer as possible.

It should be noted that the p diffusion, the n-epitaxial layer, and the substrate
form a vertical p-n-p transistor. In order that this not become an active para-
sitic effect, both junctions must always be reverse-biased.

Relation of Depletion Regions to Junction Depth Measurements

We have seen from Example 4C and from Table 4-2B that the depletion-layer width
can be an appreciable fraction of the junction depth. As was discussed in Chap. 2,
the methods used to measure junction depth typically involve lapping or grooving
a sample and then applying a stain which causes p regions to darken. Most stains
are somewhat sensitive to electric field, and as a result the area which appears dark
after stain is only the region of the p material which is approximately space-charge-
neutral. That is, very little, if any, of the depletion region is stained. Therefore,
care must be exercised in the use of results from such measurements.

It is usually safe to assume that the edge of the dark region after stain is not
the metallurgical junction, but the edge of the depletion region in the p material.
Consider, for example, the deep structure “super-$” device of Table 4-2B. This
device has a p-type base region with actual base width 1.4 yum between metallurgical
junctions. However, the undepleted base width w between depletion regions in
the p material is only 0.53 um. It is this base width which would be observed by
staining.

For the collector junction, the following procedure can be used to correct
for the depletion layer when using stain measurements for junction depth:

I Assume that the edge of the stained region is the metallurgical junction.
2 Using the Lawrence-Warner curves, calculate the amount of depletion
into the p material.

3 Add this amount to the depth measured in (1). The result is approxi-
mately the junction depth.

For emitter junctions, corrections would have to be calculated iteratively by com-
puter.
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(@)

|
b (EI (b)

FIGURE 4-21
(a) Collector junction capacitor; (b) first-order model including parasitic effects.

47 DIFFUSED AND EPITAXIAL RESISTORS

Resistors which make use of the various diffused or epitaxial regions common to
bipolar transistor fabrication are attractive because they require no extra process-
ing steps. However, the permissible range of resistance values is somewhat limited
by the requirements imposed on resistivities by the bipolar transistor. Three
such resistors are shown in Fig. 4-22.
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(a) Base resistor; (b) emitter resistor; (c) epitaxial (collector) resistor. Sections

A-A’ are vertical sections normal to current flow.

Sheet Resistance

In Chap. 1, we used the concept of sheet resistance in determining the layout of
diffused resistors. We now wish to relate the sheet resistance to the impurity
profile. Consider first an idealized rectangular structure in which the current flow
is one-dimensional, as shown in Fig. 4-23. The current density is

J=0(x)E, =

—o(x) d¢
dy
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FIGURE 4-23
Idealized model for sheet-resistance calculations.

where E, = electric field
a(x) = conductivity
¢ = electrostatic potential
The total current 7 is given by

w xy dd) Xy
I=| d: Jdx=—-W—| oa(x)dx
J‘o J‘o dy J‘o
Integrating both sides from y = 0 to y = L, we obtain
Xy
IL= WSO - (L)) [ * o(x) dx
0

But ¢(0) — ¢(L) is the voltage V across the resistor with polarity as shown in Fig.
4-23. If we define the resistance of the resistor as

vV
R —
- I
we have
Liw
R= = /
j a(x) dx
0
The sheet resistance p; is now defined by
, 1
Ps =—,
f o(x) dx
0
The resistance is
R =p, L
- ps W
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Note also that the average conductivity ¢ of the diffused layer is

ija(x) dx 7
&ZO"Td =;,-fo a(x) dx
0 x

The sheet resistance can therefore be written in terms of the average conductivity
as
1

!’
Ps =
Xj

N

We saw in Chap. 2 how sheet resistance can be conveniently measured and
how Irvin’s curves can be used to relate measured sheet resistance to assumed
profile parameters. Analytically, we can relate g(x) to the impurity profile by

o(x) = qu| N(x)|

where N(x) = net impurity concentration
U = majority carrier mobility
Unfortunately, p is a function of impurity concentration

u=u(N)

so that the evaluation of p; from knowledge of the profile is not simple. Figure
4-24 shows the variation of mobility with impurity concentration.® It can be
seen that for the range of impurity concentration typically encountered in base dif-
fusions, a logarithmic function can be used to approximate the mobility.

Sidewall Conductance

Because of lateral diffusion, the rectangular model Fig. 4-23 does not adequately
characterize diffused resistors unless W » x;. In principle the correction for
lateral diffusion can be handled by dividing the resistor into three parts: the
rectangular part corresponding to the model of Fig. 4-23, and the two sidewall
regions resulting from lateral diffusion. Since these three regions are effectively
connected in parallel, the total conductance of the resistor is

1

G =264 + —
7 pULIW)

where G;q. is the conductance of one sidewall region. It is convenient to normalize
the resistance to the value which would be obtained in the absence of sidewalls;
this yields
R 1
PALIW) 14 pLIW)2G 4.

(4-13)
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FIGURE 4-24
Mobility in silicon (after Ghandi®).

For emitter resistors, G,;q4. is difficult to calculate because the analytical
expressions for sidewall shape and net impurity profile in the sidewall regions are
not simple. However, for base resistors, reasonable approximations can be
made to enable analytical treatment of the problem.

EXAMPLE 4F Effects of Sidewalls on Base Resistors. If we assume that the
lateral diffusion has proceeded radially from the edge of the diffusion window,
that the locus of the collector junction is a quarter circle, as shown in Fig. 4-25,

and that depletion regions may be neglected, we can write the sidewall conductance
as

1 n/2 X

Giige = — J. d¢ f ro(r)dr
L ] ]
We now assume that the p material of the base diffusion is sufficiently extrinsic
that the conductivity is determined by majority carriers, that the majority carrier
density is equal to the net acceptor impurity concentration, and that in the base
diffusion region the net acceptor profile is approximately equal to the base diffusion
profile N (x). Then

o(r) = qu[N ((r)]N 4(r)

where u[N,(r)] is the hole mobility in p-type silicon. The sidewall conductance
is

T Y
Guise =370 | HNOINAr) ar
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FIGURE 4-25
Model for the calculation of sidewalt
conductance of a base resistor. x;

From the plot of u versus N, shown in Fig. 4-24, it is observed that between
Ny=3x10"cm™ and N, =3 x 10'®cm™3, the mobility is reasonably well
approximated by an expression of the form

Ing~InK+minN,
From the curve of Fig. 4-24, we obtain the values
N,=10"%cm™3 U =400 cm?/V-s
N,=10"%cm™3 u=130cm?/V s
Using these values in the expression for u, we obtain
In K=150
m= —0.246

Next we assume that the base diffusion profile results from a standard two-
step diffusion cycle, and we neglect any outdiffusion at the surface. Then

Ny(r) = Ny e Cxon)?
With this expression for N ,(r), the integral in G,;,. can be evaluated, and we obtain

m+1 2
nqKN,, Xo4

o= —— A T - —(m+1)(xj/x04)?
side (m+ l)L 4 [ € ]

From approximation (4-9), we can calculate (x;/x,,)?:

Then we have

e = Tt DL 4
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For most practical integrated circuits, N,, is at least two orders of magnitude
larger than N ¢, so the second term within the brackets may be safely neglected.
We then have

anNs m+1
side m Xoa® (4-14)

Now consider a typical base diffusion with Ngc = 10'3, p. =200 Q per
square, and junction depth 3 um. In Example 2E we used Irvin’s curves to deter-
mine the effective surface concentration, with the result that

N,,=3x10%cm™3
Inserting these values in (4-14), we obtain
0.726 .
Gorge = _L— x 107¢
When this is inserted in (4-13), the result is
R 1

P(LJ/W) 1+ (290 x 10~ /W)

From (4-15) we can determine what error is encountered through neglecting
the effects of sidewall conductance. Table 4-3 shows the values of R/p(L/W) for
several resistor widths. Note that even for 1-mil resistors, the error is approxi-
mately 10 percent.

For emitter resistors, computer calculations would be necessary to deter-
mine the effects of sidewall conductance. I

(4-15)

Collector Resistors

We have seen that typical base diffusions produce sheet resistance of approxi-
mately 200 Q per square. Such a low sheet resistance is disadvantageous when
fabricating large-value resistors because large surface area is required. A larger
sheet resistance can be obtained by using the n-epitaxial collector material in the

Table 4-3 EFFECTS OF SIDEWALL
CONDUCTANCE FOR
BASE RESISTORS*

W, mils R/(ps'LIW),
1.0 0.898
0.50 0.814
0.20 0.637
* Npc = 10"3/cm?3
Ng,=3x10'®
ps’= 200 Q/sq
X;= 3.0 pm

Note: If sidewall conductance is neglected,
Ri(p'sLIW)=1.
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fabrication of resistors. In this case, one selects the appropriate surface geometry
and surrounds it with an isolation diffusion, as shown in Fig. 4-22¢. Note that
the cross section of collector resistors differs significantly from that of base and
emitter resistors, and that the sidewall effects cannot be ignored.

To estimate the advantage obtained with collector resistors, note that be-
cause the epitaxial material is uniformly doped, the conductivity is constant,
and ¢ = . The sheet resistance is

pe==——
GXjs
where x;s is the depth of the substrate junction. Consider the epitaxial layer with
x,s =8 pm, and Nyc =5 x 10'*cm™>. This layer has a sheet resistance

p. = 1250 Q/sq.
Note, however, that for a given line width W, the sidewalls of the collector resistor
make the effective resistor width larger than W.

EXAMPLE 4G Design of a 200-kQ Collector Resistor. For this example, we
assume that the end pads may be neglected, and we assume that the isolation diffu-
sion produces isolation junctions whose sidewalls are approximately quarter
circles, as shown in Fig. 4-26. We also neglect depletion regions. Since the
conductivity is constant, and since the geometry of the cross section is not rectangu-
lar, it is more convenient to deal with conductance rather than resistance, and with
conductivity rather than sheet resistance. The total conductance of the resistor is
oWx;s
L

Note that the effective number of squares in the resistor is not L/W but
L/(W + 0.43x;s), as a result of the sidewall regions.

Now for a 200-kQ resistor in a typical epitaxial layer with x;5= 8.0 um,
Ngc=5x 10"°, and W = 1 mil, (4-16) yields

G=

X
+2 % (x;s2 — dxjs?) = ‘% (W +043x,)  (4-16)

L = 182 mils

For our typical base diffusion of 200 Q per square, we would require (neglecting
sidewalls) L = 200 x 103/200 = 1000 mils. A saving of about five times in sur-
face area has been achieved with the collector resistor. However, to maintain
accuracy for collector resistors, the isolation diffusion must be carefully con-
trolled. Furthermore, depletion resulting from substrate junction bias may
significantly affect the resistance of the collector resistor. W

Emitter Resistors

Emitter resistors are designed in the same manner as base resistors. However,
because the sheet resistance of the emitter diffusion is typically of the order of 5 Q
per square, emitter resistors are generally used only where small-value resistors
are required.
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FIGURE 4-26

Cross section of the collector resistor.

Parasitic Capacitances

For base resistors, it is again noted that the base is diffused into the uniformly
doped epitaxial material, and the sidewalls are approximately quarter circles. The
capacitance is uniform along the junction, and can be obtained either from Table
4-1 or from the Lawrence-Warner curves. Two parasitic capacitance terms arise,
one resulting from the body of the resistor, the other from the pad regions which
must be designed to accommodate the contact windows. Referring to Fig. 4-22a,
we note that the capacitance Cy,,, of the base resistor is obtained in terms of the
capacitance per unit area C,, as follows:

2
Cyuee = Co. LW + c,,c(zj7t xch> +2Ce (417

where x; is the collector junction depth and C,,, is the capacitance of each contact
pad region. The first term of (4-17) is the contribution of the bottom of the resis-
tor, while the second term is the contribution of the sidewalls. If it is assumed
that the contact window is a square W on a side, and that the registration clearance
is W, then the contact pad is a square 3W on a side. 1f the fillets at the corners of
the pad resulting from lateral diffusion are neglected, the pad capacitance is

2
Cpoa ~ Gy 3W x 3W+—£xjc x 11WxC,,  (418)

Here the first term is the contribution of the bottom of the pad and the second
term is the contribution of the sidewalls. Inserting (4-18) in (4-17), we obtain

. 5 G
Chuse = C,,CWL( 1+ ’%} +2C,, W2( 9+ %} (4-19)

For emitter resistors, we assume for simplicity that the sidewalls are approxi-
mately vertical. If C,, is the capacitance per unit area of the bottom of the emitter

and C,; is the sidewall capacitance per unit area, we obtain for C,,,; ., the capaci-
tance of the emitter resistor,

Cemitter = CbeLW + 2ij£ Cbs + 2Cpad
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where x;g is the emitter junction depth. Again assuming a square pad 3W on a
side, we have

Cpag = IW?Cpo + 11 Wi Gy,

p

Thus we obtain
w w
Comitter = CbeLW(l + 182—) + 2C,,5ij£(l + 11 Z) (4-20)

For collector resistors, we refer to the cross section of Fig. 4-26. Let C, be
the capacitance per unit area of the bottom of the substrate junction and C,, the
capacitance per unit area of its sidewalls. Note that C,, can be obtained from the
Lawrence-Warner curves, since the isolation region is diffused into the epitaxial
material. The total capacitance C, g0, 1S given by

Ccolleclor = Cs L( W + 2Xj5) + 2Css g XjSL + 2Cpad

where x;s is the substrate junction depth. Again assuming a square pad 3W on a
side, we find

Cpoa = CBW + 25,5 + 11 Wg x5 Cas

Thus we obtain

Ccollector = CS[L(W + 2xj$) + 2(3W + 2xj$)] + 7TC‘ss-xjs(L + 11 W) (4'21)

Effects of Resistor Bias

Two types of bias affect the performance of resistors: the bias voltage between the
resistor and the surrounding material, and the bias voltage applied across the resis-
tor terminals. For purposes of illustration, we confine our discussion to base
resistors.

Usually the n-epitaxial region surrounding resistors will be connected to the
most positive power supply voltage in order to ensure that the p-»n junction sur-
rounding the resistor is never forward-biased. It can easily occur that the voltages
at the terminals of the resistor are considerably lower than this power supply
voltage. This produces a reverse bias of the junction and a corresponding deple-
tion-layer widening.

Consider the case of a resistor in which the voltage between the resistor
terminals is negligible, but for which the junction is reverse-biased. Two effects
will be observed, both resulting from the increased width of the depletion region:
the total parasitic capacitance will decrease, and the total resistance will increase
slightly. Qualitatively, we expect the change of resistance to be small, because
most of the impurity atoms contributing carriers for current flow are near the
surface, and the depletion of a few more near the junction will not appreciably
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affect the average conductivity. But the change of capacitance should be more
significant, since the capacitance depends directly on the depletion width. Calcu-
lation of the change of capacitance and resistance provides an instructive exercise
in the use of both the Lawrence-Warner curves and Irvin’s curves.

EXAMPLE 4H Change of R and C of a Base Resistor with Junction Bias. A
resistor is made by using a base diffusion in epitaxial material having Npc = 10'°
cm™? The base diffusion is calculated to have a sheet resistance of 200 Q per
square with metallurgical junction depth x;c = 3.0 um. The calculation assumed
no depletion regions. The resistor is to be 1 mil wide and have a resistance of
2 kQ. The epitaxial material is 10 V positive relative to the base resistor.

For a sheet resistance of 200 Q per square, if depletion regions are neglected
the average conductivity of the 3.0 um layer is 16.7 (Q-cm)~'. This yields
Ngc/N,, =102, From this we find that for a built-in voltage of 0.7, the zero-bias
depletion width and capacitance are actually

C,. = 2.0 x 10* pF/cm? = 0.129 pF/mil?
X, = 0.55 um
x; = 0.225 ym
If we use the calculated value of 200 Q per square for p,, then the resistor
body must contain 8.7 squares, since the end pads contribute 1.3 squares. Com-
puting the total capacitance of the resistor from (4-19), we obtain
Crase = 4.39 pF
at zero bias.
When the bias is increased to 10 V, the new values become
C;ic =1 x 10® pF/em? = 0.05 pF/mil?
x,, = 1.60 um
xi =0.575 um
Thus the total capacitance is
Ciase = 1.8 pF

which represents a change of the capacitance by a factor of 3.

To compute the change of resistance, we need to use Irvin’s curves. It will
be recalled that these curves allow the calculation of the average conductivity of
a general layer between x and x;c. The conductance of the resistor can be calcu-
lated as follows:

Let G, be the conductance for no depletion region

Q
(=]
Il
Q
-|8
o]
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where I' is the total number of squares. The conductance subtracted by the
depletion region is
04X,

r
where x; is the depletion width obtained from the Lawrence-Warner curves and
G, 1s the average conductivity of this layer. The conductance of the resistor is then

Gdz

Gy X1\ 0xjc
GC=G,—G,= |l - e
0 4 ( 6xjc) r
The fractional change of conductance due to depletion is
AG  G,x,
G GXjc
From Irvin’s curves we find
G, ~05Q -cm)”! forO0V
G;~1.0(Q cm)™! for 10V
Thus we obtain
AG - .
<= 0.22 x 107 % = (.22 percent for zero bias
AG
= 1.15 x 1072 = 1.15 percent  for 10-V bias

We see that our original qualitative reasoning was correct: the resistance changes
by only about | percent, while the capacitance changes by a factor of 3. /1

Let us now consider briefly the case for which a bias voltage is applied between
the resistor terminals, but zero bias is applied between one resistor terminal and
n material. The applied bias produces a voltage gradient along the resistor,
which in turn produces a depletion region of nonuniform width along the resistor.
If the applied voltage is sufficiently large, the resistor value will change appreciably,
since it now becomes a nonlinear resistor. Moreover, if the applied voltage is
large enough, breakdown of the junction will occur.

Actual calculation of the variation of resistance with terminal voltage is
difficult. For a quick estimate, one can obtain an upper bound on the variation
by assuming the terminal voltage to be applied everywhere as reverse bias
across the junction. The method of the preceding example can be used to find
AG/G, which for the actual case overestimates the change of conductance.

4-8 THE PINCH RESISTOR

We have seen that base resistors typically have sheet resistance of the order of
several hundred ohms per square, and that an improvement of about five times is
possible by using collector resistors. In some cases, this improvement is not
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FIGURE 4-27
Impurity profile for base resistor.

sufficient; this is particularly true when resistances of the order of a megohm must
be fabricated in reasonably small area. What is needed is some way to

1 Decrease the impurity concentration so fewer carriers are available
2 Make thinner regions so the conductance will be lower

If we refer to the impurity profile for the base diffusion, sketched in Fig. 4-27,
we see that the concentration of impurities is very large near the surface, and much
smaller near the junction. If we could remove the impurities from the surface
down to x,, we could accomplish both (1) and (2) above. However, it is not
necessary that the impurities be removed from the material, only that their associ-
ated mobile carriers be prevented from participating in the current flow. This
can be done by forming a junction at x, so that all current in the resistor is confined
between x, and x;c. But no additional processing steps are required to do this
since the emitter diffusion can be employed to form the junction. The material
between x = 0 and x = x, will then be n-type, and between x, and x;c it will be
p-type. Such a resistor is called a pinch resistor; its surface geometry is shown in
Fig. 4-28. Note that the n* diffusion must everywhere overlap the body of the
resistor in order that the resistor current be confined to the narrow channel
between x, and x;c.

Effective Sheet Resistance

If we are willing to neglect depletion regions, we can get a quick estimate of the
effective sheet resistance of a pinch resistor directly from Irvin’s curves. The
depletion-region effects can be estimated by using a combination of Irvin’s
curves and the Lawrence-Warner curves.
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n-epi n* emitter diffusion

p-base diffusion

FIGURE 4-28
Surface geometry of a pinch resistor.

It is instructive to estimate the improvement of sheet resistance for the case
for which depletion regions are neglected. Let the average conductivity of the
base diffusion be & and the junction depth be x;-. Let the emitter junction depth
be x;g. The sheet resistance p;, of the channel between x, = x; and x;c is

1
Pec=—FT"""
6(Xjc — ij)

where G, is the average conductivity of the channel. Since the sheet resistance
p. of the base diffusion is

|

a(X;c)

ps =
the improvement is

P 0I5

) (1 - ij/ch)

EXAMPLE 41  Improvement in Sheet Resistance for a Typical Base Diffusion.
Consider a process yielding

Base diffusion: N, =5 x 10'8/cm?
Xjc=3.0 um
X;g = 2.0 um

Nge = 103 /cm?
From Irvin’s curves we obtain 6 =20 (Q -cm)™ ! and 5, = 1.3 (Q-cm)~' Then
we calculate
e 46
ps

Since this neglects depletion regions, the actual improvement will be somewhat
larger because the depletion regions cause further narrowing of the channel.

1
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Exercise 4-4 For the above example, suppose that the depletion into the p
material from the collector junction is 0.23 um and from the emitter junction

is 0.12 um. Find the improvement in sheet resistance compared with the
base resistor.

Parasitic Capacitance

The pinch resistor has two parasitic junction capacitances: one from the collector
junction and one from the emitter junction. These two are effectively in parallel.
Because the channel of the pinch resistor is so thin compared with its width, one
can safely neglect the sidewall capacitance of the channel. However, the pad
regions will still be basically the same as those of the base resistor, so their sidewalls
must be considered. The capacitance is

Coinch = (Cype + Coo) WL + 2C

pad
and the pad capacitance is

Coua = c,,c[9 w2+ 11 g Wx,.c]
Thus we obtain

Coinch = Cope WL + Cyp WL + 18W? + HnaWxe (4-22)

Effects of Bias

The effects of bias are much more serious for pinch resistors than for base resistors.
This is because the channel is very thin even at zero bias, and small changes of
depletion-region width can have a large effect on channel thickness. It is therefore
important to avoid bias voltages of more than a few volts, either between the
terminals or between p and n materials.

The breakdown voltage of pinch resistors is that of the emitter Jjunction,
typically 7 to 9 V. This means that bias voltages either across the resistor or be-
tween the resistor and the » material must be kept below the emitter breakdown
voltage. However, for most pinch resistors the variation of channel thickness
and its attendant variation of the resistance of the resistor will impose limitations
even before the breakdown voltage is reached.

The Voltage-Variable Resistor

The variation of channel thickness with reverse junction bias can in some cases be
used to advantage. Consider an AGC application in which it is desired to pro-
duce a resistor whose resistance can be varied by a control voltage. If the circuit
is properly designed, it can be arranged so that the resistor has no bias voltage
between its terminals, and also so that the applied signal is sufficiently small that
it produces negligible change of the depletion region.
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A pinch resistor is ideally suited to this application. The signal is applied
to the terminals of the p material, while the control voltage is applied as a reverse
bias between n material and one terminal of the p material. Control voltage
variations thus change the value of the resistor, but signal variations do not. It
should be noted that the parasitic capacitance of the resistor also varies with the
control voltage, Furthermore the resistor is actually a distributed RC structure
in which R and C are varied. Such a structure can be combined with a gain
device to produce a voltage-controlled oscillator.

4-9 COMPARISON OF MONOLITHIC RESISTORS

It is instructive to compare the surface area required, and the parasitic capacitance
encountered, for the various types of monolithic resistors. This is best done by a
numerical example. Values chosen for the diffusions conform approximately to
those of Table 4-1.

EXAMPLE 4) Comparison of Resistor Types for a 200-kQ Resistor

ASSUMED PROCESSING DATA
Nge=5x10"%cm™3

X;s = 8.0 um
Base diffusion: N, =5 x 10'8cm™3
Xjc=3.0 um
ps =200 Q/sq
Emitter diffusion:  x;p = 2.0 um
ps=3.0Q/sq

ESTIMATED CAPACITANCES
Cy. = 0.23 pF/mil?
C.. = 0.65 pF/mil?
C,. = 0.12 pF/mil?
C,, = 0.065 pF/mil?
C,, = 0.065 pF/mil?

RESISTOR PARAMETERS FOR R =200 kQ2

Type W, mils L, mils Cbody, pF Cp-d, pF Ctonl, pF
Base resistor 1.0 998.6 164.29 1.33 166.9
Collector resistor 1.0 180.35 30.71 1.21 33.13
Pinch resistor 1.0 21.711 7.60 1.33 10.26
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Although the pinch resistor has two parasitic junctions, its length is so much
less than for the other two types that its total capacitance is the lowest of the

three. 1

4-10 MODELS FOR DIFFUSED RESISTORS

An exact characterization of diffused resistors is unwieldy because the resistors are
multiple-layer distributed devices. For most practical purposes, two types of
first-order models are generally sufficient. The first is a model to be used primar-
ily to determine how the bias voltages influence the choice of isolation regions.
For this purpose we are interested primarily in the junctions. Models incorpo-
rating only the salient aspects of the junctions are shown in Fig.4-29;in these models
lumped diodes are used to represent the distributed junctions. For the pinch
resistor only two diodes, representing one p-n junction, are shown connected to the
resistor, although there are actually two p-n junctions distributed about the resistor.
As was noted in the preceding section, the n* diffusion must overlap the p diffusion;
therefore the n* emitter and the n-epitaxial layer form, at least for electrical
purposes, a single n-type layer. Emitter and collector junctions are thus electri-
cally in parallel and provide the same effect as a single junction.

The second type of model required is the first-order small-signal model. As
we have seen for thin-film resistors, the equations for the distributed RC structure
can be written, but the solution will involve transcendental functions. For
tractability, we therefore approximate the distributed structures by the single-pi-
section models of Fig. 4-30 in which the steady-state current and the steady-state
stored charge match those of the distributed network. Such a quasi-static model
is generally adequate for most purposes.

Two models are shown for the base resistor. For relatively small-value
resistors (several thousand ohms or less) the resistance R,,; of theepitaxial material
may be comparable to that of the base resistor; it is included in Fig. 4-30a. The
value of R,,,; depends on the thickness of the epitaxial layer, and the geometry of
the base resistor embedded in it. R.,; can be calculated by using methods similar
to those employed for collector resistors. For medium- and large-value base
resistors, folded geometry will probably be used, and for this case R.,,; will be small
compared with R; R,,; can then be ignored, as shown in Fig. 4-30b.

For the pinch resistor, the overlapping n* diffusion together with the rela-
tively large resistance and small size of the p channel make R.,; again negligible.

In Fig. 4-30a, b, and e the capacitance Cg,,, is the total capacitance of the
junction between substrate and epitaxial layer. It can be computed from knowl-
edge of C,, and C,, and the geometry of the isolation region. In all cases the
substrate resistance has been ignored; this is usually a reasonable approximation
because the area of the substrate is so large.

It should also be noted that for base and pinch resistors, the contact to the
n region will almost always be connected to a power supply voltage. Since this is
also the case for the substrate contact for all resistors, substrate capacitance will
have little or no effect for base and pinch resistors.




-_ - b ol -— - —_

PASSIVE COMPONENTS AND THEIR PARASITIC EFFECTS 161

AP I I I |
(G,T*f/::%k»J

I B I R
) x peisol.

p-substrate

s a b

R

b
c - I n-epi

p-substrate

——on

s
a b s g g b
3 T l T
WA~ . o 5 e T
p-isol. p
(@) n-epi.
no b— p-substrate
s
FIGURE 4-29

First-order resistor models for biasing purposes. (@) Base resistor; (b) emitter
resistor; (¢) collector resistor; (d) pinch resistor.




162 BASIC INTEGRATED CIRCUIT ENGINEERING

R R
aoc l AN J_ -ob ao _L AN ‘I_ —ob
_[_ ._.: C..b./ 2 1— Cmbl
l 3
6 (@) &)
ao l ‘\/\itvvL j_ ob ao J_ ‘V\fv\r‘ —ob
_l_ T Cemiuer/z Ceolle:eclor/z
l (c) s (@
R
ao— AN ob

1
1

FIGURE 4-30

First-order resistor models for small-signal behavior.

(a) Small-value base

resistor; (b) medium- or large-value base resistor; (c) emitter resistor; (d) collector

resistor; (e) pinch resistor.
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PROBLEMS

4-1

4-2
4-3

44

4-5

46

4-7

4-8

4-9

4-10

An integrated transistor is fabricated with the following results: Nsc = 10'® cm~3,
substrate resistivity 10 Q - cm, isolation diffusion surface concentration 5x 107
cm ™3, isolation sidewall junction radius 10 pm, base diffusion N,, = 5 x 10'8cm ™3,
emitter diffusion N,p = 102° cm~3, x;c =2 um, x;e =1 pm. Use the Lawrence-
Warner curves to estimate the capacitance of the bottom of the emitter junction
and to calculate the collector isolation sidewall capacitance. Use a step-junction
approximation to calculate the substrate bottom capacitance. Find the breakdown
voltage of the isolation junction.

Use the conditions of the depletion approximation to derive Eq. (4-12).

For the epitaxial resistor of Example 4G, calculate the total parasitic capacitance
if the substrate resistivity is 1 Q- cm and the surface concentration of the iso-
lation diffusion is 10'7 ¢m =3,

For the resistor of Prob. 4-3, calculate the re.sist'c}nce of the resistor when depletion
regions are included. '

For the resistor of Prob. 4-4, calculate the resistance and total capacitance if 10-V
reverse bias is applied between substrate and epitaxial layer.

Make a plot of the total capacitance of emitter and base resistors as a function of
resistance. Assume an epitaxial resistivity of 0.5 Q-cm and use Table 4-1 for
capacitance values. Include the effects of end pads, and assume W = 0.5 mil.
Design a 50-kQ collector resistor and compare its capacitance with a 50-kQ base
resistor. Assume 1.2 Q - cm epitaxial material 12.5 um thick, and use Table 4-1 for
capacitance values.

An integrated-circuit process has Nge = 5 x 10'* cm ~3; the epitaxial-layer thickness
is 8 um. It is desired to make n-type pinch resistors by adding an extra p-type
diffusion step. This extra diffusion produces a junction at x; =6 um, and has
surface concentration 10'8cm 2. The substrate resistivity is1 -cm. Make a step-
junction approximation for the substrate junction, use the Lawrence-Warner
curves to calculate the depletion at the top junction, and calculate the sheet
resistance of this pinch resistor.

In the process of Prob. 4-8, base and emitter diffusions are added which produce
X;c = 3.0 um and x;; = 2.0 pm, with N, =5 x 10'%. Depletion regions into the p
material are 0.12 um and 0.23 pum. Compare the total capacitance of a 200-kQ
pinch resistor with the total capacitance of a 200-kQ resistor made as in Prob. 4-8.
Assume the emitter capacitance to be 0.25 pF/mil?.

A boron diffusion is performed into an epitaxial layer having Nsc = 10'¢ cm~3,
The actual metallurgical junction depth is 1.0 um and the surface concentration is
N, =10'"" cm -3,

A resistor is made from this diffusion. If a reverse bias is applied to the junction

and the reverse voltage is equal to the breakdown voltage, what is the sheet resis-
tance of the resistor and what is the capacitance per unit area?
An n-type collector resistor is made by leaving an oxide mask over the epitaxial
layer and opening a window around it for the isolation diffusion. Let the epitaxial-
layer thickness for 5 um and the concentration be Nsc = 10'*cm~>. The oxide
mask, excluding end pads, is 20 pm wide and 1000 um long.

The resistor is to be represented by a pi-section RC network. Find R and C.
Do not use Table 4-1; assume that the bottom capacitance per unit area is the same
as that of the sidewalls. Neglect end pads.
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INTEGRATED JUNCTION-GATE FIELD-EFFECT
TRANSISTORS

5.1 INTRODUCTION

In some circumstances in integrated circuits, notably micropower applications,
devices are required which have both gain and large input impedances. The
junction-gate field-effect transistor (JFET) is such a device, as is also the insulated-
gate field-effect transistor (IGFET or MOSFET). Both devices approximate the
behavior of a voltage-controlled current source.

The JFET closely resembles the pinch resistor in cross section.  For simplicity
we consider first the hypothetical JFET structure of Fig. 5-1,! for which we assume
uniform doping in all regions, and N, > N,. To see qualitatively how the device
operates we imagine the gate connected to the source, and a voltage V¢ applied-
between drain and source, as shown in Fig. 5-2.  As V5 is made negative, a current
flows from source to drain, causing the voltage along the channel to be more nega-
tive than the source. Thus the gate junctions are reverse-biased, and negligible
current flows in the gates. Moreover, the reverse junction voltage varies along the
channel, being largest at the drain; therefore the depletion width into the channel
is largest there. As Vpgis made more negative, the drain current increases and so
does the depletion width all along the channel. When V5 = —V,, the pinchoff
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p-channel JFET.

voltage, all of the channel at the drain end has been depleted. For more negative
voltages, no further increase of drain current is observed until breakdown occurs
between drain and gate.

If a positive voltage Vg5 is now applied between gate and source, the result is
that even for Vpg =0 there will be some depletion caused by Vs, and therefore
less drain voltage is required to cause pinchoff of the channel at the drain end.
Breakdown will also occur at a smaller value of V.

The VI characteristics for a p-channel JFET are shown in Fig. 5-3a. Clearly,
a JFET could also be constructed with an n channel and p gates; all of the above
remarks apply if all polarities are reversed. Characteristics for the n-channel
device are shown in Fig. 5-3b. That the JFET can exhibit gain can also be seen
from Fig. 5-3. If a load resistor is added so that operation is at point Q, a change
of gate voltage shifts operation to @,, producing therefore a change of both drain
voltage and drain current. Since the gate junctions are always reverse-biased, the
only gate current which flows, other than the reverse leakage current, is that
required to charge the depletion-layer capacitance.

The important low-frequency parameters of the JFET can be deduced from
inspection of Fig. 5-3. For biasing purposes, /psg Will be important. For dis-
tortion-free operation, Q must lie between V, and V3, and the difference Vy — V,
determines the dynamic range. Finally, the transconductance g, A —(81p/0Vs)
will be important in determining the gain.
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For Vps < V,, the JFET behaves like a nonlinear resistor. The small-signal
conductance between source and drain in this region is

[t can be shown that for a JFET with uniformly doped channel, the depletion region
voltage at pinchoff is
_ a’qN,

VT" 2¢

(5-1)
where ¢ = K g,
K, = relative dielectric constant of silicon
The voltage which must be applied to the gate-source terminals to completely pinch
off the channel is then
a’qN
2¢

Since the built-in voltage produces some depletion of the channel even for Vg = 0,
the drain-source voltage necessary to pinch off the channel at the drain end when
Vs =01is

Ves + ¢c =

aquA

Vps = —PcAV, (5-2)
It can also be shown that the drain current /g at pinchoff is given by

2 Z
Ipss = 3 VpaQHNAZ (5-3)
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Characteristics of (a) p-channel JFET; (b) n-channel JFET.

where p is the majority carrier mobility. The transconductance is a function of the

gate bias, and can be shown to be
Vos + 01
PPN (I LR e
TP

VA
where Jrs0 = 2aquN4 7 (5-5)

Here, of course, the square-root dependence on V4 arises because we have assumed
step junctions. The variation of drain current in the voltage range V, < Vpg < Vy
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is usually fairly well approximated by assuming the following dependence on

;.2
IGS-

Ves + d"c)z (5-6)

I, ~1 1 —
D DSS( 7

P

It is emphasized that (5-6) is an approximation even for step-junction devices, as
can be seen by calculating d/p/dV; from (5-6) and comparing the result with
(5-4).

Unfortunately, for any but abrupt or linear graded junctions, the analysis
of the JFET becomes tedious and generally requires computer solution. We
shall later show, however, that the depletion-voltage algorithm described in Chap.
4 for junctions, together with an integration routine, is basically all that is required
for computer-aided analysis of the JFET.

Some qualitative aspects pertaining to JFET design can be noted from the
foregoing analysis. In terms of the device geometry, we can control a by choice
of junction depth, and Z and L by surface geometry configuration. At first glance
it appears that by proper choice of these three parameters we can design for what-
ever V,, Ipss, and g, we choose. Such is not the case. Note from (5-2) that
the pinchoff voltage depends on a but not on the surface geometry. Thus for a
given N, we can select a to give the desired V,. However, note from (5-3) and
(5-5) that both g,, and Ijss depend in the same way on Z/L. Thus we can in-
dependently choose /pss OF g4, but not both. These remarks apply not only to
abrupt-junction uniform-channel JFETS but to general JFET structures as well.
The procedure generally followed in JFET design is:

I Select a to produce the desired V.

2 Choose Z/L to give either the required /pg¢ or the required g .

3 Choose L equal to the minimum line width that can be produced, in order
to minimize the amount of area required by the JFET.

Exercise 5-1 Verify Eq. (5-1) for the abrupt-junction case.

Exercise 5-2 Show that a JFET with channel thickness 2 but having
only a single gate will have a depletion-layer pinchoff voltage four times that
given by Eq. (5-1).

52 THE n-CHANNEL INTEGRATED JFET

The cross section of an n-channel JFET is shown in Fig. 5-4. As we shall later see,
the requirements for epitaxial-layer thickness x;s for this JFET may not be com-
patible with the requirements of the n-p-n bipolar transistor, so it may be necessary
to add extra diffusion steps to the processing in order to achieve the desired
compatibility.
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FIGURE 5-4
The n-channel JFET (a) cross section; (b) surface geometry (open).

The surface geometry in Fig. 5-4 is called open geometry, and for this case the
p diffusion must completely cover the n-epitaxial material between source and drain.
If it does not, there will be conducting regions between source and drain which are
not influenced by the gate; this will have the effect of connecting constant conduc-
tances in parallel with the source-drain terminals, and the device will not exhibit
JFET characteristics. But this requirement in turn forces the p diffusion to
overlap the isolation regions; therefore the top gate structure is electrically con-
nected to the substrate. This device must always operate with Vg =0, and is
therefore useful only as a bias current source for some other device in the circuit.
Since the substrate is connected to a power supply voltage, even the utility of the
device for biasing is somewhat limited. The JFET in which the gates and source
are connected in this manner is called a current limiter and has the V/ characteristic
shown in Fig. 5-5.

In order to fabricate the device so that the two gates are electrically inde-
pendent, it is only necessary to change the surface geometry to make it similar
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VI characteristic of the current limiter.

to that shown in Fig. 5-6; this is called closed geometry. For this case the top
gate can be biased separately and can also have a signal applied to it.

Note that the closed-geometry device is a four-terminal device. The sub-
strate will probably be connected to the most negative power supply voltage.
However, for most integrated circuits the impurity concentration in the substrate
is much less than that of the epitaxial layer; therefore the substrate gate will not
have much influence on the behavior of the device.

EXAMPLE 5A Pinchoff Voltage of an n-Channel JFET. Consider a JFET
made in epitaxial material having Ngc = 5 x 10'° cm ™3, and substrate junction
depth 6.0 um. A p-type gate diffusion is performed with N,, =2 x 10'® cm™?
and x;; = 5.0 um. To estimate the pinchoff voltage for the device, we assume the
depletion from the substrate into the epitaxial material to be negligible. We also
assume the built-in voltage of the top gate to be ¢ = 0.7. We now need to know
what total depletion-layer voltage produces a depletion thickness of 1.0 um on the
n side of the top gate. This can be done by using the Lawrence-Warner curves in
iterative fashion: first assume a voltage, then calculate the depletion width, then
repeat the process until 1.0 um is obtained.

Using this procedure, we find that for a depletion-layer voltage Vr, of 4.0V,
the total depletion-layer width is 1.6 um, of which 1.0 i is on the n side of the
junction. Since we have assumed ¢¢ = 0.7 V, the terminal voltage required for
pinchoff is

Vo=Vr, —¢c=33V
The actual pinchoff voltage will be slightly lower, since there will be some deple-
tion from the substrate junction.
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(a) Basic closed-geometry JFET; (b) method used to increase Z/L.
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It is also of interest to note that for zero applied terminal voltage, the deple-
tion into the channel is 0.465 um; that is, the channel is almost half pinched off
by the built-in voltage.

To estimate the output dynamic range for this device, we recall that break-
down between gate and channel limits the maximum drain voltage. From the
Lawrence-Warner curves for breakdown voltage, we find

VB=60V

The output dynamic range is approximately 56.7 V.

This same JFET has a g, of approximately 53.5 x 107 & per unit Z/L.
If, for example, a JFET with g, = 1000 x 10~ & is required, and if 0.5-mil line
width is used, we require the average perimeter of the p diffusion to be Z = 9.85
mils. /]

Exercise 5-3 If the JFET of Example 5A is used as a pinch resistor, find its
resistance for Vgg = 0.

Exercise 5-4 Suppose that for the JFET of Example SA, the resistivity of
the p-type substrate is 10 Q-cm. If the built-in voltage ¢ = 0.65V, calculate
the depletion into the channel cased by ¢..

5-3 THE DOUBLE-DIFFUSED JFET

A p-channel JFET can be fabricated in integrated form in a manner similar to that
used for p-type pinch resistors. The epitaxial material forms the lower gate, the
base diffusion the channel, and the emitter diffusion the top gate. As was the
case for the n-channel device, if open geometry is used, the gate diffusion must
extend beyond the channel limits and overlap the epitaxial material; therefore both
top and bottom gates are unavoidably connected electrically. Closed geometry
can be employed if two separate gates are required.

A sketch of the surface geometry for the p-channel device is shown in Fig.
5-7a; the VI characteristics are shown in Fig. 5-7b. Note that the drain-gate
breakdown voltage is now the same as the emitter junction breakdown voltage of
the n-p-n transistor: about 7-9 V. This means that for a reasonable output dy-
namic range, the pinchoff voltage should not exceed 2 or 3 V.

Since two diffusions are involved in the fabrication of the p-channel JFET,
the impurity distribution in the channel will not be uniform, and the gate junctions
will not be abrupt. The Lawrence-Warner curves are not applicable to this device
for the same reason that they could not be used to calculate emitter junction deple-
tion widths. Several approximations have been suggested for the channel im-
purity profile in order to make analysis tractable.>** Such approximations are
generally not very useful because they do not enable the calculation of the built-in
voltage. We saw in Chap. 4 that built-in voltages can range from less than 0.60 V
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(a) Open surface geometry for a p-channel JFET; (b) VI characteristic.

to almost 0.80 V. Since pinchoff voltages of approximately 1 to 3 V are required,
it is clear that the built-in voltage cannot be neglected. We also saw in Chap. 4
that depletion into the p material can be several tenths um as a result of the built-in
voltage alone. Since channel thickness of the order of 1 um is required for pinch-
off voltages of 1 to 3V, it is clear that the depletion caused by the built-in voltage
cannot be neglected.

In Chap. 4 we suggested an algorithm for use in calculating both the built-in
voltage and the depletion versus voltage for a general junction. We now demon-
strate that this algorithm can also be used to calculate V,, I 555, and g, fora JFET
with arbitrary impurity distribution in channel and gates. In Fig. 5-8 is shown
the cross section of a channel of such a general JFET. The device is assumed
to have two electrically independent gates, and the depletion regions shown are for




INTEGRATED JUNCTION-GATE FIELD-EFFECT TRANSISTORS 175

FIGURE 5-8
Geometrical interpretation of gy, , gys2, g4s for the general JFET.

operation below pinchoff. It is a rather remarkable fact that for such a bias con-

dition the values of g, g, , and g, are simply the conductances of the material
between the dotted lines as shown in the figure.*>*® That is,

Z «Yip

gm=7] @w@WNOYy 5D
Z Yoo

du=T] wMNGy )
7 oYas

ara=7[ aMNGIDy  (59)

If both gates are connected together, the total transconductance is

9rs =9raa t 9552 (5-10)

For operation at pinchoff and beyond, pinchoff occurs at the drain end at some
depth Y,, and Y,, = Y,, = Y,. For this condition we see that

gds=0

Z (Yas
and 0p=7] NNy (s11)

Y:p

If N(y) is known or can be calculated, and if u(N) is known, then in prin-
ciple we only require Y, Y5, Y,p, and Y, to complete the analysis. But these
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values are what we obtain from the depletion-voltage algorithm. Note that the
details of the undepleted portion of the channel are not important; only the deple-
tion widths at the source and drain ends are of importance.

Note further that

VP
Ipss =.[ 94(Vps) dVps (5-12)
0

But the depletion-voltage routine enables us to calculate Y, , and Y,, for any values
of Vs and Vpg. Once these are calculated, we can calculate g, from (5-8). This
can be done for Vps from 0 to V,, and (5-12) can easily be evaluated numeri-
cally. The procedure for computer analysis of the device at and beyond pinchoff is
therefore as follows:

1 Select the values of gate bias Vg, and Vg, which are of interest.

2 Using the algorithm for built-in voltage, calculate ¢¢, and ¢, .

3 Use ¢¢y + Vgsy and ¢¢, + Vs, in the depletion-voltage routine to find
Y,s and Y.

4 Use the depletion-voltage routine to calculate and store Y, and Y,j, for
values of Vs from 0 to well beyond the anticipated V.

5 Search the results of (4) for Y,, = Y,, A Y,. This is the location of the
pinchoff point, and Vg for this Y,, is the drain-source pinchoff voltage
Vpsp- Note that if Vggy = Vs, =0, Vpg, = V.

6 Use the results of (4) in (5-8) to calculate g,; integrate this from Vg =0
to Vps = Vpsp. The result is Ipgs.

7 Calculate

Z ¥
9t =7 qu(N)N(y) dy
Yis
Z Y2s
and 9p2=T [ auNING)dy
YP

For both gates connected together,

Ves1 = Vs
and 9ys =91 T 9gs2

This technique has been used to calculate the parameters of double-diffused
JFET parameters which were fabricated in the laboratory; good agreement has
been obtained between calculated and measured values. Calculated values for
several devices are shown in Table 5-1.7 Calculated and measured parameters for
the laboratory device are given in Table 5-2.

It will be noted that the hypothetical *‘ textbook ” process produces a JFET
whose pinchoff voltage is greater than 10 V. This process would be unacceptable
for JFET use because the breakdown voltage, which is that of the emitter junction,
is approximately 7 V. This device would therefore exhibit breakdown before
pinchoff is reached, and would be unusable as a JFET. Such a problem often
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occurs in shallow structures because the impurity concentration in the channel is
relatively large; this in turn produces large pinchoff voltages. If shallow structures
are to be used for JFETSs, the channel thickness must therefore be less than for deep
structures. For example, the undepleted channel thickness in equilibrium is 0.69
um for the laboratory device of Table 5-1, while for the deep structure it is 1.30 um.
Both devices have the same pinchoff voltage.

Table 5-1
A CALCULATED JFET PARAMETERS FOR SEVERAL DEVICES

XEs Xjc, Grsts 9rs2s  Ipss, e
Device pm pm ¢ ce $'cc Z/L %) %) nA v
Laboratory 1.80 2.50 0.782 0.663 4.05 97.3 40.2 154 2.45
Medium depth 2.61 3.53 0.758 0.619 1 24.1 7.4 37.7 2.65
Deep structure 4.51 5.99 0.698 0.595 30 454 185 698 2.44
“Textbook 2.00 3.00 0.792 0.671 10 583 278 3726 10.8

B PROCESS PARAMETERS USED IN THE CALCULATIONS

Base diffusion Emitter diffusion
Ngc, Nsas X04>s Nep, Xap,
Device em™3 em™3 pm cm~3 um
Laboratory 3.4 x 10'3 5.7 x 108 0.919 4.8 x 10%° 0.625
Medium depth 1.1 x 10'* 5 x 10'° 1.08 7.5 x 1020 0.895
Deep structure 9.7 x 104 5 x 10!8 2.07 7.4 x 10'? 1.65
“Textbook™ 5 x 103 4 x 10'8 1.16 1.0 x 102° 0.803

Table 5.2 COMPARISON OF CALCULATED AND
MEASURED RESULTS FOR THE LABORATORY

DEVICE

Parameter Calculated Measured
Ve 2.43
Vs1 to pinchoff channel

with Vgs2 =0 37 3.5
grs1 (VGSI= VG52=O) 97.3 x 10—60 95 x IO_GU
Ggrs2 Vsi = Vgs2 =0) 40.2 X 10~ 0
grso (Vgs1 = Vgs2 =0) 137 x 10-¢ 0 120 x 10~ O
Ipss (Vs = Vgsa = 0) 150 x 10-% 0O 150 X 10-% A

IDZ* (VGSl = V(;sz = l”(;l) 26.2 X 10_6 A 25 X ]O_6 A

t Zero-temperature-coefficient drain current in pinchoff operation.
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5-4 DESIGN OF THE INTEGRATED JFET

We have seen in the preceding section that the process used for the bipolar n-p-n
transistor may not yield an acceptable double-diffused JFET. If this is the case,
additional processing steps must be added. This means that the need for JFETs
in a particular circuit must be weighed carefully. If it is determined that the
JFET is absolutely essential, the design usually proceeds as follows.

The most frequently occurring reason for unacceptable JFETs is that the
pinchoff voltage is too large, principally because the channel thickness is too large
for the level of impurity concentration present in the channel. Since we assumed
that the process has been chosen to yield suitable bipolar transistors, we do not
wish to tamper with the diffusion schedule used to produce the bipolar device.
Instead we add an extra diffusion step. While there are several choices for how
this can be performed, an extra n diffusion is generally added. This is done as
follows. Windows are opened in the oxide for the gates but not the emitters. An
n-type predeposit is performed for a time ;. Windows are now opened for the
emitters, and a predeposit is performed for a time 7,. The total predeposit time
for gates is now t; +1,. A drive-in is next performed for ;. We can choose #;
and ¢, to give the desired emitter junction depth, and t, to give the desired gate
junction depth.

Many integrated-circuit processes include a so-called super-$ process which
is similar to the procedure described above and which yields, in addition to the
normal n-p-n, an n-p-n device with very narrow base and large current gain. If such
a process is available, it will usually lead to JFET devices with acceptable pinchoff
voltages.

To determine what value should be used for #;, we begin with the final base
diffusion profile which will result for the n-p-n. We select a gate junction depth
and use the computer routine described in Sec. 5-3 to calculate the pinchoff volt-
age. The procedure is iterated until an acceptable result is obtained. Once
the junction depth is known, we can solve for the predeposit required to produce
this junction depth for a drive-in time ry. The time ¢, + ¢, can then be calcu-
lated, and since 7, is known for the bipolar process, #, can be calculated.

Whether we use the above procedure or accept an available super-f process,
the computer routine has given us the V, to be expected, together with the g, and
Ipss per unit Z/L that will result. We can then select Z/L to produce the desired
values. The minimum line width can be used for L, and the remaining surface
geometry can be laid out.

EXAMPLE 5B Design of Double-diffused JFET Layout. Consider a case for
which the profile design for an acceptable V, has been completed, and the results
of the computer analysis indicate g, =21 x 107° U and Jps5 =23.3 x 107°,
both per unit Z/L. Suppose that /s = 700 x 107® A is required for the circuit
being fabricated. Then the required Z/L is 30. If the process being used has
0.5-mil line widths and spaces, and 2.0-mil isolation clearances, the resulting layout
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is as shown in Fig. 5-9. It is interesting to note that for this example, the surface
area required for the active channel is 7.5 mils?, but the total surface area required
for the isolated device is 161 mils2. 11/

Relation of the JFET to the Pinch Resistor

It will be noted that the cross section of the JFET is the same as for the pinch
resistor. 1t is therefore worthwhile to point cut the differences between the two
devices. As far as operation is concerned:

1 The pinch resistor is operated with small bias current to prevent non-
linearities and pinchoff from occurring. The JFET requires operation in
the pinchoff condition and thus has much larger bias voltages and currents.
2 The pinch resistor is basically a two-terminal device, with the » material
being connected to a power supply voltage, unless the device is being used
as a voltage-controlled resistor. The JFET makes use of the n material as a
third terminal, and by this means derives its gain property.

As far as layout is concerned:
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1 Open geometry is generally used for pinch resistors. For the JFET, the
decision to use open or closed geometry is based on whether the circuit
requires one or two independent gates.

2 One of the principal reasons for using the pinch resistor is to obtain large
resistance in small space. Therefore the minimum line width is used for W,
and L is chosen to produce the required L/ W ratio. Thus the pinch resistor
will appear long and narrow on the surface. The opposite is true for the
JFET, for which the minimum line width is used for L, and Z is chosen to
give the required Z/L ratio. The pinchoff current of the JFET is increased
by increasing Z/L, the JFET channel will usually appear short and wide on
the surface, as is evidenced by Fig. 5-9.

5-5 SMALL-SIGNAL MODELS FOR THE JFET

We consider now small-signal models for the JFET, and we restrict our attention
to the portrayal of first-order behavior. In preceding sections we have seen that
in pinchoff operation, the drain current is first-order-independent of Vg, and the
gate current is negligible. At low frequencies, the JFET is reasonably well approxi-
mated by a voltage-controlled current source whose transconductance isg,;. The
primary parasitic contributions to the degradation of performance with frequency
are the capacitances associated with the various contact regions and with the sub-
strate. The device has an intrinsic cutoff frequency® because the channel is basi-
cally a distributed RC structure, but usually the parasitic capacitances and circuit
resistances limit the frequency response to well below the intrinsic cutoff frequency.

In Fig. 5-10, small-signal models are shown for the n-channel JFET with
open geometry and the double-diffused p-channel device with open geometry. The
“‘contact” capacitances arise because the source and drain regions to which contact
must be made must be enlarged to accommodate the contact windows. This in
turn makes the area of the junctions surrounding the contact areas larger than the
area of the active channel.

EXAMPLE 5C Calculation of Parasitic Capacitances. We return to the layout
of the JFET of Example 5B, shown in Fig. 5-9, and we assume for simplicity that
the capacitances of the various junctions can be obtained from Table 4-1. We also
assume an 8.0-um epitaxial thickness, and we neglect all sidewalls except those of
the isolation diffusion.

For the channel capacitance, we arbitrarily use half the value of the zero-
bias capacitance of the junctions involved to approximate the average capacitance.
We obtain the following results:

Cgs(channcl) = 124 pF
ng(contact) ~ 525 pF
Cgs(contact) ~ 5.25 pF

Cyisubs) = 18.7 pF
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FIGURE 5-10
First-order JFET models. (a) n-channel open geometry; (b) p-channel open
geometry,

One can include second-order behavior in the model by means of series
resistances in the source and drain leads, and conductance between drain and
source. 1

PROBLEMS

5-1 Derive an expression for the pinchoff voltage for a device for which the impurity
profile in and around the channel can be approximated by a linear function.

5-2  Design the layout for a double-diffused JFET with closed geometry and Z/L = 100.
Assume 0.5-mil line widths, spaces, and registration tolerances, and 1.0-mil isolation
clearance.

5-3 Calculate the capacitances for a small-signal model of the JFET of Prob. 5-2. Use
capacitance values of Table 4-1.
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A wafer has p-type substrate with impurity concentration N, =10'® cm~> An
n-type epitaxial layer is grown with linear impurity profile. The layer is 5 um thick
and has a surface concentration of 107 cm=3. The impurity concentration at a
depth of 5 um is 10'® cm~3.

A JFET is to be designed with an epitaxial channel. The device is to be used in
the common source configuration with the signal applied to the top gate. Top
gate bias voltage Vs, is zero. Design the JFET, including surface geometry, to
have a pinchoff voltage of 3 V and a pinchoff current of 2 mA. Assume that a p*
duffusion is to be used to form the top gate, but the depletion into the top gate is
negligible. Thus the only parameter of the diffusion that is necessary is the junction
depth.

Built-in voltages are 0.7 for the top gate and 0.6 for the bottom gate. Channel
mobility is constant, and the value u = 10 cm?/V -s. The substrate is grounded.
A hypothetical processing schedule produces emitter junction depths of 2.0 um and
collector junction depth of 3.0 um. This schedule does not produce an acceptable
p-channel JFET. Suppose that the diffusion times and temperatures are those of
Exercises 2-1 and 2-2. An extra emitter diffusion step is to be added in order to
produce an acceptable JFET without altering the bipolar transistors. Suppose that
computer-aided analysis indicates that the JFET channel thickness should be
0.5 um between metallurgical junctions. Design the required process schedule.

5-6 An n-channel JFET is fabricated in epitaxial material with Ngc =5 x 10'%, x;5 = 6.0
pm, and x,6=5.0 um. Closed surface geometry is used. Assume that the sub-
strate gate has no effect on the channel, and that the top gate is approximately an
abrupt junction with N4> Nc.

If the source is connected to ground, and Ves= —Vr, /4 and Vos = + V7, /4,
calculate gys. Neglect ¢¢.
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6

MOS FIELD-EFFECT TRANSISTORS

Metal-oxide-semiconductor field-effect transistors (MOSFET) play an important
role in integrated circuits, particularly in large-scale integration of digital circuits.
Indeed, the use of high-density MOSFET digital circuits has made possible the
production of the popular pocket-size electronic calculators offered by several
companies. Other acronyms for the MOSFET are IGFET (insulated-gate field-
effect transistor) and MISFET (metal-insulator-semiconductor transistor). Like
the JFET, the MOSFET depends for its operation upon the modulation of a channel
conductance by a gate structure. In the JFET, this is accomplished by using a
p-n junction for the gate and channel regions, and using the depletion properties
of the junction to modulate the channel conductance. In the MOSFET, no such
junction is used. Rather, a metal plate, separated from the semiconductor by
an insulator, is used as a gate. The electric field established in the insuldtor by the
gate voltage causes a mobile charge to appear at the surface of the semiconductor;
this surface charge forms the conducting channel between source and drain.

In this chapter, we examine the terminal behavior of the MOSFET, and its
relation to integrated-circuit processing variables; in a later chapter, MOSFET
circuits are discussed.  Since the MOSFET channel is formed at the semiconductor
surface, we begin by considering surface space-charge regions. The influence of
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the surface space-charge regions on MOS capacitor behavior is next considered;
this is followed by a development of the dc characteristics of the MOSFET. Finally,
different methods of fabrication are described. Our treatment closely follows that
of Grove! and that of Carr and Mize.?

6-1 SURFACE SPACE-CHARGE REGIONS

We consider first a region of a p-type material with acceptor concentration N,
having on its surface an oxide layer of thickness d;, with a layer of metal on the
oxide surface, as shown in Fig. 6-1a. Assume for the moment that both metal and
semiconductor have the same work function, and that there are no charges in the
oxide layer. With no voltage applied to the gate, the electron energy will be as
shown in Fig. 6-1b. Because the structure is in equilibrium, the Fermi level Eg
will be the same in metal, insulator, and semiconductor.

If a small positive voltage is applied to the gate, the Fermi level of the metal
will be displaced from that of the semiconductor by an amount of ¢V, where ¢ is
the electronic charge. The electric field established across the oxide must ter-
minate on charges in the semiconductor; these charges result from depletion of
mobile carriers at the semiconductor surface, leaving bound, negatively charged
acceptor ions. Thus a depletion region is formed at the surface, as is shown in
Fig. 6-1c, even though there is no p-n junction. Note that this means that not all
of the voltage V; appears across the oxide layer: some voltage must appear between
the semiconductor surface and the region deep in the bulk material. Because there
is a potential variation between the deep bulk and the surface, the energy levels
E¢, E,, and E; bend in the semiconductor. In fact, if a large V; is applied as
shown in Fig. 6-1d, the bending will be so large that E; will fall below Ep at the
surface. The significance of this is best understood by recalling how the mobile
carrier densities for a semiconductor are related to the energy levels:

n = nelErEDKT _ . o(=adr/kT)

= Ei—EF)/kT) _ kT
p = n, e EimEDIKT) _ . oadr/kT)

where g A E; — Er.

In the bulk material, E; > Ep, and n is very small; however, we know that
deep in the bulk material p ~ N,. Thus we find

N
q¢F(bqu) =kTIn f

For n-type material,

N,
q¢r(bu1k) = —kT'In -2

n;

If Vi is large enough to cause E; to fall below Ej at the surface, ¢ at the
surface will be negative and » will be large while p will be small. Thus large V,
has the effect of making the surface of the semiconductor appear to be of impurity
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FIGURE 6-1

(a) The MOS structure; (b) electron energy for the equilibrium case Vg = 0;
(¢) band bending with small positive V;; (d) positive V¢, large enough to cause
the formation of an inversion layer.
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type opposite that of the bulk material.” It is as though a thin layer of n-type
material, with mobile electrons, exists at the surface. This layer is called an
inversion layer, or a field-induced channel.

We now define strong inversion as the condition existing when the band bend-
ing at the surface is sufficient to cause E; to fall below Ef by an amount g@ruix)-
Since E, is above Ep by an amount g1y deep in the bulk material, the total
band bending that occurs from deep bulk to surface is 2g¢rpuix, for strong inver-
sion. Note that this corresponds to an inversion channel in which the mobile
carrier density is

nx~ N,

When an inversion channel forms, the mobile carrier density depends ex-
ponentially on ¢r. Therefore, a further increase of Vg will cause an enormous
increase of n. Thus we see that the charges required to terminate the field estab-
lished by V; will henceforth be provided primarily by the inversion channel, not
by depletion into the bulk material. We therefore make the approximation that
depletion reaches its maximum extent y¢(maxy When strong inversion occurs. To
calculate yi, we define a surface potential ¢, measured relative to the deep bulk
material. Then the depletion depth, for uniformly doped material, is

. (2Ksso ¢;)” z
Ye=\"=~

gN,
where K, is the relative dielectric permittivity of silicon and &, is the permittivity
of free space. At strong inversion, ¢, is defined to be 2¢r,1); by the above
approximation, ¥¢(max is therefore

o _ 2K 80 2¢r butk) e
Yemaxy = T

If we let Qp be the total charge per unit surface area of the depletion region,
we have
Qs = —qN,yc
and Qp(maxy = —gN 4 Ye(maxy = —(2K; &0 2¢F(bulk)qNA)1/2

6-2 THE MOS CAPACITOR

In Chap. 4, we discussed the MOS capacitor and qualitatively described the effects
of bias on capacitance as a result of the formation of a depletion layer. We are
now in a position to include quantitatively the additional effect of the inversion
channel. Let

Q. A\ mobile charge, per unit surface area, of inversion channel
Q3 A charge per unit surface area of depletion region
Q, Atotal net charge per unit surface area in silicon

The applied gate voltage is
VG = VO + ¢s

o S
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where V, is the voltage across the oxide layer. Since the electric displacement
vector must be continuous across the SiO,-Si interface, it is required that

Koo Eg = K0 E

where K, = relative permittivity of the oxide
E, = electric field in oxide
E, = electric field at surface in silicon
The surface field in the silicon is

E_g — - Qs
K, &
Then we have
Keo E, -—
E, = 28078 ___g‘
Since the field in the oxide is constant, V is given by
—d —_
Vo =do Eg = ;Q’ - _Q’
Koto Co
where C, is the oxide capacitance per unit surface area, and
B Koeo
C =
1] do
The gate voltage is thus
- Qs
Ve =——+ ¢,
c=g to

One can visualize the total capacitance as resulting from the series combina-
tion of the oxide capacitance and the semiconductor capacitance, as we saw in

Chap. 4:
I

C -_-—
1/Co + 1/C;
where C; = K e0/yc.
Thus we obtain
C ( 2Ky%¢eo VG)‘”2
Co B gNy K, do*
as long as V is positive but less than the value required to produce strong inver-
sion. When Vj; reaches the value required to produce strong inversion, no further
increase of depletion region occurs, and therefore no further change of capacitance
can occur.

The Threshold Voltage V',

Let V; be the gate voltage necessary to produce strong inversion, and assume that
prior to strong inversion no mobile charge exists near the surface; the only net
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charge in the semiconductor is that of the depletion region. Just before the onset
of strong inversion, the total charge Q; is
Qs = QB(max)
The surface potential for this condition is
¢s = 2¢F(bu|k)
Therefore the gate voltage at strong inversion is

Ve A Ve =

- Q max
TB + 20 pbut

0

The minimum value of capacitance occurs at the onset of strong inversion,
and is given by
2K,% e, Vi T2
Coin = Co(l 22 T)

gN 4 K doz

For our assumption of no work-function difference and no charge in the oxide
layer, the variation of C with applied voltage is as shown in Fig. 6-2.

As was explained in Chap. 4, no variation of C occurs for negative V;, since
an accumulation of positive mobile carriers occurs at the silicon surface.

All of our discussion thus far has assumed p-type bulk material. It is clear
that the same development could be made for n-type material, and the results
would be the same if N, were replaced by N, and appropriate sign changes were
made.

EXAMPLE 6A Threshold Voltage for an MOS Capacitor. In Chap. 4 we cal-
culated the applied voltage for which the depletion region of an MOS capacitor
caused a 10 percent change of capacitance. In that example, it was assumed that
only the depletion region contributed to the total charge in the silicon. We now
investigate the threshold voltage for the capacitor. We assume, as in Example 4A,
that the bulk material is n-type, and that
dy =900 A =0.09 um
N, =10"cm™3
For this donor level, the potential @ gy is
¢F(bu1k) =-054V
while the depletion-layer charge is
O Bimaxy = 18.5 x 1077 Cfcm?
The oxide capacitance is
C, =38 x 107° F/cm?
and the threshold voltage is
Vr = —QC&) + 2¢rpuiy = =50V
0
It will be recalled from Example 4A that if only the depletion region is con-
sidered, an applied voltage of —70 V is required to change the capacitance by 10
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Si0, Si
p-type

FIGURE 6-2 >V
Variation of C with applied voltage. C
percent. Since V; = —50 V, an inversion channel would form, and variation of C

with V; would cease before C had changed by 10 percent. Indeed, the inversion
layer forms just prior to breakdown of the oxide for this example.

It is interesting to note that if Np, is reduced to 10'® cm™3 for this capacitor,
the threshold voltage becomes Vy = —0.94 V. /1]

When the gate voltage is made larger than the threshold voltage, no further
change of surface potential ¢, results because negligible additional depletion occurs.
The semiconductor charge must then satisfy the relation

- Qs - Qn - Q max
Ve= Co + 20 rpuiy = C—OB() + 2@ rbuti
- Qn
Ve — Ve =

Exercise 6-1 Calculate the threshold voltage for strong inversion for p
material with N, = 10"° cm™2 and dy, = 107° cm.

6-3 EFFECTS OF WORK-FUNCTION DIFFERENCE AND OXIDE
CHARGE

The work function of a material is defined as the energy required to remove an
electron, with energy equal to the Fermi energy, from the material to vacuum.
Work-function values for several metals are given in Table 6-1. For silicon, the
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work function depends on the impurity concentration, since the Fermi level is a
function of impurity concentration. At room temperature the work function for
silicon is

¢s = 3.8 + Prpuin)

For an MOS capacitor using aluminum as the metal, the metal work function
¢y will generally be different from that of silicon, as can be seen from Table 6-13
and Fig. 6-3a. This means that there will be some band bending in thermal equi-
librium, since the Fermi level must be the same in-all parts of the system, as is shown
in Fig. 6-3b. From Fig. 6-3b it is clear that if the work-function difference ¢,
is ¢y — ¢s, then a gate voltage V; = ¢, would have to be applied to restore the
bands to the flat-band condition. Note that if ¢, is negative, as is the case for
Fig. 6-3b, the result, for thermal equilibrium, is for the bands to bend away from
the inversion condition in n-type silicon but toward the inversion condition for p-
type silicon. In the general case, the threshold voltage is given by

VT _ - QB(max)

C + 2¢rbuik) + Pums
0

EXAMPLE 6B  Threshold Voltage for n-Type Silicon. Consider an MOS capac-
itor with N = 10'%, dy = 1000 A, and aluminum gate. The threshold voltage if
¢ s Were zero would be

VT = —0.98
Since ¢y, = 3.2 for aluminum and ¢z = — 0.29 for N, = 10'° cm ™3, we find
The threshold voltage is then
Vy=—098—03=—128V .

Exercise 6-2 Calculate V. for the MOS capacitor of Example 6B if p-type
silicon with N, = 10** cm~?3 is used.

Table 6-1 WORK FUNCTION FOR
SEVERAL METALS

Metal Work function ¢,,, eV
Al 32

Au 4.0

Ag 4.0

Cu 37

Mg 2.25

Ni 3.7
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Al Si0, SiO, Si Np=10"%cm™3
Electron ener
ﬂ ec gy )
Vacuum level Vacuum level
8.0eV 8.0eV
32eV 3.51eV
Er...—l— E.
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________ E,
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FIGURE 6-3
(a) The metal-oxide and oxide-silicon systems considered separately; (b) the MOS
system in thermal equilibrium.
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In addition to the effects of work-function difference, it is found that the
threshold voltage is altered by the presence of charged surface states at the Si-SiO,
interface. These surface charges do not depend upon the impurity level, but
rather on the crystal orientation of the silicon surface. Measurements show that
the charges are always positive and have the densities shown in Table 6-2. That
this affects the threshold voltage can be explained as follows. Assume that the
surface charge is at the interface as shown in Fig. 6-4. The total charge within the
silicon is still Qg, so

€9 Ks Es = - Qs
but now Koeo Eg =— Q, — Qgs
Since the field is still uniform within the oxide,
Vo
E,=—
4] do
Thus we have
Jo__ 40y doOss
0 = — —
g0 Ko o Ko
-0, 0
and VG=V0+¢S=C0 _C_SOS+¢S
If we now consider both ¢,,s and Qg simultaneously, we find
Qs QSS
Ve=—=-Z5, ¢,
G C G, + @5+ dus
The new threshold voltage is found by setting
Qs = QB(max)
and ¢s = 2¢F(bu1k)

This yields

QSS QB(max)
Vi = 2Brutky + bus — — — a0
T F(bulk) MS Co Co

Table 6-2 DENSITY OF SURFACE
CHARGES Qg (after Carr and Mize?)

Silicon surface

orientation Qss/q, cm?
111 S x 10"
110 2 x 10!

100 9 x 10'°
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Vgo—— SiO, Si p-type (N,) —_1_
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FIGURE 6-4
Surface charge at the Si-SiO, interface.

EXAMPLE 6C Threshold Voltage with ¢ s and Qss. The MOS capacitor of
Example 6B is fabricated with n-type silicon having <111 surface orientation and
Ny =10">cm™3. The threshold voltage for this device is now

Vp = —3.6
With Qg =0: Vp=—1.28
With Qgs =0 and ¢, = 0: Vp = —0.98 I/

Exercise 6-3 Calculate the threshold voltage for the capacitor of Exercise
6-2 if <111 silicon is used.

6-4 THE MOS TRANSISTOR

The inversion layer which forms in the MOS capacitor can be used as the channel
of an MOS transistor. We consider first the idealized structure having the cross
section shown in Fig. 6-5; later we discuss the fabrication of MOSFET devices by
integrated-circuit planar technology. The device of Fig. 6-5 is called an n-channel
MOSFET since the carriers in the inversion layer are electrons. Contacts to the
ends of this layer which forms the channel for the MOSFET are made through the
n*regions; these are called source and drain. If a sufficiently large gate voltage
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Source IGatc o

Inversion
¢,  channel
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FIGURE 6-5
Idealized n-channel MOSFET.

Vs is applied, an inversion channel forms; if a drain voltage V, is now applied
between source and drain, a channel current 7, will flow. Let the voltage at the
silicon surface, measured relative to the source, be V(x), and assume no potential
variation in the y direction in the inversion channel. Note that for positive V},
V(x) increases with x, and the voltage across the oxide decreases with x. Therefore
there will be less induced charge in the inversion layer near the drain than near the
source. By the same reasoning, the surface potential ¢, will be larger near the drain
than it is near the source.
Let the total charge in the semiconductor be

Qs=0n+ Qs

as before, where @, is the mobile charge per unit surface area and Q; is the deple-
tion layer charge per unit surface area. The channel current density is

—dV
Jp =qun(x, y) e

If the width of the MOSFET is Z, the channel current is

yelx)

—dV
Ip = —Zf qun(x, y) e dy
4]

where u is the mobility.
But the charge Q, is simply

Yelx)
0= ~an(x,y)dy
0

The current can therefore be written in terms of Q, as

dv
Ip=—=2ZpQ, - (6-1)
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From the analysis of the MOS capacitor, we know that

Qs
VG=_F+¢S
0

-T2l e 6

if we temporarily neglect ¢, and Qss.

We now assume that strong inversion exists at the source end of the channel
and we make the important simplifying approximation that Qp is constant in the p
material and has everywhere its value at the source end. Then we have

d’s(o) = 2¢F(bu|k)
and QB =~ QB(mnx)

Substituting these in (6-2), we obtain

O =—-Vs - Qsinan) + 2¢Fpuicy + V(x) (6-3)
Co Co

Inserting this result in (6-1), integrating both sides from x =0 to x = L, and noting
that V(L) = V,, we find

Z V2
R (AT S G

where V; is the previously defined threshold voltage

_Q max

Ve = —C‘Z—) + 2¢ £k
If ¢,s and Qgg are included, (6-4) remains unchanged but the threshold voltage is

- QB(mux) QSS'

Vi = T Co + 2oy + Pus — s

Note that (6-4) only applies if an inversion channel exists; this implies
Ve— V>0
and Ve—Vy>Vp

Because V(x) increases along the channel, inversion is less near the drain,
as we have seen. Suppose that V,, is now increased so that Vp > (V; — Vy).
Then no inversion can occur at the drain end of the channel; this situation is
similar to pinchoff in the JFET. But current still flows in the channel if V> V7.
This condition of operation is known as saturation, because the drain voltage no
longer can influence the drain current. The drain voltage V)5 at which saturation
occurs is clearly

Vps = Ve — Vy
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and the drain current for saturation is found by using Vg in (6-4):

[1v4
Ips =57 Co(Ve — Vr)? (6-5)

Sketches of I, versus V, are shown in Fig. 6-6.

It is clear that p-channel devices can be analyzed in the same way, and the
results of (6-4) and (6-5) will apply if appropriate sign changes are made.

When the MOSFET is used as a small-signal amplifier, it is operated in the
saturation region, and its transconductance is of interest. The transconductance
g is defined by

Olps

IS Vs
From (6-5) we obtain

uz
Im = T Co(Vg — Vr) (6-6)

As was the case for the JFET, g, is directly proportional to Z/L.

EXAMPLE 6D Transconductance of a p-Channel Device. Consider a MOSFET
fabricated in a substrate having N, = 10'° cm ™3, and aluminum gate separated
from the substrate by 10™° cm of SiO,. From Example 6C, the threshold voltage
is

Vp=—36V

if Qss/g =5 x 10" cm™2.  The hole mobility for inversion layers on <111 silicon
is190 cm?/V -s. Ifthe device hasZ = I miland L = 0.2 nil, the transconductance is

Im = —333 x 1076V + 3.6) O

Suppose the device is operated with V; = —10 V; then if operation is to be in the
saturation region, we must have V, < —6.4 V. For this condition we find

gn =213 x107°0 i

EXAMPLE 6E Use of the MOSFET as a Voltage-variable Resistor. When
|Vb| < | Vg — V7| the MOSFET is said to be operating in the “triode’ region, and
in this region I}, is a function of both V;, and V;. Suppose it is desired to use the
MOSFET for a small-signal application, such as an automatic gain control circuit,
requiring a voltage-variable resistor. The conductance of the channel is given by

gdsé 6_VD
which, from (6-4), is
Z
Gas = ‘#z Col(Vs — V) — Vp]

for a p-channel device.
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A
FIGURE 6-6

IV characteristics for the idealized »-channel MOSFET.

If we operate the device of Example 6D with V,, = I, =0, the small-signal
resistance r,, between source and drain terminals is

1 —1
r s = —_—=
T gus MZILCo(Ve — Vi)

If V; = — 10, we obtain
ri =4.7K Q I

Conductance in the Saturation Region

Although the sketch of Fig. 6-6 shows zero slope for the I, V), characteristics in the
saturation region, such is not the case in practical devices. This is because an
increase of Vp beyond Vs causes a small reduction of the actual length of the
inversion layer, thus causing an increase of the drain current. The effect becomes
important in devices with very small L.

Consequences of the Constant 0, Approximation

The square-law nature of the /;, V, relationship arose because of our approximation

Op= QB(max)

everywhere in the channel. If the analysis is refined by including the dependence
of Qp on V(x), the result is, for the n-channel device,

Q5 = —(2K,20qN ' *[V(X) + 205 puny]'/?




198 BASIC INTEGRATED CIRCUIT ENGINEERING

Use of this result in (6-2) leads to
Vp?

Z 21
Ip=yu z Co{(Vc - VpVp— T - 3 a) (2KsSoqNA)l/2(2¢r(bulk))3/2

e me) )
1+ — 2 6-7)
[ 4¢F(bu|k) 2¢F(bulk) (

Effects of Substrate Bias

Thus far we have implicitly assumed that the p-type substrate of the device of Fig.
6-5 is connected to ground. If, instead, it is connected to a voltage Vs, a change of
the depletion layer will result. 1If V§ is negative, the size of the depletion region
will increase, and the magnitude of Qp will increase. At strong inversion we then
find the depletion charge Qp .y, to be

Qb(maxy = _{ZKSSOqNA[2¢F(bulk) - Vs]}”2

VS 1/2
= Ostran|1 = 55— |
Blma) 2¢F(bulk)
The new threshold voltage V7 is therefore
QSS QB(max) [ VS ]1/2
Vi = +2 - == 1 —
T ¢MS ¢F(bu|k) Co Co 2¢F(bu1k)

Exercise 64 The MOSFET of Example 6E is operated with a substrate bias
Vs = +10V. Find the threshold voltage.

6-5 INTEGRATED MOSFET DEVICES

MOSFET devices can be fabricated by standard integrated-circuit processing
techniques as is shown by the cross-section sketches of Fig. 6-7. For a p-channel
device, an n-type substrate is used. Diffusion of source and drain regions is per-
formed. Nextoxide is removed over the channel region, and a thin oxide is regrown.
While it would be desirable to have very thin oxide to yield low threshold voltage
devices, in production oxide thicknesses less than 10”3 cm are generally not used
because of reliability and yield problems. Following the thin-oxide regrowth,
windows are opened in the thick oxide over source and drain regions, and aluminum
is deposited for contacts and for gate metal. For an n-channel device, a similar
procedure is used.

Note that for the procedure outlined above, it is necessary that the thin oxide
and metal gate overlap both source and drain regions, in order to account for
registration alignment errors. This means that there will be gate-source and gate-
drain overlap capacitances. The latter is the more objectionable in applications
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p-substrate

{b)

FIGURE 6-7
(a) Integrated p-channel MOSFET; (b) integrated n-channel MOSFET.

where the device is used in the common-source connection, since Miller-effect
multiplication of the gate-drain capacitance can often occur.
The surface geometry for a p-channel MOSFET is shown in Fig. 6-8.

Exercise 6-5 Suppose a standard process has geometry constraints as
follows:

Minimum line width = 0.4 mil
Minimum spacing = 0.3 mil
Minimum contact window = 0.5 x 0.5 mil

Lay out a p-channel MOSFET with Z/L = 10.

In an integrated circuit, metallization stripes will be used for interconnections
and will be deposited on the surface of the thick oxide. Because the interconnec-
tions will at times be above the n-type substrate, there is a possibility that an inver-
sion channel may form in the substrate if large enough voltages are applied between
substrate and metal interconnections. Since the power supply voltages are usually
the largest voltages in the circuit, power supply voltages must always be less than
that threshold voltage V7 which will produce an inversion of the substrate under
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FIGURE 6-8
Surface geometry of an integrated p-channel MOSFET.

the thick oxide. Should such an inversion occur, the channels formed could con-
nect several devices together, causing circuit malfunction.

EXAMPLE 6F A Standard-Process p-Channel MOSFET on{111) Silicon. Con-
sider the device of Example 6D fabricated on (111 silicon with 10~%-cm gate
oxide. As we have seen, the threshold voltage is

Vi=-36V

For the thick oxide, 1.35 x 10™* cm is approximately the maximum thickness
that can be used because of processing constraints. For this value, the threshold
voltage Vg is

Vig= =37V
Power supply voltages less than 37 V would thus be required. I
EXAMPLE 6G A Standard-process p-Channel MOSFET on {100) Silicon. If
the MOSFET is fabricated on (100) silicon, Qgs will be lower than for <111)
silicon. Referring to Table 6-2, we find Qgs/g =9 x 10'° for (100 silicon. This

reduces the threshold voltage to
Vi=-=17V

but at the same time the thick-oxide threshold voltage is reduced to

Vip=—13V 1

EXAMPLE 6H A Standard-process n-Channel Device on {100) Silicon. Con-
sider a device made on (100) silicon with N, = 10" cm~%andd, = 10"%cm. For
this value of N, ¢rpui) = 0.29 and ¢y 5= —0.90. The threshold voltage is

Vy=-039V
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Note that a negative threshold voltage for an n-channel device indicates that there
will be an inversion layer when V; =0. Such a device is called a depletion-mode
MOSFET. This would be a disadvantage in digital circuits, where it is desirable
to have devices cut off with zero gate voltage. 111/

Normally, n-channel devices have a speed advantage, because electron surface
mobility is about three times hole mobility. In order to take advantage of the
larger electron mobility, it would seem advisable to use n-channel devices and
employ a larger impurity concentration in the substrate in order to make Vr posi-
tive. Unfortunately, the mobility is an inverse function of impurity level, with the
result that the standard-process n-channel devices with positive threshold voltages
do not have great speed advantage over p-channel devices.

Complementary MOS Devices (CMOS)

In some applications it is desirable to have both n-channel and p-channel enhance-
ment-mode devices. This is particularly true in micropower circuits, where low
standby power is a requirement. If careful process control can be maintained, it is
possible to fabricate both types of devices on the same chip. The fabrication
sequence is shown in Fig. 6-9. Note that because a p-type diffusion is required for
electrical isolation between devices, more surface area will be required for a given
number of devices in CMOS than in circuits using only a single device type.

6-6 OTHER PROCESSING METHODS*

We have seen that oxide thickness, ¢,,5, and Qg of the standard process impose
limitations on the threshold voltage of MOSFETs, while the standard photolithog-
raphy is responsible for the overlap capacitance, which limits the speed of opera-
tion. It is possible to mitigate these limitations at the expense of process com-
plexity.

Metal-Nitride-Oxide Semiconductor Devices (MNOS)®

It will be recalled that the threshold voltage is given by

QSS QB(max)
Ve =20rmuiy + Pmus —— — ————
T F(bulk) MS Co Co

If C, could be made larger, ¥y would decrease. This could be accomplished in
two ways: by reducing the oxide thickness and by using a dielectric material with
larger K. Of course, the dielectric material must be compatible with the process-
ing. One such material is silicon nitride (Si;N,) which can be deposited by chemi-
cal vapor deposition techniques. Unfortunately, the silicon nitride-silicon inter-
face produces a larger Qgs than SiO,-Si, and this nullifies the benefit derived
from the K, = 7.5 of Si;N,. However, a compromise can be effected by growing
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1. P-well mask

2. Ist boron deposition
and diffusion-oxidation

3. Pchannel source
and drain mask

4. 2nd boron deposition
and diffusion-oxidation

5. N-channel source
and drain mask

6. Phosphorus deposition
and diffusion-oxidation

7. Gate mask

8. Gate oxidation
and contact mask

9. Metalization
and metal mask

— , Sio,
N-si
I VO —
T 4 7
E—— N [N\ /
T 4 7

FIGURE 6-9
CMOS fabrication sequence.

(After Penney.*)
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a thin layer (2 x 1078 ¢cm) of SiO,, and then depositing a thick enough layer
(8 x 107%) of SiyN, to reduce the pinhole density. This provides a two-layer die-
lectric, as shown in Fig. 6-10, with an effective K, larger than that of the same
thickness of SiO,. Typical effective values of K, are approximately 6.8. For
the p-channel device, this reduces the threshold voltage to about —2 V.

Exercise 6-6 A p-channel device is made by using 2 x 10~ cm of SiO,,
8 x 107 %cm of Si;Ng, and an aluminum gate over {111} silicon with
Np = 10'%. Calculate the threshold voltage.

Self-aligning Gate Structures

To overcome the capacitance problems associated with gate-drain overlap, several
techniques have been devised in which the gate-channel registration is automatic,
making unnecessary the usual error resulting from alignment tolerances. These
techniques use ion implantation, silicon-gate structures, refractory metal devices,
and thick-oxide structures.

Ton Implantation®

The ion implantation method is shown in Fig. 6-11.  Standard processing techniques
are first used to diffuse source and drain regions, regrow thin oxide, and deposit
metal. However, the p diffusions are spread somewhat farther apart than the final
desired channel length. The gate metal thus falls between, but does not overlap,
these regions. A source of boron ions is used in the implantation chamber, and
these ions are accelerated to have sufficient energy to penetrate the thin oxide and
the silicon surface. Note, however, that the gate metal prevents them from pene-
trating the region below it. Thus source and drain regions now extend to the edge
of, but not under, the gate metal. Imperfect registration of gate metal with source
and drain diffusions is unimportant.

Silicon-Gate Structures’

Both overlap capacitance and threshold voltage can be improved by using a gate of
doped silicon rather than metal. The process sequence is shown in Fig. 6-12.
After the thin oxide is regrown, a layer of polycrystalline silicon is deposited over
the entire wafer by chemical vapor deposition techniques. This silicon is etched
away from all areas except that where the gate is to be located. Then windows
are opened in the oxide layer where source and drain diffusions are to take place.
A boron diffusion is now performed, and the gate silicon is also doped p-type during
this diffusion. Oxide is next deposited over the wafer, and windows are opened
for metal contacts. Conventional metal deposition follows.

Since the silicon gate determines where the p diffusion will not occur, no




FIGURE 6-10
The MNOS device. (After Penney.*)

registration problem exists. The only overlap capacitance is that resulting from
lateral diffusion under the gate oxide.

EXAMPLE 61 Improvement of Threshold Voltage. To see how the threshold
voltage is improved by the silicon gate, we consider once again the p-channel
device of Example 6C, and we assume that the silicon gate has N, = 10'S cm ™3,
Although the gate material is polycrystalline, we estimate its work function by

Implantation of P-channel
MOSFET with special
undersize metal mask

After ion
implantation

Boron ions Gate metal

CTTLL L)

NN,

n-silicon

$i0, %A % ////é/ %,
P // .

Implanted

P-region extensions

FIGURE 6-11
Self-aligning gate made by ion implantation. (After Penney.?)
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Cross-sectional view

Si0,

N-Si

1N

~100A Poly-Si
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8. Contact
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FIGURE 6-12

Self-aligning gate made by doped silicon deposition.

P-doped poly-Si
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(After Penney.*)
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assuming it to be a perfect crystal. For a p-doped silicon gate and the n-type
material of the device of Example 6C, we find

bus ~ 0.60 V

Note that ¢, is positive, whereas it was negative for an aluminum gate. For
{111} silicon in the substrate the threshold voltage is

Vp= =25V

It will be recalled that for an aluminum gate, Vy = —3.6 V.

One more advantage results from the silicon gate. The polycrystalline silicon
can also be used for interconnections, with the restriction that such interconnections
must not cross any p regions. This restriction arises because the polycrystalline
silicon is doped by the same predeposition as the p-type regions; if it crossed
them it would mask them against the boron predeposition. Since the silicon gate
is covered by oxide before metal deposition, the silicon-gate interconnections are at
a different level than the metal.

The work-function difference ¢, does not contribute significantly to Vip;
thus this device also has Vo = —37 V.

The disadvantage of the silicon-gate structure is that it requires several extra
processing steps, one of which is the deposition of polycrystalline silicon. I

MOSFETs Using Refractory Metal (RMOS)?

In the silicon structure and in the ion-implanted MOSFET, the gate was deposited
before completion of the source and drain formation. In the latter case aluminum
could be used for the gate because no further high-temperature processing was
required. In the former case, use of silicon permitted high-temperature diffusions
to be performed after the gate was in place. Clearly if a metal with high enough
melting point could be found, the silicon-gate process could be used with the
deposition of the metal replacing the deposition of polycrystalline silicon. One
such metal is molybdenum. The molybdenum process also has the advantage that
it can be used for interconnection, with the same restriction applying as for the
silicon gate. It also offers the advantage of an improved threshold voitage.

Exercise 6-7 Molybdenum has a ¢,, of approximately 4.0 V. Calculate
the threshold voltage of the device of Example 6C with a molybdenum gate.

Self-aligning Thick-Oxide Structure (SATO)®

In the SATO process, silicon nitride is used both as a diffusion mask and to locate
the gate region, as is shown in Fig. 6-13. Silicon nitride is first deposited over the
entire wafer, and windows are opened for source and drain diffusion. Next the
silicon nitride is removed everywhere but over the gate region, and a thick oxide
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i, Sihs 7770

n-type silicon

Deposit Si;N,

Vi 7
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p P Etch Si;N, and diffuse
source and drain
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Remove Si; N, except
in gate region

saoz‘ % A SjOz
W \p—/ Grow thick oxide

N N
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thin oxide

M‘ E//// 7 /////JAﬁ M‘
\__P J/ — P/

Open windows and
deposit metal

FIGURE 6-13
The SATO process.

is grown. The remaining nitride prevents growth over the gate region. This
nitride is then removed and thin oxide is grown. Metal is then deposited as in the
standard process. Note that because of alignment tolerances, metal will overlap
the source and drain, but where it occurs the overlap will be over thick oxide and
will thus produce negligible overlap capacitance. The only overlap on the thin
oxide is that resulting from lateral diffusion under the original silicon nitride.




208 BASIC INTEGRATED CIRCUIT ENGINEERING

67 EQUIVALENT CIRCUITS FOR THE MOSFET"®

In large-signal applications such as logic circuits, accurate calculation of switching
times requires that the nonlinearities of the device be taken into account. This
means that computer-aided analysis will be necessary. An equivalent circuit which
portrays the first-order device behavior is shown in Fig. 6-14; this model includes
the nonlinear gate-source and gate-drain capacitances Cgg and Cpg, the capaci-
tances of the source and drain diffused regions C; and C, , the nonlinear conductance
Gps which is observed in saturated operation, and the I,(Vy, V;;)-dependent current
source given by (6-7). It does not include parasitic series source and drain and
substrate resistance. The analysis of a particular large-signal circuit can often be
simplified, at the expense of accuracy, by averaging all of the nonlinear elements
over the operating range. This technique results in a linear equivalent circuit
which can be analyzed more rapidly.

For small-signal applications the parameters of the equivalent circuit become
linear; a first-order equivalent circuit for saturated operation is shown in Fig. 6-15.
Here the elements C., g., and the dependent source g, v, represent the “intrinsic”
device. The distributed channel conductance and capacitance are represented in
lumped form by C, and g,; these are responsible for the intrinsic cutoff frequency
of the device. However, in most applications, extrinsic elements will usually
dominate, and C, and g, can be neglected.

The gate-drain and gate-source overlap capacitances are represented by
C,q and C,,, while the capacitance associated with the depletion charge around
source and drain diffusions is represented by C, and C,. The conductance g,
represents the slope of the 7, V,, characteristics that results from the shortening
of the channel with increasing V.

D
o
C,
1
"
Cep
G . Substrate
Gps Tr—cls —=o
Ip(V, Vs
Ces
Jf_
4l
C,
<)
M
FIGURE 6-14

Large-signal equivalent circuit.
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So- T 4 —0S
FIGURE 6-15

Small-signal equivalent circuit.

PROBLEMS
6-1 An MOS capacitor has n-type silicon with Np = 10'5 and do = 1000 A. Find the
charge per unit surface area of the holes in the inversion channel if Vo= —5 V.
6-2 Use the exact form for Qg, and derive (6-7).
6-3 Use (6-7) to find Ips and Vs, the saturation drain voltage and current.
6-4 A p-channel enhancement-mode MOSFET is made on <111 silicon with an alu-
minum gate. The device has
Np=10"3cm~3
$r=—029V
(ﬁMS = —0.30 V
% =5x10"cm~?
q
do =800 x 108 cm
z 10
==
L =0.5 mil
Compare Ips and Vps obtained from the square-law formulation with Ips and Fpy
obtained from (6-7).
6-5 A p-channel enhancement-mode device has gate connected to drain. Find Ip(V5).
6-6 The device of Prob. 6-4 is to be used as a voltage-variable resistor. Assume that
the square-law formulation is valid, and that the drain bias current is zero. Find
the small-signal resistance r(}s) between source and drain terminals.
6-7 Two identical MOSFETs with the parameters of the device of Prob. 6-4 are used in

thecircuit of Fig. P6-7, in which one MOSFET acts as a small-signal amplifier and the
other as a two-terminal small-signal load resistance. Find the dc level of the out-
put and the small-signal gain v.u/via. What do the results indicate about the lay-
out of MOSFETs which are to be used as load resistors when large gain is required ?
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6-8

6-9

VDD = —4|V]

i
H
al

5

Vi Vss = 2|Vy)

FIGURE P6-7 =

An n-channel MOSFET has ¢us =0, Qss=0, w(Z/L)Co =100 x 10-% A}V,
do = 1073 cm. The device has threshold voltage V= 1.42 V, and is to be operated
with Vi =3 V. Suppose processing variations cause do tochangeto 0.5 — 10~ % cm.
By what percentage does the saturation drain current /ps change?

The device of Prob. 6-8 with do = 10~ % cm is used in the circuit of Fig. P6-9. For
what range of gate bias voltage V; is operation in the saturated mode?

+10
%lOOkﬂ
—
}—
4
+
Ve

FIGURE P6-9 = =
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BIPOLAR TRANSISTORS AND DIODES

7-1 INTRODUCTION

The n-p-n bipolar transistor is the most widely used integrated device. It consumes
less space than most resistors or capacitors, and for this reason the integrated-
circuit designer attempts to design circuits which use transistors exclusively rather
than combinations of resistors and transistors. In this chapter we discuss the
behavior of the n-p-n transistor, emphasizing first-order effects. We consider first
the dc behavior, and base our analysis on an idealized one-dimensional structure.
We then investigate parasitic effects, and the relationship of device terminal
behavior to physical processes. Next we consider various nonlinear phenomena
such as high-level injection, current crowding, and base-width modulation.
Finally, we discuss p-n-p transistors and integrated diodes.

7-2 THE IDEALIZED INTRINSIC STRUCTURE

Detailed analysis of the bipolar transistor is difficult because multidimensional
effects must be considered, as must a multitude of nonlinear effects.! However,
reasonable results, at least for dc behavior, can te obtained by approximating the
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FIGURE 7-1
The n-p-n transistor. (a) Cross section, showing one-dimensional idealization;
(b) symbolic representation of the four-layer structure; (c) definitions of polarit.es
for the four-layer model.

device by an idealized one-dimensional structure. The cross section of the tran-
sistor is shown in Fig. 7-1a, in which the dashed lines indicate the region to be
treated as a one-dimensional structure. Symbolically, the transistor can be
represented as shown in Fig. 7-1b, where the p-n-p transistor represents the parasitic
transistor made up of base, collector, and substrate.

It will be recalled that the dc behavior of a discrete three-terminal three-
layer transistor, including the nonlinearities of the junction behavior, can be
reasonably well represented by the Ebers-Moll equations,? which relate the
terminal voltages to the terminal currents. A similar set of equations can be
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written for a general multiple-layer device, if the variables chosen are junction
voltages and junction currents rather than terminal voltages and currents. The
integrated transistor is a four-layer structure, and the set of equations relating
its junction currents to its junction voltages is called the four-layer nonlinear
model.>**

In order to be precise in our discussion of the integrated transistor we must
define polarities for the junction voltages and currents. So that our model may
be specialized to three-layer devices of either n-p-n or p-n-p type, we adopt the
following convention:

1 Junction voltage ¢ is the voltage of p material relative to » material.
Therefore, ¢ is positive for forward-biased junctions and negative for
reverse-biased junctions.

2 Positive junction currents flow from p material to # material, that is, in
the direction current would flow if the junction were a forward-biased diode.

If this convention is always observed, it will not be necessary to change signs for
different types of transistors, or for multiple-layer structures with different order
of layers. The polarity convention is shown in the symbol of Fig. 7-1c.

For the device represented by Fig. 7-1¢, the four-layer model equations are

I, I —a 0 I (e9E/mT 1)
L =|—ax 1 — sy Isz(ewdm” -1 (7-1)
I 0 —ag 1 153(e"¢5/"‘" -1

In (7-1) the ’s are current gains for certain explicit connections of the junctions;
for example, «g is the ratio I3/ —1I, for ¢y = ¢5 =0. The I’s are junction satura-
tion currents; for example, I, is the current —/, when ¢, = ¢5 =0 and ¢, <
—mkT|q. The parameter m is an artifice used to account for certain nonlinear
phenomena, and ranges from m =1tom = 2.

While (7-1) provides a very convenient and systematic way of representing
the relationship between junction voltages and junction currents, it does not
directly yield the terminal behavior. This can easily be obtained with the use of
(7-1) and Kirchhoff’s laws. Having adopted the above convention for junction
variables, we are at liberty to assign any polarities we wish to the terminal variables.
A particularly convenient set is shown in Fig. 7-lc. For this set, the terminal
variables are easily seen to be related to the junction variables by the following
equations:

Iy L0 o[/
Ll 11t 1 ol|n
=0 =1 —1|lsn (7-2)
| I 0 1]
Vel 10 01[é]
Viel= 0 1 0l|éc (1-3)
L Vsc 0 0 1f{d¢s]
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It is important to note that ¢7-1) to (7-3) can easily be specialized to represent
the three-layer transistor. { For the n-p-n transistor, there is no fourth layer; by
deleting row 3 and column 3 of the square matrices in (7-1) and (7-3), and row 4
and column 3 of the rectangular matrix in (7-2), we obtain the Ebers-Moll equa-
tions for the n-p-n transistor. Similarly for the p-n-p transistor there is no first
n-type layer; we delete row | and column 1 of the square and rectangular matrices
to obtain the Ebers-Moll equations for the p-n-p transistor. No sign changes are
necessary since the polarities are explicit in Fig. 7-1c.

While the four-layer model provides a very convenient means for analyzing
device terminal behavior, considerable care must be exercised in its application.
This is attributable to the fact that the equations are nonlinear in the ¢’s. Asan
example of the troubles that can arise, consider the case where a junction current,
for example /,, is determined by an external voltage —V and resistor R connected
to the emitter terminal. For this case the left side of (7-1) will contain a term
involving (V — é;)/R while the right side contains a term in /™7 The equaticns
now become transcendental, and some means of obtaining an approximate solu-
tion is required.

Fortunately the nonlinearities in (7-1) are quite extreme, and some very
simple approximations can be used. Note that at room temperature

Rp
0.026 < 752 < 0.052
q

The function [¢“?/™*D _ 1] can be approximated to within 10 percent as follows:

mkT

For ¢ > 23 —=: ea/mkT) _ |~ pad/mkT
q
mkT oo
For¢ < —23 ——: e@e/mkT) _ | o ]
q

Physically, this means that for forward-biased junctions the — | term can usually
be neglected, and for reverse-biased junctions, the exponential term can usually
be neglected.

Further simplifications can also be made. As the sketch of Fig. 7-2 shows,
for sufficiently large forward current, very little variation of forward voltage
occurs for variations of forward current. In fact, it is easily shown by using tae
Ebers-Moll equations for a diode that a tenfold increase of current causes only
about 10 percent increase of the junction voltage. Thus in many cases the voltage
of a forward-biased junction can be considered to be approximately a constant
value V. For silicon diodes, a reasonable choice for Vpis 0.7 volt. The employ-
ment of these approximations in the use of the four-layer model is best illustrated
by an example.

EXAMPLE 7A  Saturation Voliage of the Integrated Inverter. The circuit to be
considered is shown in Fig. 7-3a. It is assumed that R, and Ry are chosen so that
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FIGURE 7-2
1V characteristic for a single junction.

the transistor is saturated ; that is, both collector and emitter junctions are forward-
biased. The substrate is also assumed to be grounded.

In order to determine the relationships among the various voltages, and to
aid in determining which junctions are forward-biased, it is often convenient to
replace the transistor by the symbol of Fig. 7-15.  We are interested in calculating
the saturation voltage Vor. From Fig. 7-3b we see by inspection that Vg =
Ves=¢s. If the transistor is saturated, V¢p will be a positive voltage; this will
reverse-bias the substrate junction. We therefore make the approximation that
¢s < —(mkT/q), and that

e9sImT _ ] & ]

Since emitter and collector junctions are forward-biased, we assume their
voltages to be approximately ¥, and we can then write

Vee—V,
Iy~ %’ (7-4)
B
VCC
I~ == 7-5
°® R (7-5)

The four-layer model with all polarities specified is shown in Fig. 7-3c.

By use of approximations (7-4) and (7-5) we have essentially assumed that
the terminal currents are independent of any variations of junction voltages; this
is a reasonable approximation if V¢ is of the order of several volts.
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FIGURE 7-3
The saturating inverter. (a) The inverter circuit; (b) the circuit with n-p-n and
parasitic p-n-p; (c) the four-layer model for the transistor.

Since both emitter and collector junctions are foward-biased, we make use
of the approximation

elq@/mkT) _ 1 a e9¢/mkT

for those junctions. The equations for the four-layer model are now written as

Iy =1y + 1) = (1 —ay)ls; =™ 4 (1 — o))[, e9%/™T 4 o T, (7-6)

—le=(U+1;)=—ay I, eIPEIMKT 4 (I — ag)iy, eIde/mkT _ (1 —ag)i, (7-7)
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These equations can now be solved for ¢, and ¢.. Then by application of
Kirchhoff’s voltage law to Fig. 7-3¢, we have

Vee = ¢e — ¢c
Substitution of the values for ¢ and ¢ yields
kal [_Is_z (s — oy Lp)(1 —ag) — (1 — o) (1 — aspls3 — Le )]
Iy (1 — o) — aspl — Ic) + oan(Ip — a5y Ls3)

Typical values for the parameters of an integrated transistor are

Ve =

ay =099 I, =10"1¢A
2, =020 I,=10""%A
0s =070 I, =10""A
ag; = 0.10

If the terminal currents are microamperes or larger, we see that all terms involving
I, will be negligible, and we can approximate Vg by

_mkT . [I;; (1 = agjay + Uc/Is)(1 — o)
Ve = m[E ay — (1 — an)lc/1s) ]

This indicates, as we intuitively expected, that ¥V is a function of the ratio /¢//.
We could also ask what ratio I/l is required to produce a given value of Vcg;
(7-8) can be rearranged to yield

Ie (I /155) =™ — (1 — ay)

Es T =oy) 4 (U 1)1 = ay)etr cElmkT (7-9)
1

(7-8)

Using the foregoing example as a guide, we can propose a set of general procedures
to be followed in the use of the four-layer model:

I By inspecting the circuit, determine which junctions are forward-biased.
Typical voltage across a junction which is forward-biased is about 0.7 V. If
external circuit voltages are large compared with this, some of the terminal
currents can probably be considered to be circuit-limited; that is, the current
is determined essentially by the external voltages and resistances. Knowi-
edge such as this is extremely useful as it simplifies the nonlinear equations
which will have to be solved.

2 Note that if a junction is reverse-biased by several times mkT/q, the term
A9mkT 15 negligible compared with — 1 and the device performance is essen-
tially independent of that junction voltage. This knowledge is useful in elim-
inating some of the variables in the problem.

3 Using Kirchhoff’s current law, write the terminal currents of interest in
terms of the junction currents.
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4 Using the model equations, write the junction currents in terms of the
junction voltages.
5 _Solve for the variables of interest.

Exercise 7-1 Find the substrate current for the transistor of Example 7A.

7-3 PARASITIC EFFECTS

Parasitic effects associated with integrated transistors fall into two broad categories:
active and passive. Active parasitic effects are the result of unwanted transistors
or diodes which occur because of the additional junction arising from the necessity
for isolation, or because of the proximity of several devices in a given isolation
region. These effects can be analyzed by use of the four-layer nonlinear model.
In cases where both substrate junction and adjacent junctions contribute parasitic
transistors, the three-dimensional problem can be treated as a composite of one-
dimensional problems, and each one-dimensional problem can be analyzed with
the four-layer model. An example of this is the lateral p-n-p transistor, which is
discussed later in this chapter.

Passive parasitic effects result from junction depletion-region capacitancss
and from resistances which occur between the contacts and the “active’ regions
of the device. They can be treated with the techniques similar to those used for
diffused resistors. When calculating parasitic resistance, one should keep in mind
that the thickness of the epitaxial material is only a few micrometers, while the
surface geometry of the transistor will be several mils in extent. Thus it is reasoxn-
able to approximate current flow in parasitic resistances as lateral. Exact
calculation of parasitic resistance is very difficult, so one generally makes a numbar
of approximations in order to obtain an estimate.

Collector Resistance

If the transistor is biased in the forward active region for small-signal operation,
the parasitic collector resistance is less important than in the case where the tran-
sistor saturates. For the latter case the collector resistance contributes a voltage
drop which may be larger than the saturation voltage of the intrinsic device.

The surface layout of a single-base-stripe single-collector-stripe transistor is
shown in Fig. 7-4. It is assumed that the minimum window size and minimum
registration clearance are m, and that the emitter window is km in length. The
vertical current flow in the transistor is confined to the region directly under the
emitter, and the collector resistance is that resistance in the path between the
edge of the emitter and the collector contact. Lateral diffusion is neglected.
The path length for collector current flow is 2m, and the average path width is

k +2ym + (k + 4m
2

=m(k + 3)
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k + &m (k +2)m

i 'l' L(k+4)m+2(x,s+m)

*07 9m + 2x;s + m) ———

FIGURE 7-4
Surface geometry used for calculating parasitic collector and base resistances.

Therefore the number of squares is 2m/m(k + 3) and the collector resistance is

204
r,=-——
¢ k43

where p!. is the sheet resistance of the epitaxial material.

Base Resistance

Base resistance between the base contact and the edge of the emitter can be approx-
imated in similar fashion. The path length for current flow in this case is m, while
the width is (kK + 2)m. The base resistance is

Psb
k+2

r, =

where pl, is the sheet resistance of the base diffusion.

Neither r, nor r, includes the resistance of the contact itself, which depends
upon the impurity concentration at the surface of the silicon. It will usually be
smaller than r, and r_.

Capacitances

For the calculation of capacitances we use the bottom and sidewall capacitances
employed in the calculation of diffused resistor parasitics. The emitter junction
capacitance is

CjE = Cbe 3m2(k + 2) + Cse(s + k)2mij

and the collector capacitance is
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If we now assume that the epitaxial thickness is x;s, the spacing between
base diffusion window and isolation window must be x;s + m and the substrate
capacitance is

Cjs = Cy g x,slm(2k + 34) + 8x;5]
+ C,,s[9m2(k +4) + 4(x;5 + m)2 + 2m(k + 13)(x;s + m)]

EXAMPLE 7B Parasitics for a 3-Mil-Geometry Device. Consider a minimum
size device in which m = 0.5 mil and k =1. Let

P =200 Q/sq
pl. = 1250 Qfsq

X;g =2.0 ym
Xjc = 3.0 um
st = 9.0 “m

C,, = 0.23 pF/mil?
C,, = 0.65 pF/mil?
Cy. = 0.10 pF/mil?
C,, = Cps = 0.065 pF/mil?

Using these values, we obtain

r.=625Q

r, =67 Q
C;e =082 pF
Cjc =1.10pF
Cjs =2.45pF

Such a large value for r, would probably be unacceptable, even for small-signal
applications. To reduce r, we could add a buried layer, or use a double collector
stripe, or increase k. All three measures would also result in larger substrate
capacitances, the first because of an increase of C,, and the other two because of
an increase of the total area. 11}

Exercise 7-2 Estimate the parasitic element values for a double-base-
stripe double-collector-stripe transistor with m = 0.5 mil and k = 1.
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7-4 LARGE-SIGNAL AND SMALL-SIGNAL MODELS FOR THE
INTEGRATED TRANSISTOR

Large-Signal Models

When all parasitic elements have been calculated, large- and small-signal models
can be postulated to represent the transistor. In large-signal behavior, the four-
layer nonlinear model for the intrinsic transistor can first be modified to include
the intrinsic frequency effects as follows:

1,(s) 1 —a /(1 + 10,5) 0 Ag(s)
()| = | —an/(1 +1445) 1 —ag /(1 4+ 1555) [lc(s)J
I5(s) 0 —as/(1 + 13,5) 1 As(s)

where A(s) is the Laplace transform of I,(e?™ T — 1), I(s) is the Laplace transform
of i(#), and s is the complex-frequency variable. Parasitic resistances and capaci-
tances can be added external to the intrinsic model.

Two observations are in order regarding the calculation of large-signal
behavior:

I The frequency behavior of the intrinsic device is usually negligible in
comparison with parasitic effects.

2 The equations of the four-layer model are nonlinear in the variables
¢ and i/, and the parasitic capacitances are also nonlinear. The equations
which describe the device and its parasitics are too complex to be solved by
hand even for the simple four-layer model described above. A computer
solution is generally required; for computer solution other forms of model
may be more convenient than the four-layer model.

One method of analyzing large-signal behavior is to ignore the intrinsic
frequency behavior, and use piecewise-linear techniques to handle the parasitics.
As we shall see, in dealing with logic circuits this method permits one to make
hand calculations which give reasonable estimates of transient behavior.

Small-Signal Model*¢

The well-known hybrid-z model is perhaps the most convenient means for repre-
senting the small-signal behavior of the device; it is shown in Fig. 7-5.  In many
instances, the model can be simplified to a unilateral version; this simplification
and the application of the model are discussed in Chap. 9. The parameters of
the model and their dependence on operating point are summarized as follows:

ryy = base resistance, determined primarily by geometry
and average base-region conductivity

Tye =(ﬁ+ l)re’
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Cy,
Toy v Tye
Bo- ANV ' ' ANV oC
Cis
Tye Cb'e Upre EmUpe 8ce
/;
S
E
FIGURE 7-5
The hybrid-7r model for small-signal behavior.
., mkT aymkT
where r, = =
qlg qlc
Ay
B=1

I, Iz = operating bias currents
Also,
Cy = Cj¢ = collector junction capacitance

|
Cpe=———Cpc+Ci
rewT

where w; = frequency of unity common-emitter current gain

substrate junction capacitance

Cis =
An
In = 5
e

e

Ivc _rb'c ~ [3 Gm

1

Gee = =1Gm

The factor # arises from base-width modulation and is given by
mkT 1 dw

g wdVeg

n =
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where w is the undepleted base width and Vi is the collector-base bias voltage.
Base-width modulation effects are discussed later in this chapter.

In the model, C,, includes the effects of emitter depletion-layer capacitance
as well as emitter diffusion capacitance.

Exercise 7-3 Calculate the hybrid-n parameters r., g,,, Cy., C,.. for the
transistor of Example 7B if the bias current is 1 mA, and wy = 10° rad.

Parameter values for typical commercial devices of various geometries are
given in Table 7-1.

7-5 RELATION OF PHYSICAL PROPERTIES TO ELECTRICAL
CHARACTERISTICS

In the analysis of the behavior of the integrated transistor, we will find it convenient
to focus attention on various components of current which flow in the device.
We confine our analysis to the steady-state case, and since in most circuits the
substrate is biased so that there is no parasitic p-n-p action, we also ignore the
substrate. Each junction current is assumed to be made up of hole and electron
components /, and I,; these components are shown in Fig. 7-6, in which junction
current polarities have been chosen consistent with the convention adopted in
Sec. 7-2.
We are interested in calculating the current gain ay where

I .
ay A I_C for ¢ reverse-biased
E

The current gain can be written in terms of the various components as

_ 1_c _ Le —lc—(c+10)
Ig Leg+ 1 Ig —1c

oy (7-10)
Each of the terms on the right side of (7-10) has a meaningful interpretation.
The first term is the ratio of the emitter majority carrier current to the total emitter
current. Since the emitter majority carriers (electrons) become minority carriers
when injected into the base, the first term is a measure of the efficiency with which
minority carriers are injected into the base region. It is called the emitter efficiency
or injection efficiency 7y.

The second term is the ratio of minority carriers leaving the base to minority
carriers entering the base from the emitter. Since this is a measure of how effec-
tively minority carriers are transported across the base, it is called the base transport
factor T'.

Finally, the third term is the ratio of total collector current to electron
current entering the base from the collector, and is called the collector efficiency.
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FIGURE 7-6
Current components for the transistor. C

For a transistor biased in the forward active region, the hole current in the collector
is negligibly small, and the collector efficiency is approximately 1. We can there-
fore write

ay = yT’ (7-11)

The current components in the device are controlled by the minority carrier
distributions in the various regions:

dq
In the emitter: Jp =qu,pE(x")y —qD, d_p
x

dn

In the base: J, =qu,nE(x) —qD, e

x

where p,, t, = hole and electron mobilities,

D,, D, = hole and electron diffusivities,

E(x) = electric field

The minority carrier distributions depend in turn upon the boundary condi-
tions applied to the regions. These boundary conditions appear at junctions,
where the minority carrier densities at the edges of the depletion regions are given
by the law of the junction:

P = Pao &7

n = n,q et®mkT (=2
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where p,, and n,, are equilibrium densities. Other boundary conditions can also
occur; for example, at a nonrectifying contact

n=n in p material
O C A E
P =Dno in n material

The use of boundary conditions such as (7-12) and (7-13) generally enables
one to solve for the minority carrier distributions and hence the various minority
current components.

Electric Field in the Base Region
We consider first the case for thermal equilibrium. For this case J »=0 and
J, =0. Setting J, = 0 and solving for E(x), we obtain
Ex)y=—-= (7-14)
X
where we have made use of the Einstein relation Dfp = kT[q. Now for highly
extrinsic p-type material, p ~ N(x) where

N(x) = N 4(x) = [Np(x) + N ]
Thus we find that in equilibrium the field depends only on the impurity profile in

the base:
kT 1 dN
E = oem—— — 7-
() g N dx (7-13)

For nonequilibrium, if the excess majority carrier density is small compared with
the majority carrier density, we can use the approximation
kT 1 dN

That is, we assume the field to be built-in, and independent of the current flow.
This simplifies the analysis considerably.

Base Transport Factor’

To calculate the base transport factor, we first solve for the minority carrier distri-

bution in the base region. In the steady state, the nonequilibrium electron

current density is
dn
Jn =qlunnE + an o5
dx

Substituting (7-16) for E, we have

J N o
= n—-——— —_—
P S Hn S gD, o

kT 1 d
(7-17)
q
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n(x)
p

Emitter-depletion W

region
Collector-depletion
l region
P ———

\ ..

FIGURE 7-7-
Net impurity profile and depletion regions.

We wish to find n(x); rearranging (7-17), we obtain

dn 1 dN__Ji,_

= tn—— = 7-1
dx+nNdx qD (7-18)

n

Equation (7-18) is a first-order linear equation; it can be solved by use of an
integrating factor ¢/*?*. The solution is

J
netvix = f—" S dx + C

qD,
where u = (1/N)(dN/dx) = d(In N)/dx. Substituting for v, we obtain
1 J, C
n(x) = N qun N dx + N

We now make a very important approximation: we assume that the change
of transport current in the base region due to recombination is negligible. Then
J,(x) ~ constant A J,

We also assume D, to be constant.
We can now write n(x) in terms of the minority carrier current

J 1 c
" [Ndx+ = -1
qD,,Nf xty 0D

n(x) =

If it is assumed that x = O is the base edge of the emitter depletion region, and
that the base edge of the collector depletion region is at x = w, as shown in Fig. 7-7,
we can employ the law of the junction to find n(w). For forward-active-region
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n(x)
4

FIGURE 7-8
Electron distribution in the base.

operations, ¢o < —(mkT/g) and n(w) ~ 0. Using this in (7-19) to evaluate C,
and rearranging the result, we find

n(x) = —Jn ILV f WN dx (7-20)

9D,
If the emitter is forward-biased,
n‘2 eqt[uz/ka
L

0) = 0)el¢E/mkT _ =
n(0) = n,0(0)e NO) (7-21)
Inserting (7-21) in (7-20), we can now find J, as a function of ¢:
qPE/mkT
J,= —qgD,N(0 0) ——— 7-22
n q n ()nPO()j‘SdeX '( )

It is important to note that for a given ¢, J, depends only on the impurity
concentration at x = 0, and the number of impurities in the base given by {5 N dx.
This latter quantity is called the Gummel number N .

Qualitatively, we see from Fig. 7-7 that the electric field is a rerarding field
for minority carriers near the emitter side of the base, and an aiding field over the
rest of the base region.  The distribution of minority carriers in the base is sketched
in Fig. 7-8.

The total recombination current in the base is

Jr =L [ ) =m0 dx
Ty Y0

if the lifetime 7, is constant. We have assumed that this current is small compared
with J,. If we regard J, as the electron current collected by the collector

JnC=Jn
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then the current that would have to be injected at the emitter is
Jpr —J,+J,

(Note that for forward-active-region operation, J, will be negative.) The base
transport factor is then

= e =
JnE _J,. + J’
T 1
or _
1+ q{jg [n(x) — npo(X)] dx}/ —JT
from which T x| — 0 J‘ ) 323
—JaTs Y0

Substituting n(x) in (7-23), we obtain

1

w ] w Y
T'~1— = jo [Tx) L"N(x) dx] dx (7-24)

where L, = D,1,. For the homogeneous base transistor, (7-24) becomes

w?

T'~1——
2L,

Exercise 7-4 Calculate 7* for an exponential impurity distribution in the
base.

The Emitter Efficiency

It will be recalled that although the emitter region is n-type, it was originally the
epitaxial material, which was first compensated by acceptor impurities to form the
base and then compensated again by donor impurities to form the emitter. Fur-
thermore, the impurity concentration after the final compensation is very large.
When silicon is successively compensated in this way with large impurity concen-
tration, two degrading effects result: the carrier mobility is significantly reduced
by impurity scattering effects, and the minority carrier lifetime 1, is drastically
reduced. The result is that in the emitter region, the minority carrier diffusion
length L, =/ v,7, is of the order of only a micrometer.

With such a short diffusion length, the gradient of the minority carrier dis-
tribution is very large, and the ciffusion component of hole current in the emitter
will be much larger than the drift current. This means that any electric fields in
the emitter will have negligible effect on the hole current. The conditions in the
emitter are thus

dp

J(x)x —qD, e
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with P(0) & Py = p,g e*?=/mkT

P(L) = pno
If L > L,, the solution for p(x’) is

P(X') = Puo + (Po — prole ™" (7-25)

NquPO

from which Joe 7

(1-26)

The hole distributjon is sketched in Fig. 7-9.
The hole current can also be written in terms of the emitter junction voltage,
through the use of the law of the junction:

D
JpE =4 5= Puo(0)e??=/mT

LP
L e
L, —N(0)

where N’(0) A N(x’ =0). (The minus sign arises because N(x) is negative since
the net impurity is donor type.) Now the emitter efficiency y can be calculated.

Recalling that
JnE
YT
JnE + JpE

we substitute the expressions for J,z and J,; to obtain
_ 1
1 4+ (D,/D,L,) 4 N dx)|—N'(0)

For good transistors, the second term in the denominator will be small compared
with unity, and we may approximate y by

Y

D, 1
D,L, —N'(0)

y=1 jo Ndx  (7-28)

Since we want y to be as close to unity as possible, we can see that the emitter
region should be more heavily doped than the base in order that
w
~N'©) > [ Ndx
0
The common-base current gain is

OCN = yT’
while the common-emitter current gain is

g = oy yT'

- - -29
I—ay 1= U2

If we insert numbers for representative integrated transistors, we obtain

B = 500
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FIGURE 7-9
Hole distribution in the emitter.

This value is somewhat large, since measured values are typically of the order of
200. However, it should be noted that we have neglected surface effects, as well
as three-dimensional aspects. Thus (7-29) is a reasonable indication of an upper
bound for f.

EXAMPLE 7C Estimate of the Current Gain of a Typical Transistor. Consider
a hypothetical transistor with x;; = 2.0 um and x;c = 3.0 um. Let the undepleted
base width be 0.5 um. Assume that the net impurity distribution in the unde-
pleted base varies approximately linearly from 10'® cm ™2 to 10'® cm ™2 and that
—N'(0) ~ 10'"8 cm™2. Let the hole diffusion length in the emitter be L,~1pum
and the electron diffusion length in the base be L, =~ 10um. Then we obtain

y~ 1 —0.00125

T'~1-0.00125
From these, we calculate

B ~ 400 I

Exercise 7-5 Calculate y, 7', and 8 for a homogeneous base transistor
with w=0.5 um, N,=10'%, N, =10'°, D,/D,~05, L,=1um, and
L,=10 um.
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FIGURE 7-10

Avalanche breakdown. (a) Junction currents; (b) multiplication factor.

Breakdown Voltage

Breakdown in junctions occurs, as we saw in Chap. 4, when the maximum electric
field in the junction exceeds a critical value E.. In terms of physical processes,
this breakdown is the result of avalanche multiplication of carriers in the depletion
region. Suppose that electrons entering the collector depletion region from the
base produce a current J, as shown in Fig. 7-10. (For forward-active-region
operation, J, and J, are negative.) This current would be the minority carrier
current transported across the base. If sufficient reverse voltage is applied to
the collector junction so that E,,, — E., these electrons will ionize silicon atoms
by impact collision, and produce a number of hole-electron pairs, say M — 1.
Now the direction of the electric field in the depletion region is such as to force
electrons into the collector region and holes back into the base region. The
electrons reaching the collector thus consist of the original electrons entering the
depletion region plus all the electrons created by ionization:

—Je=J,+(M—1)J, =MJ,
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while the hole current entering the base region from the collector depletion region
is

—J,=(M - 1)J,

The multiplication factor M is a strong function of the electric field and hence
of the applied junction voltage. It has been empirically determined that M is well
approximated by®

1
"1 = (Ves/BVego)

where n = 3 for silicon, and BV g, is the collector junction breakdown voltage
with zero emitter current. BV g is the value of the breakdown voltage obtained
from, for example, the Lawrence-Warner breakdown curves for the collector
junction. From Fig. 7-10b it is evident that as Vg — BVpgo, M — 0.

It is important to note that when the transistor is operated in the forward
active region, the effect of M is to increase the collector current for a given trans-
portcurrent J,. Thus the avalanche multiplication produces an effective transport
factor which can be larger than unity.

, M

Effect of Avalanche Multiplication on the V7 Characteristics

When the transistor is connected in the common-base configuration with some
bias current g, this current determines the level of injected electron current at the
emitter edge of the base. The transport factor determines how much of this
current reaches the collector, and M determines how large the resulting collector
current will be. The hole current resulting from avalanche multiplication flows
into the base region where it becomes majority carrier current, and ultimately base
terminal current. The effective current gain is now

an(M) = ay M(Vcp) (7-30)

The collector characteristics appear as shown in Fig. 7-11a.

In the common-emitter configuration, base current is fixed. Now the hole
current resulting from multiplication cannot flow as base current because of the
external terminal constraint. Thus more electrons must flow in from the emitter
to neutralize these holes. It is important to note that the hole current resulting
from multiplication produces the same effect as would an equal current flowing in
the base terminal without multiplication. Therefore, as far as the collector current
is concerned, the effects of multiplication are multiplied by # when the transistor
is in the common-emitter orientation.

This result can be quantified as follows:

an(M)

POD =101

(7-31)

This means that f — co when ay(M) — 1, that is, when Moy — 1. The collector
current in the common-emitter orientation will thus become very large at a collector
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FIGURE 7-11
Effect of avalanche multiplication on transistor characteristics. (a) Common base;
(b) common emitter.

voltage much lower than BV¢y,. If we assume that Vi = V¢, when significant
multiplication occurs, we can find the common-emitter breakdown voltage BV,
which is the voltage V¢ at which I, — co.

Inserting the functional behavior of M in (7-31) and setting ay[M(BV g0} = 1,
we solve for BV g,

BV g = BVcpo(l ‘O‘N)l/" (7-32)

The transistor characteristics in the common-emitter orientation appear as in
Fig. 7-115. The operating voltage for the common-emitter transistor must be
maintained below BV, if the transistor is not to be destroyed by excess power
dissipation.

Equation (7-32) shows that the closer ay approaches unity, the lower is
BVcpo- For devices with large f, it is necessary to have large BV,p,, that is,
large junction breakdown voltage, if even a reasonable BV, is to be achieved.

EXAMPLE 7D BVg, for a Typical Transistor. Consider the transistor of
Example 4F, for which we determined by using the Lawrence-Warner breakdown
curves that BV y, ~ 50 V. Now suppose that the same device has f = 200.
Then 1 — ay = 1/B8y = 0.005 and

BV gy = BV po(0.005)/3

=8.6V

This device has a very small operating range in the common-emitter orientation.

1
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FIGURE 7-12
Base-width modulation effects.

Base-Width Modulation

If one plots the I Vy characteristics for a transistor in the common-emitter orien-
tation, it is observed that even for voltages well below BV, the curves have
considerable slope, as is shown in Fig. 7-12. Moreover, at any given Vg, the
slope increases as [z (and consequently /) is increased. Probably the most
important single contributor to this effect is the variation of the collector depletion
region, and hence the base width, with V¢z. Detailed analysis of this effect for
integrated devices is difficult because it requires use of the actual impurity profiles.
However, we can obtain semiquantitative results, which are useful in determining
design guidelines, by analyzing the abrupt-junction homogeneous-base device.

Consider qualitatively the base region of the integrated transistor. In for-
ward-active-region operation with V¢p =0, the collector depletion region will
have its minimum width, and for a given base current /g, the electron distribu-
tion in the base will be as shown in Fig. 7-13. Let the total number of elec-
trons in the base be Q. Then the base current is

;s
TII

and the collector current can be shown to be
P
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Electron distribution for fixed base current Ip.

where 1, is the effective minority carrier transit time, which is a function of w.
Now as Vcp is increased, the collector depletion region increases. Therefore the
electrons must redistribute themselves over a narrower base. But since /5 does
not change, neither can Q. Therefore the electron density must increase at the
emitter edge of the base, and the slope must increase at the collector edge as shown
by the broken line in Fig. 7-13.  Hence the collector current increases. In terms
of transit time, the transit time is reduced as w is decreased, and thus /. increases.
To find the slope of the characteristics, we need to calculate

0l 0l ow
WVer Ow Vg

(7-33)

But to proceed further for the integrated transistor we must know how /. depends
on wand how wdepends on V. For nonhomogeneous-base devices, the problem
is intractable. We therefore turn to the homogeneous-base device. For this case

2

~ w
T, ® 2D,

152D
Then Io=2 " =Bl (7-34)

wet,

ol 1\ dw

= —2BI4(~ 7-35
and (“‘ V(,"E ﬂ B("') ‘IVCE ( )
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Solving (7-34) for w and substituting the result in (7-35), we obtain

e =\/2 ,5y,, aw
= I 7-36
Veg L, 4 PdVes (7-36)

Now we let the base width for V. = 0 be w,, and the depletion width into the base
be w,. For Vg much larger than the built-in voltage ¢¢. we can assume

I Vegx VC’L“ _
2wy KV
where K is a constant. Since w = wy, — w,, we have

dw dwy -K

Ve dVer 2V
Inserting this in (7-36), we get
olc Kl B3'?

aI/CE B L,. 2VCE

From this we note that

1 For a given Vg, the slope of the curves increases with increasing /5.
2 Atagiven /gand Vg, transistors with larger 8 will have larger d//dV g.

Integrated transistors can be expected to behave qualitatively in the same
way, and dw/dVg can be crudely estimated from the Lawrence-Warner curves,
We expect transistors with large f to show more pronounced base-width modula-
tion effects than low f devices.

Inclusion of Base-Width Modulation Effects in the Four-Layer Model®'°

For a transistor operating in the forward active region with substrate reverse-
biased, the effects of base-width modulation can be included by means of a simple
approximation. If the collector characteristics of the device are plotted. it is
observed that each member of the family is well approximated by a straight line
over a wide range of values of V. Moreover, if the straight-line approximation
for each member of the family is extrapolated, it is observed that all have the same
voltage intercept — ¥, as shown in Fig. 7-14. This voltage is called the Early
voltage and is found to be independent of temperature.

Now if junction saturation currents are assumed to be small compared with
the terminal currents, the four-layer model equations for the collector and emitter
currents in the absence of base-width modulation are

I I
Iﬁx—c=lc(l +ﬁ)

Ay

Ic = L (e7V25/™T — 1ay
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FIGURE 7-14
(a) Extrapolation of the collector characteristics; (b) idealization of the collector
characteristics.

By applying simple geometric arguments to Fig. 7-14b, we find that with
base-width modulation the equations now become
V..
I = I(e®=s/m™T _ 1) (1 + 7‘5)

A
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These methods provide a simple way of including base-width modulation effects
in the four-layer model.

Space-Charge Layer Recombination

In calculating the emitter efficiency we assumed that the electron and hole currents
at the emitter edge of the base were the same as those at the emitter edge of the
depletion region. This approximation is not good at low values of forward bias
because a recombination current J,; occurs in the depletion region:

J g oc n, etV BE/2KT
The electron current injected into the base, however, is
J g oc n etV BE/T
n t
If we assume that hole current in the emitter is negligible, then
.‘]E =Jup+Ju
The emitter efficiency for this case is

Jng 1 Jog

~l — —

‘]E - 1 + ‘]rE/‘]nE - JnE

‘y:

which can be expressed as
y = 1- KleEG/ZkTe—qVBE/ZkT (7_37)

where K| is a constant and Eg; is the gap energy for silicon. Equation (7-37) shows
that y decreases at lower bias voltage; therefore we can expect § to decrease at
lower bias voltage. If one measures /., the result is as shown in Fig. 7-15, which
is in agreement with 7-37."'  The parameter m in the four-layer-model equations
1s used to account for this effect.

Qualitative Discussion of Transistor Design in Terms of Processing Variables

Several guidelines for device design can be inferred from the analyses of emitter
efficiency, transport factor, breakdown, and base-width modulation.

At first it appears that large § and large BV g, are not compatible require-
ments. However, note that the designer has a number of variables at his disposal.
He may choose N g, the junction depths, and within limits, the surface concentra-
tions of the diffusions. To obtain large B requires y - | and 77 — 1.

The transport factor increases as w decreases, but base-width modulation is
related to variations of w, and therefore to the way the base side of the depletion
region varies. By making Ny low, most of the increase of depletion width with
voltage can be made to occur on the collector side. For this case small w can be
used, and acceptable base-width modulation effects will result. Therefore, large
f can be made reasonably compatible with small base-width modulation.
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Effects of recombination in the emitter
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The breakdown voltage BV g, is directly proportional to BV s, which
depends on the relative impurity concentrations in base and collector. If N g is
small enough, BV g, in excess of 100 V can be achieved. For any given base
diffusion, the Lawrence-Warner breakdown field curves can be used to determine
what N ¢ is necessary to achieve a given BV z,. Consequently, both large  and
reasonable BV g, are compatible requirements if sufficient flexibility exists in the
selection of N gc.

Use of low N ¢ increases the parasitic resistance of the collector, since this
resistance varies directly with Ng-. This increase can be offset to some degree
by increasing the epitaxial-layer thickness, but the decrease of resistance is at the
expense of increased sidewall capacitance of the isolation junction, and increased
lateral diffusion. The surface area for a given isolation region also increases.
The collector resistance can be lowered by adding a buried-layer diffusion; note,
however, that this is done at the expense of adding extra processing steps.

For good emitter efficiency, it is desirable to have a large impurity concentra-
tion on the emitter side of the emitter depletion region, and a small Gummel
number for the base. But because of the diffusion boundary conditions, we
cannot independently select junction depth, surface concentration, and Gummel
number. If we try to achieve a low Gummel number for a given junction depth,
the surface concentration will be low, and surface inversion may result. More-
over, the depletion into the base from the collector junction will be greater with
low Gummel number, and hence base-width modulation will increase.

If we instead try to increase y by increasing the impurity concentration in
the emitter, the diffusion length in the emitter will decrease as a result of over-
compensation of the material, and y may actually decrease as a result. For many
devices, 7 is the limiting factor in determining . An acceptable compromise is to
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choose the base diffusion to minimize depletion into the base from the collector,
thus minimizing base-width modulation. Then the emitter diffusion can be
chosen so that a reasonable y is obtained. As a general rule, after all drive-ins
have been finished, the emitter surface concentration should be at least an order
of magnitude larger than the base surface concentration. The emitter surface
concentration has to be of the order of 10'° cm™3 in order to obtain ohmic con-
tacts where aluminum is used for interconnections.

7-6 HIGH-LEVEL INJECTION AND HIGH-CURRENT OPERATION
High-Level Injection

High-level injection is defined to occur when the excess majority carrier density
exceeds the equilibrium majority carrier density. In the base region of the n-p-n
transistor, this can be written as

P — Ppo > Ppo (7-38)

where p,, is the equilibrium majority carrier density. When this condition exists,
the minority density is also large, and

prn

In the integrated transistor, when high-level injection occurs, the carrier
densities are so large that the effects of the built-in field resulting from the impurity
gradient are negligible. The device then behaves approximately as a diffusion
transistor, but the diffusion coeflicient is approximately twice that at low-level
injection.!? This is because at high levels the drift component of current is ap-
proximately equal to the diffusion component. Thus, if one considers the total
current to behave as a diffusion current, one finds that the effective diffusion
coeflicient doubles.

In the integrated transistor, high-level injection effects occur in the base
region before they occur in the emitter, because the base impurity concentration
is lower, and therefore inequality (7-38) is realized at a lower current level in the
base than in the emitter region.

The law of the junction is also modified at high-level injection conditions.'?
If we assume that high-level injection occurs in the base but not in the emitter, we
find that the law of the junction becomes

n =n,o(0)e” 2=/2*T in the base at x = x;z + X,g

P = Ppo(0)e” 2=*T in the emitter at x = x;z — X,
where Vg is the applied voltage. We can write the current densities as
Jor = k(e — 1) (7-39)
Jag = ka(e®PEHT ) (7-40)

At high levels, a greater percentage of the total emitter current is carried by
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FIGURE 7-16
Decrease of B as a result of high-level >
injection. Inl,

holes in the emitter region than was the case for low levels, because of the change of
the law of the junction. Therefore, the emitter efficiency
1

T + (Jpeling)

decreases at high levels. In fact, if we assume that the base transport factor is
essentially unity, and that the common-emitter current gain is

y (7-41)

y 1
po—tr—
l—y 11—y

we can combine (7-39) to (7-41) to show that for high-level injection

1

/30(31—

nC
where I, is the collector current.

At high levels, the recombination rate increases in the base region, causing
a further degradation of f at high current densities. A sketch of § versus collector
current is shown in Fig. 7-16.

A fusther manifestation of high-level injection is a change of the slope of
I versus Vg, as is shown in Fig. 7-17. Again, the parameter m is used in the
four-layer model to account for high-level injection.

The approximate current I/%; at which § begins to decrease because of high-
level injection is

(7-42)

where L = emitter length (surface)
W = emitter width (surface)
&, = average conductivity of base region under emitter
w = undepleted base width
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EXAMPLE 7E Onset of High-level Injection for a Typical Device. Consider a
device having minimum emitter window size 0.5 x 0.5 mil, and undepleted base
width w =0.5 um. Let the average conductivity of the undepleted base region
be ¢, ~ 1 Ujcm.

If we assume that registration clearances are also 0.5 mil, then the surface
dimensions (neglecting lateral diffusion) of the emitter are 1.5 x 1.5 mil. The
onset of high-level injection occurs at a collector current of

Iy ~7.5mA 11

Current Crowding'*

A sketch of the emitter and base regions of an integrated transistor is shown in
Fig. 7-18. Note that the base current must flow laterally under the emitter
region; this base current flows to satisfy the net majority carrier requirements in
the base region. However, because of the nonzero resistivity of the base region,
the lateral current flow produces a voltage drop v, with polarity as shown. This
voltage is of such a polarity as to reduce the forward junction voltage near the

J

p-base

~
L]

£
~—t

FIGURE 7-18
Sketch of the emitter and base regions.
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center of the emitter. For a given applied voltage at the terminals, more injection
will occur near the edge of the emitter than at the center. The current is therefore
“crowded” toward the perimeter of the emitter, and the effective area of the emitter
is reduced.

From these qualitative remarks, we anticipate that crowding effects will
increase with increasing base resistivity. Since the base current increases as f
decreases, we expect that a decrease of B will cause an increase of crowding effects.

If there were no current crowding effects and the base current was uniform
across the base region, the lateral drop would be

vy =1Ipps —

I

where p, = sheet resistance of base layer (under emitter)
1

=
Now if we let T’ = base transport factor and y = emitter efficiency, we can relate
the base current to the emitter current by

Iy =1Ig(1 —yT")

» L

and we have v, = Ig( — yT")pg, =%

It can be shown that appreciable crowding effects occur when the lateral

voltage drop is 2kT/q. 'When this happens, of course, the base current is no longer

uniform across the base. However, it is useful to describe crowding effects in

terms of the emitter current Iz, which would produce a drop 2kT/q if there were no
crowding effects:

L 2kTlq

Igy w=———AO1 7-43

AT A A

Note that 7, is this emitter current times the number of squares in the base region.

When appreciable crowding occurs, the effective width of the emitter is

reduced, and is given approximately by
I
Weﬂ' ~W =
IE

Equation (7-43) also shows that the current at which crowding is significant is

174
Ig=Ig =1,—

/5

If we plot W/ W versus (Ip/1.)/(W/L), we obtain a plot similar to that shown
in Fig. 7-19. Since we have defined significant crowding to occur when (Ig/1,)/
(W/L) = 1, we see that for this current Wy =~ 0.6W.
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FIGURE 7-19
We W vs Ig/L/W/L.

Design for Maximum p'3

Both current crowding and high-level injection cause a degradation of 8. Thus
in designing integrated devices, we would like to arrange for appreciable crowding
effects to occur at about the same current level where high-level injection effects
become significant. The maximum g would then be approximately the 8 we could
expect to obtain at that current. We can find this current by using W, in the
equation for /}f,; this yields

kT 2 kT
Y =—1L§ x — L&, /2 -44
Iy 7 LUb\/l — T P Lg, Brmax (7-44)

When this condition is realized, detailed analysis shows that the effective base
resistance is reduced by crowding effects to a value

Ry
R =—
B(eff) 3
. L
where Rg=pgy W

Now if one must operate at currents above I}y, to realize B, the transistor
geometry must be changed. This should be done by using the minimum dimension
for L, and increasing W. Since crowding causes the current to flow near the
perimeter of the emitter, the emitter perimeter, rather than the area, should be in-
creased. Space can sometimes be conserved by using an interdigitated structure
as shown in Fig. 7-20.

EXAMPLE 7F'®  Design of a Transistor Jor High-current Operation. We now
consider the design of a transistor for operation at 500 mA with Bmax = 50.  Multi-
ple emitter stripes with operation at 500 mA with Bmax = 50.  Multiple emitter
stripes with interdigitated geometry are used and it is assumed that the average
base resistivity is p, =0.2 Q- cm. Because of the interdigitated geometry, each
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FIGURE 7-20
Interdigitated structure.

emitter stripe sees effectively a double base stripe as shown in Fig. 7-21. For
each emitter stripe, we denote the emitter current by I;. Using (7-44), we write
I, kT ,——
= /2B, =13 Alcm
L qp,
Next we must be sure that the voltage drop along the emitter metallization
stripe is negligible. For each emitter stripe, let L =/. Then we must have

/
1[ p;AI m < 0.025

where p;,, is the sheet resistance of the aluminum stripe.

For 0.5-um thickness of aluminum, p,, is approximately 0.05 Q per square.
The effective perimeter of the stripe is 2/ since crowding forces injection to occur
at the edge of the stripe. Therefore we must also satisfy the condition

I,
— =1,
5 30 A/cm

Combining these, we obtain
1 <221 x 1072 cm = 8.7 mils
If we choose / = 8 mils, the current per stripe is then
I; =130 x 2/ =53 mA

Ten stripes are therefore required. The layout for the transistor might appear as
shown in Fig. 7-22. i
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FIGURE 7-21
Emitter and base-stripe geometry (after Burger and Donovan'®).
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Topology of the high-current transistor (after Burger and Donovan'€),
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7-7 P-N-P TRANSISTORS

All of our discussion thus far has centered on n-p-n transistors. In many circuits,
notably biasing circuits and logic circuits, it is desirable or even essential to have
available a p-n-p transistor, preferably one whose characteristics complement
those of the n-p-n device. It is difficult to achieve a complementary p-n-p structure
without adding additional processing steps, but if the designer is willing to relax
the requirement for complementary characteristics, reasonable p-n-p devices can
be made with no extra steps. We consider first the extra processing step required
for compatible p-n-p devices.

The Triple-diffused P-N-P

The triple-diffused p-n-p structure is perhaps the most obvious compatible struc-
ture. While there are many ways to make integrated-circuit p-a-p transistors
using multiple buried layers, selective epitaxial layers, and complicated addi-
tional diffusion steps, the triple-diffused p-n-p structure is a straightforward
extension of the double-diffused n-p-n structure. An additional p diffusion is
used to form the p-n-p emitter. This p-n-p is doubly isolated—once by the p-type
wafer substrate and isolation diffusions and once by the n-type epitaxial layer, so
that all triple-diffused p-n-p’s in a given circuit could be placed in the same isolation
region.

The primary problem in triple-diffused fabrication is the successively higher
surface concentrations of the three diffusion steps. It is difficult to control the
phosphorus diffusion which forms the n-p-n transistor emitter because of anoma-
lous diffusion effects present with phosphorus. The second p-type diffusion must
therefore have a very heavy surface concentration; in fact it is not always possible
to get a workable structure which does not require exceeding the solid solubility
of the p diffusant. There is also a considerable problem in specifying diffusion
times and temperatures in order that the structure desired will result.

Because of all of the impurity compensation necessary for a successful
triple-diffused transistor, the lifetime of holes in the p-n-p base will be low. The
mobility will also be low both in the emitter and the base. Finally, because of the
heavy concentrations involved, the emitter efficiency of the triple-diffused device
is poor.

To alleviate many of the above problems, we might choose to lower the
concentration of the first p diffusion in order to lower the concentrations required
of successive diffusions. The difficulty inherent in the design compromise between
impurity-level reduction and p-n-p design is that a lightly doped p-type surface
will invert, producing an n-type conducting channel which shorts across the p region.
In the n-p-n transistor the inverted surface would short collector and emitter
together, while in the p-n-p it would short the base to the isolation region. There
is always the possibility for parasitic MOS transistor action, particularly in circuits
where surfaces are lightly doped or where high voltages appear on the intercon-
necting metallization. The channeling may be terminated by diffusing guard
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rings completely around all p regions. The guard rings in the triple-diffused
p-n-p-n-p-n compatible structure can easily be put down by using the p* third
diffusion.

From the foregoing discussion it should be apparent that the triple-diffused
transistor structure has serious design and fabrication difficulties which are out of
proportion to any performance improvements gained. Triple-diffused transistors
also suffer from increased transistor size, large parasitic capacitances, and low
breakdown voltages. Thus the triple-diffused p-n-p transistor structure has limited
application for integrated circuits.

Vertical P-N-P Transistors

We have already seen that a parasitic p-n-p transistor exists between the base,
collector, and substrate of the standard n-p-n device. It is difficult to make this
p-n-p a complementary transistor, and there is the additional disadvantage that
the collector is the substrate, which will be connected to the most negative supply
voltage. This disadvantage seriously limits the applicability of the device in cir-
cuits. However, some cases exist, such as emitter followers, where a substrate
p-n-p could be employed.

The cross section of the substrate p-n-p is shown in Fig. 7-23.  From inspec-
tion of this figure, several reasons can be deduced for the difficulty encountered in
producing complementary substrate p-n-p transistors. First, the base width is the
difference between the collector junction depth of the n-p-n and the substrate
junction depth. For epitaxial-layer thicknesses of 8 um, the base width will be
approximately 6 um. When compared with the typical base width of 0.5 um for
n-p-n devices, this 6 um seems intolerably large, since the transport factor depends
on the square of the base width. However, the problem is somewhat mitigated
by the fact that the epitaxial material has not been compensated, and therefore has
reasonably good lifetime and diffusion length. Diffusion lengths of the order of
30 um can be easily achieved; because of this, values of 50 for f are attainable.
While this is still much lower than typical values for n-p-n devices, it is still large
enough to provide reasonable performance.

The base width of the substrate p-n-p can, of course, be reduced by using
thinner epitaxial material. However, this compromises the behavior of the
n-p-n because the collector material of the n-p-n may be completely depleted by
even low reverse collector voltages, resulting in punch-through of the collector.
At the same time, the series collector resistarice of the n-p-n will also be increased.

The second degrading factor of the p-n-p performance arises because of the
relatively high resistivity of the collector material. We have already seen that a
typical epitaxial layer (8 um thick, Ngc =5 x 10'® cm™?) has a sheet resistance of
1250 Q per square. The region under the p diffusion, being only 6 um thick, has
a sheet resistance of 1660 Q per square. Thus the lateral base resistance of the
device will be considerably larger than that of the n-p-n.

A third degrading factor of p-n-p performance results from its increased base
resistance. Current crowding will set in at much lower current levels than is the




252 BASIC INTEGRATED CIRCUIT ENGINEERING

Collector Base Emitter
. m T & , /
n-epi.
p-substrate
FIGURE 7-23

Cross section of the substrate p-n-p.

case for the n-p-n device. This means that for n-p-n and p-n-p devices of compa-
rable size, the decrease of § with 7. will begin to occur at much lower values of I
for the p-n-p than for the n-p-n.

The emitter efficiency of the p-n-p is likely to be lower than the n-p-n because
the impurity level of the p diffusion has been chosen to optimize the behavior of
the n-p-n, and it will usually be lower than that required for good injection efficiency
of the p-n-p. Increase of the surface concentration of the p diffusion in order to
improve the injection efficiency of the p-n-p will result in decrease of the injection
efficiency of the n-p-n.

Finally, the parasitic collector capacitance of the p-n-p will be much larger
than that of the n-p-n because the sidewalls of the isolation diffusion cause the
collector junction of the p-n-p to have large area. The combination of large
collector capacitance and large base resistance contributes to poor high-frequency
behavior of the substrate p-n-p.

EXAMPLE 7G  Onset of Current Crowding in a Typical Substrate P-N-P. Con-
sider a substrate p-n-p with 8-um epitaxial thickness, Ngc =5 x 10'5 cm™3, p
diffusion junction depth of 2 um, and emitter 1.5 x 3.0 mils. If the registration
clearance is 0.5 mil, the n* diffusion for the base contact will be 0.5 mil from the
edge of the p diffusion. The lateral base resistance which contributes to current
crowding will be that directly under the emitter. This region is 1.5 x 3.0 mils, or
0.5 square. If we assume that single-stripe geometry is used, appreciable crowd-
ing occurs at a collector current of

1~ WIDQKTIg)

T =Tk

Suppose that the low current § is 50; that is,

_ T 1
T 1—9yT Tl =T

B =50
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We have previously calculated pl, = 1660 Q per square. Thus we find
I, = 6.26 mA

If this transistor is required to operate at a bias current of tens of milliamperes, it
will be necessary to increase the W/L ratio by an order of magnitude. This will
increase the size of the device, with a resulting increase of capacitance.

This same device has a series base resistance which does not contribute to
current crowding; this is the resistance between the n* contact diffusion and the
edge of the emitter. It has an L/W ratio of 0.5/3.0 = 0.167, and a resistance

Rp =0.167 x 1250 = 208 11

Exercise 7-6 Suppose the transistor of Example 7G has a minority carrier
diffusion length L, = 30 um, and that the net impurity concentration on the
p side of the emitter depletion region is 5 x 10'. Assume that the base
region is uniformly doped, and estimate the transport factor, emitter effi-
ciency, and f of the device.

Exercise 7-7 Compute the current level at which the onset of high-level
injection occurs for the device of Exercise 7-6.

The Lateral P-N-P'’

The restriction imposed on circuit use by the substrate collector of the substrate
p-n-p can be removed by making a lateral p-n-p, whose cross section and surface
geometry are shown in Fig. 7-24.  While rectangular surface geometry is shown
in Fig. 7-24, circular geometry can also be used. In this device, we rely on the
minority carriers injected from the sidewalls of the emitter to reach the collector
and provide the desired transistor action. Since the effective base width of the
device depends upon the distance between emitter and collector sidewalls, it is
desirable to have emitter and collector as close together as possible. An important
aspect of the fabrication of the device makes possible a narrow base width: both
emitter and collector are fabricated during the same diffusion cycle. This means
that no registration of masks between emitter and collector diffusions is required.
Hence the tolerance on spacing between emitter and collector is determined basi-
cally by the tolerance on control of the extent of lateral diffusion, that is, control
of the junction depth.

Note that parasitic substrate p-n-p transistors occur at emitter and collector
regions of the lateral p-n-p. Consider forward-active-region operation. For
this case the collector parasitic transistor has both junctions reverse-biased. The
emitter parasitic transistor is in the foward active region, however, and it reduces
the effective gain of the lateral device. In fact, since only the carriers emitted
from the sidewalls of the emitter contribute to lateral p-n-p action, we can see that
two guidelines should be observed in laying out the lateral p-n-p:
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FIGURE 7-24
(a) The lateral p-n-p transistor; (b) parasitic transistors associated with the
lateral device.

1 The emitter should be surrounded by the collector so that as much as
possible of the injection from the sidewalls is collected by the collector.

2 The minimum line width should be used for the emitter diffusion window,
in order to get the largest possible ratio of sidewall to bottom area, thus
minimizing as much as possible the effect of the parasitic p-n-p.

First-order Analysis of the Lateral P-N-P

From the foregoing discussion, it is clear that because of the dependence of perfor-
mance on sidewall emission, three-dimensional behavior will be important in the
lateral p-n-p. In order to obtain a tractable first-order estimate of performance,
we need to make a number of simplifying approximations. These are as follows:

1 The injection efficiency is unity.
2 As far as laterally injected carriers are concerned, we arbitrarily assume
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that only those carriers injected bétween the surface and a depth x;¢/2 have a
chance to reach the collector. The rest miss the collector and either recom-
bine or are collected by the substrate. We assume the effective sidewall
emitter area A for laterally injected carriers to be

AEz"_é"E(zL +2W) = x,(L + W)

where L is the length of the emitter window and W is its width. The effective
parasitic emitter area A, is assumed to be that of the surface area of the

emitter:
A, = L(W + 2x5¢0)
3 The effective base width w, for laterally injected carriers is approximately
the base width at the surface. The base width w, for other carriers is
“)"v ~ st - ch
where x;s is the substrate junction depth.

4 The minority carrier diffusion length in the epitaxial material is L.
5 Depletion regions are neglected.

Fortunately, the lateral p-n-p is a homogeneous-base device; this greatly
simplifies the analysis. The transport factor for the lateral p-n-p is

_ 1 o w2
Tl+wr2L?T 0 2L

T,
while for the parasitic p-n-p it is
T = 1 _ 1
YT+ w2L,2 1+ (x5 — x;0)22L,2
If the B of the lateral p-n-p is defined as the ratio of collector current to base

current with both collector and substrate reverse-biased, f can be calculated as
follows. The collector current is given by

_TilgAg

7-45
A+ A, (7-43)

(o

The base current is made up of the recombination current of laterally and vertically
injected carriers. In most cases x;s — x;c > w;, and vertically injected carriers
will dominate in the recombination current. If this is the case,

(0 =T)4,

s & (7-46)
Ag+ A,
Taking the ratio of (7-46) and (7-45), we obtain
5 _ TilAel4))
1-T,

A . 2 2 2
~(1- g5 (1+ 2 3
A 2L 2L w
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For most practical cases, w; € L,, and f is then

Ag 2L 2
~— |1 £ 7-47
prE(+3s) 0w
Equation (7-47) shows that as far as surface geometry is concerned, § depends on
Ag[A,, as would be intuitively expected. Using our approximations for 4, and
A,, we find that

A 1+ WL

A, 2+ Wixjc
This ratio shows that if L > W, there is no benefit gained from further increasing
L; rather, the surface area is increased with no significant improvement of . In
designing a lateral p-n-p, it is clear that one should use the smallest possible value
for W, and then choose L ~ 10W.

EXAMPLE TH Current Gain of a Typical Lateral P-N-P. Consider a typical
base diffusion with x;c = 2.0 um and assume that x;5 =8.0 um and L, = 12 ym.
Assume further that the minimum line width is W = 6.0 um, that w;, =3.0 um,
and that L = 60 um. For these values the area ratio is

A .
_E=_l_1_=o-22
A, 2+3
. 122
and B is ,B=(0.22)1+2? x2

Practical lateral p-n-p transistors have f in the range 1 to 10 so our estimate,
although crude, yields at least order-of-magnitude results.

For purposes of evaluating the degradation of performance caused by the
vertical parasitic effects in the lateral p-n-p, it is instructive to calculate the f of a
one-dimensional transistor with the same base-region material and 3.0-um base
width, but with no vertical parasitic effects. Such a device would have

This indicates that parasitic effects predominate in the lateral p-n-p. Even if W
could be reduced to 1 um and w, were reduced to 4.0 um, the resulting f would
only increase to

B = (0.40)(1 +2 12%;) =175

Although our figures may be in error by as much as a factor of 4, they at
least indicate that some means other than reduction of surface geometry must be
employed to improve f. Significant improvements can be made by using a buried
layer, and by using slightly lower Npc. The buried layer prevents minority car-
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riers in the base from being collected by the substrate, and reducing N . increases
the base-region lifetime. By employing these measures it is possible to fabricate
lateral p-n-p transistors with § of the order of 50. I

The lateral p-n-p also suffers from serious base-width modulation effects.
This is because the collector region is much more heavily doped than the base
region, with the result that most of the depletion at the collector junction occurs
on the base side of the junction. Moreover, because N4 is relatively low, the
depletion at a given voltage will be a considerable fraction of the base width.
Thus the punch-through voltage of the lateral p-n-p will be low, and the olc[oV
will be large.

EXAMPLE 71  Punch-through Voltage of a Lateral P-N-P. The calculation of
the punch-through voltage can be accomplished by using the Lawrence-Warner
curves, since the p diffusion is a gaussian profile in a constant background concen-
tration.  Consider the device of Example 7H, and assume N,, =5 x 10'® cm ™3,
We have seen in Chap. 4 that the built-in voltage of the collector junction for such
a case is about 0.6 V, so we assume that voltage. We also assume that the transis-
tor is operating in the forward active region; with the emitter forward-biased, the
emitter depletion region is negligible.

We need to calculate what junction voltage causes x,, — x, = 3.0 um. From
the Lawrence-Warner curves, we find that for V; =0.6, x,, —x, =0.77 um.
This is the case for an applied voltage of zero. By successive trials we find that
Xm — Xy =3.0 pm at V7 = 8.6 V. This device would therefore punch through at
Vep =8.0V. I

Frequency Effects

The lateral p-n-p transistor is inherently a low-cutoff-frequency device. This is,
of course, caused by the two factors which also contribute to its low current gain:
large effective base width compared with vertical n-p-n devices, and large ratio of
emitter bottom area to emitter sidewall area. The large effective base width con-
tributes a large transit time for laterally injected carriers which are able to reach
the collector. The epitaxial material under the bottom of the emitter contributes
a large volume in which minority carriers which do not contribute to collector
current must be stored.

We can make a crude estimate of the cutoff frequency of the lateral p-n-p on
a first-order basis by again making the approximation that the device consists of
two one-dimensional structures, a lateral p-n-p and a vertical p-n-p, with the
emitters electrically connected. The cutoff frequency of the device is approxi-
mately the ratio of collector current to total minority carrier charge stored in the
base region. If only the lateral transistor were present, its cutoff frequency would
be

o & —F
w

where D, is the hole diffusivity.
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With the vertical transistor also present, much more charge is stored under
the emitter than between emitter and collector; in fact, the latter charge is usually
negligible in comparison with the former. The cutoff frequency, including the
effects of the vertical structure, is given by

I 2D, Ap 1+ (4,]AR0m/w,)
TQ, Wi Ap+ Ay 1+ (A,/A)w,w)

or (7-48)

where @, is the total stored minority carrier charge in the base.

EXAMPLE 7J Calculation of wy for a Lateral P-N-P. Consider the device
which was described in Example 7H, for which we calculated § = 2. If we assume
D,=12x10"* m?/s, we find that the lateral structure by itself would have

2D

wr & —F =2.66 x 10° rad

L
The device has an 4,/A4 ratio of 4.55, w; = 3.0 um, and w, = 6.0 um. Using these
values in (7-48), we obtain

2D
wr X w—z" 0.058 = 0.155 x 108 rad
3
or fr=2.46 x 10° Hz

For purposes of comparison we consider an experimental device which was
fabricated with circular surface geometry.!® It had emitter window diameter
50 um, junction depth x;c =4.2 um, substrate junction depth x;3 =11.4 um,
lateral base width at the surface w, = 6.4 um, and diffusion length L, =28 um.
A plot of measured g as a function of frequency is shown in Fig. 7-25, from which
it is observed that the device has a low frequency § = 6.2, and a cutoff frequency
f5 =0.9 x 10° Hz. Then wy & 2rff; = 3.5 x 10°, and fy = 5.6 x 10° Hz.  ////

Exercise 7-8 Use Eq. (7-48) to calculate wy for the experimental transistor.
In calculating the area ratio, take into account the circular surface geometry.

Even though our analysis of the lateral p-n-p involves many approximations,
it at least can give order-of-magnitude estimates for f and wy. The results
indicate that at best the lateral p-n-p can be expected to have f; of several MHz.
Therefore the device is useful in applications only where low-gain-bandwidth
product can be tolerated. If the device is part of, for example, an operational
amplifier circuit, the lateral p-n-p must be used with a gain near unity or excessive
phase shift will result even at relatively low frequencies.
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FIGURE 7-25
Measured B as a function of frequency for an experimental lateral p-n-p (after
Fossum'®),

The Composite P-N-P'?

In some applications a p-n-p transistor is required in which only low-frequency
behavior is important, but a larger current gain is necessary than can be achieved
with the lateral p-n-p. If the lateral p-n-p is combined with an »n-p-n transistor, as
shown in Fig. 7-26, two results are obtained for the composite device:

I All the bias polarities for the composite device are the same as for a
p-n-p transistor.

2 The current gain of the composite device is approximately the product
of the current gains of the two transistors.

As can be seen from Fig. 7-26, for biasing purposes the current polarities at
the terminals of the composite are the same as would be the case for a p-n-p tran-
sistor. Note that for both transistors of the composite to operate in the forward
active region, it is necessary that the collector of the composite be at least ¥, more
negative than the base. It is easily shown that the current gain S of the composite
transistor is

Be = B,(1 + B,)

where B, and fi, are the current gains of the p-n-p and n-p-n, respectively.
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FIGURE 7-26 o
The composite p-n-p transistor. Collector

The composite connection affords a means for improving the gain of the
lateral p-n-p at the expense of the increase of area required by the n-p-n. In
addition to the area disadvantage, the frequency performance of the composite
transistor is poor, being basically-the same as for the p-n-p. Also, the collector
output conductance g, A d1/0V ¢ of the composite is rather large, since

Gee ® Gep(1 + Bp) + gn

where g, and g, are the collector conductances of the p-n-p and n-p-n, respectively.
As we have already seen, g., may be large for the p-n-p because of the excessive
base-width modulation attendant in the lateral structure.

Exercise 7-9 Show that the current gain of the composite transistor is
Bc = B,(1 + B,).

Exercise 7-10 Calculate the cutoff frequency of B, and show that the
frequency behavior of the composite transistor is dominated by that of the
lateral p-n-p.

The Field-aided Lateral P-N-P*°

The principal problems with the lateral p-n-p, as we have seen, arise from the in-
jection occurring along the bottom of the emitter. If this effect could be reduced,
the current gain could be increased. In fact, what is needed is enhanced current
crowding at the emitter, in order to force the injection to occur at the sidewalls.
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This can be accomplished, at the expense of increased area, by adding an additional
base contact and applying a bias between the two bases. The bias produces a
lateral field in the epitaxial material which causes the emitter sidewall toward the
collector to be more forward-biased than the rest of the emitter. In fact, if the
bias is large enough, the sidewall can be made to be forward-biased and the rest
of the emitter reverse-biased. Enhancements of f of an order of magnitude are
possible. The cross section and surface geometry are shown in Fig. 7-27.

The analysis of the field-aided lateral p-n-p clearly must include three-
dimensional effects. Computer-aided modeling techniques have been applied
to devices with circular surface geometry; the resulting calculated and measured f
as a function of applied base voltage are shown in Fig. 7-28.%

The Multiple-collector Lateral P-N-P

The lateral p-n-p structure affords a means of obtaining current division determined
by the surface geometry. If the artwork is arranged so that the collector is
divided into several segments, these collector segments are approximately inde-
pendent of each other as long as all have the same reverse bias relative to the base
of the p-n-p. The collector current in each segment is now proportional to the
area of the segment. Thus for the two-collector structure of Fig. 7-29a, for
example, we see that

I _ﬂ]BAa
c1 y
c
I _ﬂ]BAcz
2=
c

where A, and A, are the respective areas of the collectors, A¢ = A¢; + A, , and
B is the current gain with both collectors connected together: g = (I¢; + I¢;)/Is.
Note that the ratio I,/I¢, is A2/ Ay ; since these areas depend on surface geometry
they can be rather precisely controlled. The precision is reduced somewhat if
the biases are different, since different depletion widths at each collector will
change the ratio slightly.

A particular application for multiple-collector devices involves the use of one
collector to provide negative feedback in order to stabilize the current gain of the
p-n-p. Thisis shown in Fig. 7-295. The current gain f¢ A I/l is now given by

5, - _Aalddp
1+ (Ac2/A)B
Correspondingly, the area ratio required for a given ¢ and § is
/h _ BeB + Br
Aca B —Br
If reasonably large values of 8 can be obtained by careful processing, then S can
be made less dependent upon processing than f.
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FIGURE 7-27
Field-aided lateral p-n-p.
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FIGURE 7-28

B vs base bias for the field-aided lateral p-n-p (after Fossum??!),
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(@ (]

FIGURE 7-29 .
(a) Multiple-collector lateral p-n-p; (b) multiple-collector p-n-p using negative
feedback to stabilize f.

EXAMPLE 7K  Design of a Lateral P-N-P with Stable fr. Suppose we require
a p-n-p transistor with Sz which may be low, but must be relatively independent of
processing variations. In particular, suppose that S =2 is sufficient. Assume,
for example, that processing variations yield values of 15to 60 for f.  We therefore
design the layout so that the lateral p-n-p has two collector segments with A¢[A¢,
=2 x18=246. Then we obtain

Br =20 for g =15
Br=2.21 for § =30
Br =236 for By =60

The variation of a factor of 4 in 8 has produced only 18 percent variation of f.
It should be emphasized, however, that a lateral p-n-p having a ff; as large as 15
will certainly exhibit large base-width modulation effects. If the two collector
segments are operated at significantly different bias voltages, the effective base
widths for each collector segment will be different, resulting in a change of the divi-
sion ratio of collector current between the two segments. The value of S then
becomes somewhat dependent upon the collector bias voltages. 1]

Use of the Four-layer Model to Represent the Lateral P-N-P

In our analysis of the lateral p-n-p, we treated the problem in piecewise-one-dimen-
sional fashion, by considering the device to be basically a one-dimensional vertical
transistor combined with a one-dimensional horizontal transistor. Since we
considered only the forward active region of operation, the regions of the device
under the collector and between collector sidewalls and isolation region were not
important. For inverse-active or saturated operation, these regions must be
taken into account. This can be done by the same piecewise-one-dimensional
method we have already employed. Since no n* emitter diffusion is present, the
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FIGURE 7-30
Representation of the lateral p-n-p by a composite of three-layer models.

device is really a three-layer structure, and the model is as shown in Fig. 7-30.
Four one-dimensional models are involved: however, note that since only four
terminals are present, common junction voltages exist among the various models.
In the forward active region both ¢ and ¢ are negative; the two models on the left
have both junctions reverse-biased and do not contribute to device behavior. In
the inverse active region, similar remarks apply to the two models on the right.
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FIGURE 7-31

Hybrid-7 model for the lateral p-n-p.
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Only for saturated operation is it necessary to consider all of the models; even
then the substrate will generally be reverse-biased, and this will simplify the
analysis.

Small-signal Behavior of the Lateral P-N-P

For small-signal operation the lateral p-n-p is operated in the forward active region,
and a modified hybrid-m model can be used to represent the device. Since both
lateral and vertical transistors are in the forward active region, the hybrid-z is a
four-terminal model, as shown in Fig. 7-31. Since the substrate is connected to a
power supply voltage, C;s and g,., will generally appear in parallel with C,., and
ry- for common-emitter operation, and r,., < /g, .

7-8 DIODES??

It is obvious that diodes can be obtained by using any of the various junctions
which are formed as part of the standard fabrication process. However, except
for the diode made by the emitter n* diffusion into an isolation diffusion, all diodes
will not be two-terminal devices. but will have at least three terminals. Since we
are only using two of the terminals, we have some options regarding how the
remaining terminals are connected. If we assume that the substrate is always
connected to the most negative power supply voltage, this removes one option.
With the remaining options, there are six possible ways in which diodes can be
obtained, excluding the n* isolation diode which is not a useful option. These
six configurations are shown in Fig. 7-32; type f is made by omitting the emitter
diffusion. All have slightly different electrical characteristics. The forward
characteristics are shown in Fig. 7-33, from which it is evident that type a has the
lowest voltage and type d the highest voltage at moderate forward currents.

The diodes also have two parasitic capacitances which must be considered:
the capacitance which appears between the two terminals of interest, and the
capacitance between one terminal and the substrate. These capacitances are
shown in Fig. 7-34.

Storage time and breakdown voltage are also of interest. In Fig. 7-35 are
sketched the relative charge storage modes for each configuration.

Y DY) DY Y Dy

(a) (b) N

FIGURE 7-32
The six basic diode connections (after Meyer et al.22),




266 BASIC INTEGRATED CIRCUIT ENGINEERING

Diode type a bced

:E: 10 / ///
8 8 A/
6 /Y
/4
. /| //
s 74
0 4
550 600 650 700 750 800 850 900 950 1000
(a) ¢p(mV)
.g 18 l
< 16
14 /
. |
b
10 / /Z
8 VA
g d
6 ,/ /
4 // /A//
2 / V// ]
I
550 600 650 700 750 800 850 900 950 1000
® @p(mV)
FIGURE 7-33

Forward characteristics of integrated-circuit diodes. (a) 1.2 Q-cm collector,
200 Q per square base; (b) 0.1 Q- cm collector, 200 Q per square base (after

Meyer et al.22),
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FIGURE 7-34

Diode capacitances (after Meyer, et al.22).
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The choice of diode configuration clearly depends upon the circuit applica-
tion, which in turn determines the relative importance of forward voltage, capaci-
tance, storage time, and breakdown voltage. As we shall see in a later chapter,
some applications require large forward voltage and large storage time, while
others require low forward voltage and small storage time.

79 SCHOTTKY-BARRIER DIODES??

We have seen that regions of the epitaxial material that are to be contacted must
receive an n* diffusion in order that the contact be ohmic rather than rectifying.
This is, of course, essential for contacts to collector regions of n-p-n transistors.
However, a metal-semiconducter contact which is rectifying rather than ohmic
can be used to advantage as a diode. Such a device is called a Schottky-barrier
diode (SBD).

Schottky-barrier diodes are fabricated in their simplest form by opening
windows in SiO, over n-type epitaxial material and sputtering platinum onto the
silicon surface. The substrate is heated to 600°C in a vacuum chamber, and the
platinum and silicon react to form Pt;Si,. Aluminum is then deposited to con-
tact the PtsSi, as shown in Fig. 7-36a. Diodes fabricated in this way do not have
ideal VI characteristics; the reverse breakdown is of the order of a few volts, and
the forward characteristic is not sharp. This is because the p*-# junction formed
between Pt;Si, and the silicon is very shallow and consequently the radius of
curvature at the edges is very small, causing very large electric fields to exist at the
edges. The high field concentration at the edges causes breakdown to occur at
low voltages, and also causes larger leakage currents than would be observed in a
planar junction.

The problems associated with these high field regions can be virtually elimi-
nated by adding a guard ring, as shown in Fig. 7-36b. Here the p* diffused guard
ring removes the regions of small radius of curvature, and the VI characteristic
follows the ideal /=1I¢""*" for eight decades of current. The breakdown
voltage is now determined by the lower of the metal-semiconductor planar break-
down or p*-n junction breakdown with its larger radius of curvature. The
metal-semiconductor junction behaves almost like an ideal p*-n junction, and
has typical breakdown voltages of the order of 40 V. The breakdown voltage of
the guard-ring junction depends upon the junction depth and the impurity concen-
trations in # and p* regions, and will usually be larger than 40 V.

The guard-ring diffusion can be eliminated by applying an MOS overlay
around the Pt;Si, as shown in Fig. 7-36¢, and applying a negative bias between
silicon and overlay. This produces a depletion region in the silicon at the edges
of the Pt;Si, and reduces the edge-field effects which caused the low breakdown
voltage. However, in order to achieve the desired effects from the MOS overlay
at reasonable bias voltages, the oxide must be thin, as was the case for the MOS
transistor.

Schottky-barrier diodes have low forward voltage and very low storage
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) Pt,Si,
n-Si
(c)
FIGURE 7-36
Schottky-barrier diodes. (a) Basic structure; (b) guard-ring diffusion; (¢) MOS
overlay.

time—typically less than 0.1 x 107 °s. They are not obtained, however, without
additional processing steps, so their need in a given circuit application must be
weighed against the cost of the extra processing steps.

PROBLEMS

7-1

7-2

The transistor of Example 7B is used in an amplifier circuit in which the bias current
is Jc =2.0 mA and the load resistance is 500 Q. If the transistor has a cutoff
frequency fr = 500 MHz, calculate the voltage gain and estimate the cutoff fre-
quency.

For the circuit of Fig. P7-2, use the four-layer model for each transistor and calcu-
late the current 7 required to produce a given saturation voltage Vepgan. The
substrate is grounded. Insert numerical values of Sec. 7-2 for the four-layer-
model parameters and find /, for /o = 3.5 mA.

Consider a transistor in which the impurity concentration in the emitter is kept low
enough so that the diffusion length for minority carriers is much larger than the junc-
tion depth x;,. Derive an expression for the emitter efficiency y. Compare this
with the emitter efficiency of a homogeneous-base device.
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7-4  For the substrate p-n-p of Example 7G, calculate the emitter current at which the
onset of high-level injection occurs.

7-5 Derive an expression for By of the lateral p-n-p including the effects of y.

7-6 A lateral p-n-p is made with the dimensions given in Example 7H, but the minimum
line width used is 1 um. Assume that the emitter and collector junctions are step
junctions, and calculate the collector conductance arising from base-width modula-
tion at a collector voltage of Vo= —5 V and a current Ic = 2 mA.

7-7 For a transistor with the dimensions given in Example 7H, find what w; would have
to be used if avalanche breakdown and punch-through are to occur at the same
voltage. Calculate the B which would result at zero volts if this w; is used.

7-8 A lateral p-n-p is made with circular surface geometry. Derive expressions for the
normal current gain 8 and the inverse current gain Bi.

7-9  Use the four-layer model to derive expressions for the forward voltage of type a
and type d diodes (Fig. 7-32). Assume a forward current of 1 mA, and insert the
parameter values of Sec. 7-2 to obtain numerical results.
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THERMAL EFFECTS IN INTEGRATED CIRCUITS

Two aspects of thermal effects in integrated circuits are important: the first is the
behavior of integrated devices as the chip temperature changes; the second is the
manner in which the chip temperature varies. Device behavior is determined by
the temperature dependence of certain important bulk properties of silicon. Chip
temperature is determined by the ambient temperature, the thermal properties of
the chip and its mounting, and the total power dissipated on the chip.

In this chapter we consider first the temperature dependence of such bulk
properties as mobility, intrinsic carrier density, and energy gap, and from this we
deduce the effects of temperature on device terminal behavior. This information
is used to establish electrothermal models (ETM) for the devices. Such models
provide a convenient means of analyzing the behavior of a circuit as chip tempera-
ture varies. We then consider the effects of power dissipation, ambient tempera-
ture variations, and header mountings on chip temperature. Finally, through the
design of a temperature-stabilized substrate (TSS) system, we illustrate how device
electrical-thermal interactions can be used to control chip temperature.
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8-1 THERMAL BEHAVIOR OF SILICON BULK PROPERTIES!
Carrier Mobility

As mobile carriers move through the crystal lattice, they are scattered by collisions
with lattice atoms and with impurity atoms. This scattering effect determines the
value of the carrier mobility. As temperature increases, the collision cross section
of the atoms increases, resulting in a decrease of the mobility. One would expect
that for low impurity levels the scattering would be primarily the result of collisions
between carriers and lattice atoms. This is indeed the case: forimpurity levelsless
than about 10'® cm ™3, lattice scattering dominates; for higher impurity levels, both
lattice and impurity scattering take place. Since both effects must be included for
most of the impurity levels of interest in integrated circuits, the analysis becomes
quite involved. It is therefore customary to approximate the mobility by _

Il = C’T_" (8'1)
where T = temperature, °K
C’ = constant

n = parameter whose value is determined experimentally
Experimental data for mobility are given in Figs. 8-1 and 8-2.
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FIGURE 8-1
Electron drift mobility in silicon.
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Hole drift mobility in silicon.

If (8-1) were accurate, the slope of the curves in these figures would be
constant; however, we note from the curves that if (8-1) is to be used, n must be
considered to be a function of both impurity level and temperature. The best
procedure is to use these figures to determine the approximate value of 7 to use
in (8-1).

Once the mobility is determined, carrier diffusivity D can be determined from
the Einstein relation

kT
D= i (8-2)

From (8-2) it can be seen that the variation of D with temperature is negligible
compared with that of u.

Conductivity

The conductivity of a semiconductor depends in general on the mobility and density
of both types of carriers. However, for all cases of interest in integrated circuits,
the material used is sufficiently extrinsic that majority carrier behavior dominates.
We may therefore write

o =qu,p  forp-type

o =qu,n for n-type
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Conductivity versus temperature. (a) For n-type silicon; (b) for p-type silicon.

Moreover, the majority carrier density is approximately equal to the impurity
density. If the temperature is sufficiently large that all impurities are ionized, then
the majority carrier density is independent of temperature, and the temperature
dependence of the conductivity becomes that of the mobility. Curves of conduc-
tivity versus temperature for various impurity concentrations are given in Fig. 8-3.

Intrinsic Carrier Concentration and Gap Energy

The performance of junctions, and hence diodes and transistors, depends on both
the intrinsic carrier density »; and the gap energy E,. It can be shown that

n2 = K,T?  Fo/kT ¢y =6 (8-3)

where K; is a constant. The gap energy is also temperature-dependent, and is
given by

E,=1205-0.28 x 107°T

Thus the intrinsic carrier concentration is

0.28 x 1073 1.205
X ) (8-4)

2=KT3 ( =
n; ;T exp = T
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Lifetime

For temperatures of interest in integrated circuits, the bulk lifetime can be approxi-
mated by

t = te” EIkT (8-5)

where ¢, is a constant and E, is the recombination level energy difference. Typical
values for E, range from 0.03 to 0.12 eV for non-gold-doped material. A repre-
sentative value is 0.1.

The functional dependences we have given for various quantities involve
many approximations. Fortunately, with the exception of diffused resistors, device
performance is not critically dependent upon the values of such parameters as nand
E,. The functional forms we have given are useful in evaluating the way in which
temperature affects device performance. Where values of 5 are required, they can
be obtained from the curves of Figs. 8-1 and 8-2.

8-2 ELECTROTHERMAL MODELS FQOR INTEGRATED DEVICES?
Resistors

Consider a resistor made in uniformly doped material, such as the epitaxial layer.
For a resistor of length L with rectangular cross section of area 4, the resistance is
L L LT
" 0A  qu,nd  qnAC’

(8-6)
Now suppose the temperature varies from T, to 7,. Since 7 is a function of tem-
perature, it will also vary. The fractional variation of R, defined by

R(T,) = R(Ty)
R(Ty)

AV AN

is found from (8-6) to be
Rk
@

1 &7

where 51 and 70 are evaluated at 7, and T,.

For cases where variations of the order of 100 degrees are encountered, it is
necessary to use Fig. 8-1 or 8-2 to find #1 and 50, and then calculate A;. If only a
small variation dT about some operating point Ty, is required, we can proceed as
follows. Let R(T) be expressed in terms of a Taylor’s series about the operating
temperature Tj:

OR(To) o 0> R(To)

R(T) = R(Ty) + —= 7

dr* + ---
which can be written as

L OR(Ty) . n—1 1 3R(Ty
R(T,) oT 2T, R(T,) oT

R(t) = R(To)[l + dT? + ] (8-8)
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Now we define 8, the temperature coefficient of resistance at T, to be

1 OR(Ty)
R=ER(T,) or

Then (8-8) becomes

(n-l)éxdeJr__,]

T)=R )
R(T) (To) [1+ rAdT + 2T,

For sufficiently small dT, we can make the approximation
R(T) = R(To)(1 + 65 dT)

Typical values of 8 for several resistor types are given in Table 8-1.

(8-9)

(8-10)

EXAMPLE 8A Useful Range of Eq. (8-10). Consider ‘a resistor with n ~ 2.0.
Suppose we are willing to accept (8-10) as long as the third term of (8-9) is no larger
than 0.1 times the second term. Then (g — 1) dT/2T, < 0.1, from which we find

0.27,
n-—1

daTr <

If T, = 300°K (27°C), we have
dT < 60°C

For temperature variations larger than this, it would be necessary to use (8-7).

1

Note that 8 is a function of T,; Figs. 8-4 and 8-5 give measured values of
Sx(To)[8r(300°K) for several types of resistors. In these figures, the normalized
temperature coefficients of resistance are plotted, not the resistance itself. The
temperature coefficients are positive; and in Fig. 8-4 two curves are shown for emitter

resistors, each for different values of sheet resistance.

Table 8-1 TEMPERATURE COEFFICIENT FOR
SEVERAL TYPES OF RESISTORS

Region and Sheet resistance, ()/sq, 3x at 300°K,
type of material or concentration, cm~ 3 ppm
. 5 1500
Emitter, n 15 2500
100 1000
Base, p 200 2500
10* 8000
Collector, n 10t¢ 4000
107 3500

Base pinch, p S0 8000
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X
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FIGURE 8-4
Normalized temperature sensitivity 8z/8r(z7+c, for base and emitter resistors.
< ¢
2 Base width = 0.5u
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£
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o .
Z 09— Theoretical,
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0.7
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FIGURE 8-5

Normalized temperature sensitivity 8g/8p27:c, for base-pinch and collector
resistors.




280 BASIC INTEGRATED CIRCUIT ENGINEERING

Exercise 8-1 Assume that all resistors have n =2. A base resistor with

p. =200 Q per square is fabricated with R =20kQ at 27°C. Find R at 70
and 125°C.

We now consider the effect of temperature variations on the circuit perfor-
mance of resistors. Let small-signal quantities v and 7 be defined by
v A V(T + dT) — V(Ty)
iNIT, +dT) — KT,)
At a temperature T = T, + dT,

V(T) = (T)R(T)

If we make the approximation

R(T) = R(Tp)[1 + 65 dT]

we can write
V(Ty) + v = R(To)(1 + 6 dT)[I(T,) + i] (8-11)

Neglecting R(T,) 6 dTi in comparison with other terms, and making use of the
fact that V(Ty,) = R(T,)I(T,), we find

v = R(To)i+ R(TH(Ty) 6 dT  (8-12)

The second term of (8-12) is a temperature-dependent voltage whose value also
depends upon the bias current and the resistance.

An equivalent circuit such as that shown in Fig. 8-6 can be used to represent
the resistor for small-signal variations resulting from temperature variation dT.
Such an equivalent circuit is called an electrothermal model (ETM).

EXAMPLE 8B Use of the ETM. Two resistors are connected as shown in Fig.
8-7a; the resistors have values R, and R, at T,. R, is a base resistor and R, a
collector resistor; they have different temperature coefficients 6z, and z,. Wewish
to determine the voltage variation v as a function of temperature variation dT.

First we note that the bias currents at T are /; = IR,/(R, + R;) and I, =
IR,/(R, + R,). The ETMs for the resistor can now be used as shown in Fig. 8-7b.
Analyzing this circuit we obtain

IRR, (O, — Ox )R,_]
= B ! 27 2\ dT
"R, +R, [ R R, +R,

For /=1mA, R, =2kQ, R, =1kQ, 5z, =2.5x1073/°C, 8g; =8 x 1073/°C,
we find:

v=3.5mV/°C x dT 1
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+ % R(Ty)

<

+

- C) R(ToM(To)dg dT

FIGURE 8-6
Electrothermal model for a resistor. o— |

Exercise 8-2 A base resistor (5 = 2.5 x 1073/°C) and a collector resistor
(6g = 8.0 x 1073/°C), each having resistance of 1 kQ, are connected in series.
A voltage of 2V is connected to the series combination. Find the current
variation /7 resulting from a temperature variation dT.

Electrothermal models can be derived for other integrated devices as well as
resistors. They provide a useful means of evaluating the temperature effects in a
complex circuit; this can be done by replacing each device with its ETM and analyz-
ing the resulting network for the voltage or current variation of interest. Since the
circuit with ETMs embedded ir it is an electrical network, conventional analysis
techniques can be applied to it. For very complex networks, computer-aided
analysis programs can be used.

The basic techniques which were used to derive the ETM for resistors can also
be applied to other devices. We describe the results without detailed derivation.

’ ’ -O
I £, "’
1<D R, R, + +
Ryopidy dT Rylydp, dT
212

(@) b

FIGURE 8-7
(a) Two dissimilar resistors and bias current; (b) use of ETMs to find voltage
variation v with temperature variation d7.
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Junction Capacitors

For nonabrupt junctions, the capacitance can be reasonably well approximated
by

V -r
C:Co(l +—,) (8-13)
o

where V = reverse bias

¢¢ = built-in voltage

r = constant, depending on impurity profile at junction

C, = zero-bias capacitance
Typically 4 > r > 4. Capacitance variation with temperature results from varia-
tion of ¢¢ with temperature; this variation is approximately d¢¢/dT = —2 mV/°C.
The temperature coefficient A for the capacitance can be obtained from (8-13);
1t 1s

1dC
AA—=—
C=cdr
rvV _lqu’C
= — 0 — -l
¢,C(V+ é0) T (8-14)

The ETM for the junction capacitor is shown in Fig. 8-8; note that (8-14)
shows that to minimize capacitance variations, large reverse bias is desirable.

The Diode

For the intrinsic step junction diode, in which there are no bulk resistance effects,
it is possible to derive an expression for the temperature coefficient of the forward
voltage when the diode is biased with a current source. Integrated junctions are
much more difficult to analyze, but fortunately experimental results indicate that
for first-order temperature behavior they can be treated as step junctions. The
temperature coefficient y,, for diode voltage V¥, can be shown to be

dv,

d—T" ~ yp A —2mV/°C
approximately independent of temperature. Fig. 8-9a shows the ETM for the
diode with bias current /. In practical integrated circuits, bulk resistance is always
present; it can be included as shown in Fig. 8-96 by adding the ETM of the bulk
resistor r,. The effects of r, will differ slightly for the different diode connections.

Breakdown Voltage

The temperature coefficient y, of breakdown voltage depends upon the value of the
breakdown voltage, as is shown in Fig. 8-10, but y, is relatively independent of
temperature. For typical emitter junctions with breakdown voltage of approxi-
mately 7V,

V2o~ 2.3 mV/°C
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C(To) — C(T)icdT

FIGURE 8-8
ETM for the junction capacitor o

while for collector junctions with breakdown voltage of 40 V
Yze & 35 mV/°C
The ETM for the intrinsic junction in breakdown is given in Fig. 8-11. For

practical diodes, bulk resistance effects can also be included by adding the ETM
for the bulk resistance.

The Intrinsic NV-P-N Transistor

We consider here only the intrinsic transistor in the forward active region with
reverse-biased substrate junction, and we assume the effects of the substrate to be
negligible. From the four-layer model of Chap. 7 we can obtain the equations
which describe the device under these conditions:

Iy = Ip = Ly ("5 — 1) — o I, (8-15)
L= —Ic= —ayl (e — 1) — [, (8-16)

Ty

o AAAAA—
i % r = kTy/ql
—_ :
+ % r = kTy/q! ydT
+
v
- +
- > ydT rldpdT
+ —
or— O
() ()
FIGURE 89

(a) ETM for the intrinsic diode; () ETM including bulk resistance 7, .
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FIGURE 8-10
Temperature coefficient y; as a function of breakdown voltage.

For the emitter junction, it can be shown that the ETM is approximately
the same as that for a diode. The small-signal collector current can be shown to be

1 OB(T,) _ . I 05,(T),
lc_ﬁ(To) aT B(To)g(Ty) dT ﬁ(To)’B’i'm T

where ff = ay/(1 — ay) and iy = [014(T,)/0T) dT.
Let temperature coefficients ¢, and b be defined by

I,(To) dT  (8-17)

, L Alu(Ty)
= sZ(TO) aT
1 0B(Ty)
and bA
— (T, oT
i,
o S —
+

. (O ner

FIGURE 8-11
ETM for the intrinsic junction in break-

down. o—— |
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bB(TOI A To) 4T

\

.

FIGURE 8-12
ETM for the intrinsic transistor.

Then (8-17) can be written as
ic = bB(T)g(Ty) dT + B(To)ip + &L, (Ty) AT (8-18)

The ETM for the transistor is then as shown in Fig. 8-12.  In order to insert explicit
values for the temperature coefficients b and ¢, it is necessary to know on what
physical processes these depend.

It can be shown that the saturation current temperature coefficient ¢ is

4y N 1.205
g — + ——
T kT?
where 1 applies to the base region; thus & is of the order of 0.1/°C for silicon
devices. Nevertheless, I, is usually sufficiently small that ¢, [, dT can be neglected
except for large values of dT.

The value for b depends upon whether injection efficiency or base transport
factor is dominant in determining the value of f(T,). If the transport factor, that
is. base recombination, dominates, then
by —m—m— + —5 8-19

T kT? ( )
For this case b~ 8 x 1073/°C at T, = 300°K. If injection efficiency dominates,
then
pa U1 1) E
T ooar 2kT?

which for typical devices is b ~ 4 x 1073/°C at T, = 300°K.
If it is necessary to characterize the collector current in terms of ay, it can be
shown that the temperature coefficient

(8-20)

1 Oon(Ty,)
AL Ty T




286 BASIC INTEGRATED CIRCUIT ENGINEERING

0.7

dB o,
= (%/°C)

il
Bd
<o
=,

|

i B(Ty) = 50

0.5

T¢O)

FIGURE 8-13
Measured values of b as a function of T for two experimental transistors.

is related to & by

o b
~B(Ty)

Thus we see that for reasonably large S(T;), a will often be negligible in comparison
with other temperature coefficients.

Measured values for b as a function of T, are shown in Fig. 8-13 for two
experimental transistors, each biased at a collector current /o = | mA. For any
given device, the dependence of b can be calculated from (8-19) or (8-20).

Extrinsic effects such as bulk resistances can easily be included in the ETM
by adding the ETMs for these effects in appropriate places.

Lateral P-N-P Transistors

As one would intuitively expect, the form of the ETM for the lateral p-n-p is the
same as for the n-p-n transistor. However, for the lateral p-n-p, the base transport
factor usually dominates the determination of f because of the wide base, and
therefore

“okT: T Tar

For the intrinsic transistor, we would expect b ~ 4 x 107%/°C. For the extrinsic
transistor it should be noted that:

I Because f8 is very low, the base current will be much larger than for the
n-p-n, so base resistance will be more important for the p-n-p.

2 Because the base of the p-n-p is the relatively lightly doped epitaxial layer,
the base resistance itself will be larger than for the n-p-n.
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FIGURE 8-14

‘Measured values of b for two experimental lateral devices.

These two facts indicate that it will usually be necessary to add the ETM for the
base resistance to the ETM of the intrinsic p-n-p. Moreover, we can see intuitively
that because 8 and y, have opposite signs, the presence of resistance should
cause b for the p-n-p to be less than that for the n-p-n. That this is the case is
indicated by the measured values shown in Fig. 8-14 for two experimental devices
operated at bias current Ic & 1 mA. Curve A4 is for a device with = 0.46 and
base width 0.80 mil, while curve B is for a device with f = 2.4 and base width
0.6 mil.

8-3 APPLICATION OF ELECTROTHERMAL MODELS

EXAMPLE 8C Electrothermal Analysis of a Bias Circuit. A widely used in-
tegrated bias circuit, to be discussed in detail in Chap. 9, is shown in Fig. 8-15a.
We wish to calculate the variation of I with temperature. To do this we define

iAKTy+dT) — I(Ty)

and we replace the devices in Fig. 8-15a with their ETMs; the result is shown in
Fig. 8-15h. Note that Q, is a diode-connected transistor; its emitter junction
voltage will have a temperature coefficient y,. We assume that the emitter
junction voltage of @, has temperature coeflicient yr.

It can be shown that

I(Ty)=1mAxT~I =1

Then r; = 26 Q at Ty = 300°K. We also assume that f =50, d; =2 x 1073/°C,
and b=6 x 1073/°C. For these values, we calculate /4(T,) =0.02mA and
BT (Ty)b = 6 uA/°C.  The problem of finding i is now merely that of analyzing
the circuit of Fig. 8-15b using network analysis techniques.

If the two transistors are perfectly matched, as they should be if they have
the same surface geometry and the same temperature, then y, = y; and we obtain
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6x 1076 B —6x107% 6.8 x 1073/°C
j = — T Py ar 21
'TTec Y2y ( 5C R ) (8-21)
from which we find
i —17x1073
=7 g
7 5C T 111

+V(@4V)

gl. |1

<

I\

I
R(Ty) -
CD s () ptorame o7
+
5xR(T)1(Te) T
b
ypdT d) yrdT
+ +

Te % rs

®)

FIGURE 8-15
(a) Integrated bias circuit; () ETM for the bias circuit.
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FIGURE 8-16
(a) Differential amplifier; (b)) ETM for the differential amplifier with Vjpp =0 =

Vipm -

EXAMPLE 8D Effects of Temperature Differences on the Offset Voltage of a
Differential Amplifier. Differential amplifiers such as that shown in Fig. 8-16 are
frequently employed as the input stage of operational amplifiers. Because they
are usually followed by gain stages having voltage gains of the order of 40 to 60 dB,
no offset voltages in the differential amplifier can be tolerated. This means that
the input transistors must be very well matched, and care must be taken to ensure
that they both experience the same temperature. We wish to evaluate the effects
of small temperature differences on the performance of the differential amplifier.
Such temperature differences can result from having devices which are dissipating
large amounts of power on the same chip as the differential amplifier.

We assume that a bias current I is used for the differential amplifier, as
shown. Let the temperature at Q, be T, + dTy and that at Q, be T, — dTy.
Here T, is the average temperature, which will be larger than the ambient tempera-
ture because power is being dissipated on the chip. Since the resistors take up
more surface area than the transistors, it may not be possible to locate them in
close proximity to the transistors; therefore the temperatures of the two resistors
may not be equal, and they may each differ from the temperatures of the transistors.
Therefore we let their temperatures be Ty + dTg;, and Ty + d Tk, .
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We are interested in the offset voltage defined as V,,,, when V,py, = 0; thus
we wish to analyze the circuit when the transistor bases are connected together. If
transistors are perfectly matched, and if resistors are perfectly matched, there is no
offset voltage if all components experience temperature T,. Moreover, the emitter
currents for this case are both [/2. The voltage we wish to calculate is v, py, result-
ing from dTy, dTy,, and dTg,.

The circuit is most conveniently analyzed by focusing attention on iy, the
variation of emitter current. The ETM circuit is shown in Fig. 8-165. Here we
have obtained the dependent sources in terms of ay rather than B, since emitter
current is the independent variable. We have neglected the dependent source
involving [, , since it is assumed to be small in comparison with ayiy; the term
involving ay(//2)a dT has also been neglected because of the small value of a. For
the circuit of Fig. 8-16b, we can write

I
Vopm = RE Or(dTgy — dTg;) + 2Ray(Ty)ig (8-22)

and

. 2y, dTy
Igp= ——
E 2rg

_ 2yrdTrql
T 4kT,

_qlyr dTy

= —— -2

Combining (8-22) and (8-23), we find

1
Vopu = R= [5R(dTR1 — dTg,) + (8-24)

205 gy dTT]
2

For representative values we choose R = 10 kQ, Vo= 10, I = 1 mA, Ty =
300°K, ay = 0.995, and we assume that

dr=2%x1073°C  9;,=2x 1073 V/°C
dTy = 025°C  dTg, =2.0°C  dTg, = 1.0°C

Note that this corresponds to a temperature difference of only 0.5°C between tran-
sistors and 1.0°C between resistors. Inserting these values in (8-24), we obtain

UODM = 203 mV

Of'this, 10 mV is contributed by the resistor variationsand 193 mV by the transistor
variations.
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This example illustrates the importance of designing the layout of a dif-
ferential amplifier so that the transistor emitters are located on isotherms, as
temperature differences of the order of a tenth of a degree can produce intolerable
offset voltages. It also indicates that placement of resistors is much less critical
than that of transistors. I

Exercise 8-3 Suppose that all devices are matched and all are at the same
temperature. What voltage Vipy would have to be applied to produce

Vopw = 203 mV?
|

T

8-4 THE ISOTHERMAL CHIP

In Example 8D we saw a case for which small differences of the temperature of
devices caused large variations of circuit performance. In most integrated circuits,
however, temperature differences are of less importance than the actual temperature
of the devices. Such is the case when large power dissipation on the chip and large
ambient temperature variations occur. For example, circuits which must operate
over the military temperature range face large variations of ambient temperature.
If the temperature variations are sufficiently large, the component value variations
that result can alter the circuit power dissipation which, in turn, can change the
chip temperature. In poorly designed circuits, this can cause “thermal runaway”
and catastrophic failure.

How power dissipation and ambient temperature affect chip temperature is
perhaps best seen by means of an analog model in which

Current — power
Voltage — temperature
Conductance — thermal conductance

If we assume that power dissipation is uniformly distributed over the surface of the
chip, heat flow and temperature will be one-dimensional. We can then represent
the thermal situation with the electrical analog shown in Fig. 8-17. Here G¢
represents the thermal conductance of the silicon chip, G g the thermal conductance
of the die bond, Gy the thermal conductance from the header surface to the outside
of the header, and G the thermal conductance from header toambient environment.
Note that Gg will be a strong function of the means by which heat is carried away
from the header to the environment. If a heat sink is used, Gs will be larger than
for the header alone.
From the model of Fig. 8-17, we can see that
1 1 1 1

Ie=Pl—+—+—+=)+T
€ (Gc Gy GH+GS) ¢

Typical values for several headers are shown in Table 8-2.°
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—r
FIGURE 8-17
Electrical analog for the isothermal chip
and header.
Table 8-2 THERMAL RESISTANCE FOR SEVERAL
INTEGRATED-CIRCUIT PACKAGES*
TO-99 TO-86 Dual in-line
Test condition TO-100 TO-91 fatjpacs plastic package
Still air,
socket mounting 185 187 150
Still air,
soldered to
printed circuit 157 165 145
board
Forced air,
socket mounting 130 152 135

Heat sink on case,
socket mounting,
still air 133
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EXAMPLE 8E Variation of a Resistance with Temperature and Power. Consider
a circuit which has a power dissipation of | W. We wish to calculate the maximum
change of resistance of an integrated resistor as the ambient temperature changes
from —25 to +125°C and the power changes from 1 to 0.5 W. The circuit is
gold-bonded to a TO-99 header in free air.
From the mode! of Fig. 8-17, we see that the maximum change of chip
temperature is
AT, = AT, + AP P, ! !
o= 8T, + 87 (G 4 G4 o )
Inserting the above values, we obtain
AT maxy = 150°C + 99°C = 249°C

If the resistor had a constant temperature coefficient Az = 2 x 1073/°C, the frac-
tional change of resistance would be

AR
& = A AT =05

or a change of 50 percent. I

8-5 THE TEMPERATURE-STABILIZED SUBSTRATE

It is possible to stabilize the chip temperature if one is willing to expend some
additional power for temperature control. To accomplish this, an insulator is
inserted between chip and header as shown in Fig. 8-184. A sensor, such as a
diode, is used to detect temperature variation and convert it to electrical power.
This power is dissipated on the chip as control power. As ambient temperature
increases, the control power decreases. Such a negative-feedback system results
in a temperature-stabilized substrate (TSS).*~®

Let P, be the power dissipated by other circuits on the chip, and P the control
power dissipated on the chip by the sensor-heater circuit. We assume Py and P
to be uniformly distributed over the surface of the chip. If the thermal resistance
R; of the insulator is much larger than that of the silicon, the temperature change
from top to bottom of the chip will be negligible. The thermal resistance of the
header can also be ignored. Then the analog model for the system becomes that
shown in Fig. 8-185. From this model, we see that

T,=(Py + PR, + T, (8-25)
where T is the chip temperature
and Pc=K(T,s— T, (8-26)
where K is the transfer gain of the sensor-heater in watts per degree.
Substituting (8-26) in (8-25), we find
o R(Py+ KT, )+ T,

s 1 + KR, (8-27)
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Py Sensor Pc
Chip
Insulator
Header
(@)
Sensor-heater
oT, +
T 1)K (T - Ty = Pc
Py Ri -
.+.
— T,
)
FIGURE 8-18

(a) Cross section of the temperature-stabilized system; (b) model for the system,

Now we can calculate the variation of T, with T,:

or, 1
oT, 1+ KR,

a

(8-28)

If the sensor heater has sufficient gain that
KR;» 1

we see that the temperature T, is essentially independent of T,. If both power
and ambient temperature vary, the change of substrate temperature is

oT oT, 1
T.=—dP, —dT, = ——— (R, dP T,
AT, = 552 dPu+ 57 dT. = o (R Py + dT)

Thus we see that if K is sufficiently large, dT, can be made negligibly small.
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Design of a TSS

The stabilization of the temperature is accomplished at the expense of control power
Pc. In designing a TSS we wish to minimize P.. Qualitatively, we can see that
when T, is maximum, P should be zero, and Py is then sufficient to maintain the
temperature at T, = T,.;. However, when T, is minimum, P, must be added so
that the temperature T, can still be maintained at T, = T,.;. Clearly the maximum
P is required when T, is minimum. The design procedure is therefore as follows:

1 Choose T, ¢ as large as the chip will tolerate (about 200°C). Note that
T;es must be larger than T,..,.

r

2 Choose R; so that when T, = T (.., Ty = T, in order to make Pc =0
for this condition. Thus

Trer = Ta(max) + Py Ri (8'29)
3 ForT,= Tominy» T is still required to be T,.;. Therefore
T, =Tt
= Tagminy + PuR; + Pc R;

Pc
= 4 g(min) + [Tref - Ta(max)] + IJ—H [Tref - Ta(max)]

Then the required control power P can be found:

T,

T - )
Pe=Py Za(max) ~ - a(min) (8-30)

Tref - Ta(max)
Note that (8-30) shows that to minimize P, T,.; should be as large as per-
missible.

4 Design a sensor-heater to have gain K sufficiently large to produce the
required stability 0T,/0T,. From (8-28) we have

1 1
== — =1 8-31
K=% (an/aT., ) ®-31)

Substituting (8-29) in (8-31), we obtain

= -1 8-32
K Tref - ’I:x(max) (an/aTa ) ( )

The system design of the TSS is now complete.

Design of a Reference Temperature and Sensor

From the diagram of Fig. 8-18b, the system appears to have a serious drawback in
that it requires a reference temperature source T,.,. However, this disadvantage
can be easily overcome by combining the functions of reference temperature and
sensor on the chip. The basic circuit is shown in Fig. 8-19, in which the equivalent
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-0
f
|
| Heater

FIGURE 8-19
Circuit for the sensor-heater reference-temperature circuit.

reference temperature is provided by the voltage divider R; and R, and the diode
acts as the sensor.

Since both resistors are on the chip, they have the same temperature, and V,
is therefore independent of temperature.  V;, however, decreases with temperature.
By choosing the proper V,, we can make V; = V, at the temperature we require
for T,. At this temperature the output of the differential amplifier will be zero,

and this will cause the heater power to be zero. The design of the circuit proceeds
as follows:

1 Choose a value for 7, say | mA. Then
Vl = VD(I’ ’I;l(min)) é VD

VCC - VD
I
2 Calculate AV, for T, = T,.¢, where T, is the desired reference tempera-

ture. Let AT = T,.t — Tymin- For a diode, AV;=ypAT. Then at
Ts = T:'ef’ let

and R=

Vls = Vl [Ta(min)] + AVl
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3 At T,=T,,;, we want V, = V,; that is,

V,
Vie=V, = ¢«
1+ R,/R,
. R, Vee
f hich e Z € C R
rom whic RVt AV,

4 Choose a value for Ry; calculate R,.
5 Choose R¢ and I for the desired voltage gain in the differential amplifier.

EXAMPLE 8F First-order Design of a TSS for a Reference Temperature of 200°.
Suppose we have a system with Vg = 10.7, and we assume V), = 0.7 at 0°C, and
yp= —2 x 1073/°C. Suppose also that the circuits on the chip have a total dis-
sipation of 40 mW and that we wish to stabilize the chip temperature to +£0.5°C
when the ambient temperature varies from 0 to 100°C.

First we calculate P, = Pu(100 — 0)/(200 — 100) = Py =40 mW. Then for
this P, the thermal resistance of the insulator must be R; = 100/40 mW = 2.5°C/
mW. Glass, ceramic, or other insulator can be selected with the proper thickness
to produce this R;.

The stability we require indicates that 8T,/0T, = AT,/AT, = 1-100 = 10~ 2.
Using (8-32) we find

40 mW
K=———99 ~ 40 mW/°
100° 0 mW/°C

Now we choose I = 1 mA for the sensor circuit; then R =10 kQ. We cal-
culate

Vie=Vo+ 1o AT =07+ (=2 x 107*)200=0.3V
Then V, =0.3 and

R, 107
—~=—-1=35
R, 03
Arbitrarily selecting R; = 1000 Q, we find
R, =35kQ

1If we now select R, = 18 k{2, and choose Iz = 1 mA so that the transistors do
not saturate, the voltage gain of the differential amplifieris 18 x 103/52 = 33. This
means that with a diode temperature coefficient of y, mV/°C, the sensor gain at
the output of the differential amplifier is 33y, mV/°C. For an overall gain K =
40 mW/°C, the heater must have a transfer function 0.61 mW/mV.

Fortheambienttemperature range specified in thisdesign, the required control
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power is equal to the circuit power. OQur first-order design has neglected the power
dissipated in the sensor circuit; this should be taken into account since it may be
comparable to the power in the circuit being controlled. I

8-6 LATERAL TEMPERATURE VARIATIONS

We have thus far assumed that the chip surface is isothermal; this assumption is
valid only if the power dissipation is uniform over the surface of the chip. It is
unlikely that the power dissipation will be uniform in most circuits. For chips
which are mounted directly to the header by means of gold solder or similar die
bonds, moderate power dissipations of the order of 100 mW, even though localized,
will not produce much temperature gradient at the surface of the chip. However,
we have already seen that temperature variations of a fraction of a degree are suf-
ficient to influence certain special circuits such as differential amplifiers. The
detailed analysis of steady-state temperature distribution in the chip involves the
solution of Laplace’s equation in three dimensions. Because of the boundary
conditions involved, the solution is likely to be intractable for most cases, and
computer-aided analysis is necessary.’

For chips mounted on insulators as in the case of the TSS or of electrothermal
filters, temperature variations of the order of 3 degrees can occur across the surface
of the chip. For electrothermal filters, layout of the circuit is critical, and a two-
dimensional analysis in the frequency domain is required; again a computer-aided
analysis is necessary. Even for temperature-stabilized systems, the effect of these
relatively small temperature gradients at the chip surface makes the placement of
heaters and sensors critical, and a computer-aided analysis is necessary if precise
control of temperature at a particular location on the chip is required.

/rL : 4

Power
transistor

2.5

b oo
S
Ln

x Silicon
% R
/ Gold film *

| Isothermal header, I,

All dimensions in mils

FIGURE 8-20
Hypothetical chip and mounting used to illustrate lateral temperature variations.
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Table 8-3 CALCULATED TEMPER-
ATURES T,— T, PER
WATT DISSIPATION OF
THE TRANSISTOR IN
THE HYPOTHETICAL
CHIP OF FIG. 8-20

n T,— T, °C/W

1.19

5.18

0.60 }silicon chip surface
0.072

0.017

0.19
0.64
0.10 )silicon-gold interface
0.012
0.003

SOOI R W -

—_—

Some idea of the problems encountered with variations of temperature across
the chip can be obtained from the hypothetical chip shown in Fig. 8-20.  This chip
is 40 x 40 mils, 5 mils thick, using a 2.5-mil gold die bond to a header which is
assumed to be a perfect heat sink at temperature T,. A single power transistor is
located with its centerline 10 mils from one edge of the chip. Because the transistor
is uniformly distributed in the y direction, the temperature distribution in the y
direction will be uniform. Temperatures at the numbered points have been com-
puted using a simple finite-difference solution of Laplace’s equation in two dimen-
sions; the results are given in Table &-3.

In high-power circuits involving localized power dissipations of several watts,
conventional die bonds to ordinary headers are not sufficient to reduce tempera-
ture gradients to an acceptable level. For example, in an amplifier with 15-W out-
put capability, temperature variations of approximately 100°C across the chip
surface are observed. For such high-power circuits, special headers of stainless
steel with copper overlay must be used, and considerable care must be taken in the
layout of the circuit in order to minimize the effects of temperature gradients on the
circuit. In this case the designer attempts to use geometrical symmetry in order to
place critical devices along isotherms.

PROBLEMS

8-1 A diode is operated with bias current of 1 mA. Use ETMs to determine what bulk
resistance it must have if the temperature coefficient of the total voltage is zero.

8-2 A Zener diode is needed with breakdown voltage of 20 V, and temperature coefficient
as near zero as possible. It is to be obtained by putting forward-biased diodes in
series with a reverse-biased diode. How many forward-biased diodes should be
used, and what breakdown voltage should be specified for the reverse-biased diode?
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In Chap. 7, it was shown that feedback could be used in a lateral p-n-p transistor
with two collector segments in order to stabilize the 8. Suppose the p-n-p has 8 = 15,
and the collector segments are chosen as in Chap. 7 to produce Br =2. Assume
that only intrinsic effects need be considered, and use ETMs to calculate the temper-
ature coefficient of B .

The TSS design of Example 8F ignored the power dissipation of the sensor circuit.
Reformulate the general design equations to take into account the sensor power,
and recalculate the values for Example 8F.

Design a heater circuit to be connected to the output of the differential sensor
amplifier of Example 8F, with the required transfer function of 0.61 mW/mV.
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BASIC LINEAR INTEGRATED CIRCUITS

Through common usage, the term /inear has come to denote the class of integrated
circuits which are not digital or switching circuits. In reality the term is mis-
leading because many of the circuits in the linear class depend heavily upon certain
device nonlinearities for their operation. An excellent example of this is the
general biasing problem, in which the nonlinearities of junctions are combined
with the matched-component property of integrated circuits to produce bias circuits
that require no capacitors and that are stable with temperature. What is really
meant by the term “linear” is that class of circuits in which the signal variables
are treated as continuous as contrasted with those circuits, such as digital circuits,
in which quantized variables are a functional requirement.

The circuit designer accustomed to discrete-component circuit design, upon
viewing the circuit diagram of an integrated operational amplifier for the first
time, is undoubtedly staggered by the large number of transistors employed and
by the complexity of the circuit. As we have previously pointed out, transistors
are no more difficult to fabricate than resistors, and the former generally require
less area. Thus the integrated-circuit designer recognizes no economic preference
for resistors; rather, the opposite is the case. The complexity of the circuit arises
from the sophisticated circuit techniques which have been developed to take
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advantage of the matched-component and approximate isothermal properties of
the integrated circuit in order to provide simultaneously stable biasing and large
gain without the use of capacitors or large resistors.

Because of the complexity of linear circuits it is important that the integrated-
circuit designer be well acquainted with certain techniques which are widely used
for biasing and gain in such circuits as operational amplifiers. In this chapter we
examine these techniques in detail.

9-1 TRANSISTOR MODELS

In Chap. 7, we made use of the four-layer nonlinear model for the transistor for
dc calculations, and showed how the frequency dependence of the device could also
be included in the model. For forward-active-region operation with reverse-
biased substrate, the model can be simplified considerably. If we assume the
effects of the substrate to be negligible, the equations for the n-p-n transistor for

direct current become
L) [ 1 —a][la= ™ —1)
[_Ic] ~ [_“N 1 ][ — 52 ¢-D

where the currents are defined as shown in Fig. 9-1a. Small-signal low-frequency
behavior can be obtained by taking /:/d¢, etc., and frequency behavior can be
obtained by inserting parasitic capacitances and the frequency behavior of ay.
For design purposes, however, it is more convenient to have a progression of
models of varying complexity, each tailored to specific needs.

A Model for Biasing

In many cases the dc behavior is determined primarily by the external circuit and
the salient features of the device, and only secondarily by detailed device behavior.
For example, (9-1) shows that the collector current is basically independent of
collector voltage. We have also seen that the emitter voltage is a weak function
of the emitter current, and for even an order-of-magnitude variation of emitter
current, the emitter junction voltage is approximately V,,. A model which incor-
porates these two properties is shown in Fig. 9-15.  Even in cases where the circuit
performance may depend upon detailed device behavior, it is usually worthwhile
to make use of the model of Fig. 9-1 first in order to establishapproximate operating
conditions. This procedure will help the designer determine what approximations
can reasonably be used in detailed analysis. Once these approximations are made,
the analysis using (9-1) generally is simplified.

Small-Signal Models

Probably the worst way to proceed in analyzing the behavior of a small-signal
circuit is to use the most complex model available for the device. Not only does
such a procedure lead to lengthy computation, but by its complexity it also obscures
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FIGURE 9-1
(a) Definition of current polarities; (b) first-order active-region model applicable
for most bias situations.

the really important aspects of the circuit behavior. Instead, one should begin
with a highly idealized and simple model for the device. One can then focus on
important circuit behavior and obtain some idea as to reasonable approximations;
one can usually determine also what features of detailed device behavior will next
be important. The complexity of the model should then be increased to include
only those features which seem 10 be of first-order importance. Consistency tests
can often be made at this stage to determine whether further complexity is required.
The procedure of using a progression of models of increasing complexity is especially
important in design. Here the designer must evolve a circuit configuration to
meet certain performance specifications. He must therefore evaluate the con-
figuration in the early stages of design to determine if it must be modified in order
to meet these specifications. 1f a particular configuration will not meet the speci-
fications when analyzed with a highly idealized device model, it certainly cannot
meet them with a more complex and less ideal model. Before wasting consider-
able analysis time and effort on a circuit, the desigrer must be reasonably certain
that it has a chance of meeting rhe required specifications,
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A zero-order small-signal model for the transistor is shown in Fig. 9-2a; this
model incorporates only the most outstanding properties of the device. It can be
obtained from the model of Fig. 9-1b by taking small variations of the currents
involved. Note that it is the model for what could be defined as the “ideal”
transistor.

In some cases, the small-signal behavior of the emitter junction is important
in the circuit being analyzed; this behavior can be incorporated on a low-frequency
basis as shown in Fig. 9-2b. The resistors in these models represent the dynamic
behavior of the emitter junction, and are dependent upon the bias currents:

_ qlc
Im = kT
ree=L =@+ 1
GIm
, mkT oaymkT
==
gl glc

These two models are equivalent, as can be seen by comparing their terminal
behavior and making use of the fact that /I =~ ay. The second model of Fig.
9-2b will be recognized as a simplified form of the hybrid-z model; it is more useful
when i, is the independent variable.

If it becomes necessary to include base resistance and base-width modulation
effects, the model of Fig. 9-2c is used. In this model the conductances g,.. and g,
represent the effects of base-width modulation, and are dependent upon the bias,
the impurity profile in the base, and the resistivity of the epitaxial layer. The
base resistance r,, depends upon the geometry and the base-layer resistivity but is
at least first-order-independent of bias. As guidelines, the following approxima-
tions! can be employed for g,.. and g.,:

Gee = NGm
_kT'1 aw

T g wdVey

g ~29
b’c ﬂ m

n

where § and 7 are evaluated at the particular bias voltage used. The factor 7 is
clearly a measure of the variation of the base width with collector-base voltage; itis
typically of the order of 10”*. Both g,.. and g., vary with bias current in the
same way as does g,,. Since f is of the order of 10?, g, will in many cases be
negligible in comparison with g.,. If fis limited by emitter efficiency, as is the
case in most integrated transistors, g,.. will be much smaller than ng,,/f.
Frequency effects may also be incorporated in a progression of models. The
intrinsic cutoff frequency of the device is represented in Fig. 9-2d by the diffusion

capacitance given by
1

’

re Dy

Cy=x
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FIGURE 9-2

(a) Zero-order model; (b) first-order model; (¢) complete low-frequency model;
(d) first-order model including intrinsic cutoff frequency; (¢) model including
parasitic capacitances; {f) model including parasitic capacitances and base-width
modulation effects.
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where w, is the alpha cutoff frequency which is approximately wy, the frequency
at which f = 1. When parasitic capacitances are included, the model becomes as
shown in Fig. 9-2e where

Coe=Cy + Cp

Coe = Cye

The substrate capacitance C;s is shown grounded, since it is assumed that the
substrate is connected to a supply voltage.

Base-width modulation effects may be included as shown in the complete
model of Fig. 10-2f.

Exercise 9-1 Find the Thévenin equivalent at the collector-emitter ter-
minals for the model of Fig. 9-2¢ if the small-signal base current is zero.
What does this become if g,.. < 1/r,..?

Exercise 9-2 A transistor has negligible r,,.. If a load resistance R, =
1/gy. is connected between collector and emitter, what is the small-signal
low-frequency voltage gain A, = v, /v,, for the model of Fig. 9-2¢? How
does this differ from the result obtained with the model of Fig. 9-25?

Miller-Effect Multiplication

Under certain circumstances g,.. and C,.. may be magnified, and thus no longer
be negligible. This is of particular importance in the design of amplifiers with
large input impedance, and in the design of amplifiers with large bandwidth.

Consider the circuit of Fig. 9-3, which is a simple common-emitter-amplifier
circuit. If we analyze the circuit using the model of Fig. 9-2b, which includes only
the effect of the emitter junction, we find

Vo= ~(gmrpe)is Ry = ~Piy Ry

Upre
Gin é =
Upre Toe

To focus attention on the effect of g,.. on input conductance, we use the model of
Fig. 9-2¢ and neglect r,,. and g, the resulting small-signal equivalent circuit is
shown in Fig. 9-3b. We note thatg,, » 1/ry.., and also 1/r,., > g,..; if it is assumed
that G, > g,.., we find
_ ~Biy Ry

1+ (gyreroeXl + gm Ry)
A, = —gn Ry,

Vo

1
Gin = gb’c(l + Im RL) + 'r—-
b'e
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FIGURE 9-3

Miller-effect multiplication. (a) Small-signal common-emitter amplifier circuit;
() equivalent circuit for evaluating effects of g, on input conductance; (c) equiv-
alent circuit for evaluating effects of Cy.. on bandwidth.

Note that wherever g,.. appears in these expressions it is multiplied by
the factor

1+ngL=1—AU

Now let us focus attention on the effect of C,... For this purpose we use
the equivalent circuit of Fig. 9-3c.  Analysis of this circuit yields

—BI(s)R,
1 + S(Cb’c rb’e)(l + Gm RL)

Vo(s) =~

A0~ —g. R,

]

Iy

Yin(s) ~ + scb'c(l + ngL)

e

As we expected, the effect of C,.. is greatly magnified, since it appears everywhere
multiplied by the factor 1 + g,, R, . This causes an increase of Y;,, and a reduction
of bandwidth of ¥,. Of course, we have not considered the effects of C,., here,
but we can see intuitively that if large 4,(0) is used, the effects of C,,.. on Y;, and the

bandwidth of ¥, may be comparable to the effects of C,,.
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9-2 BIASING CIRCUITS

In order to set the stage for the discussion of integrated biasing circuits, we first
consider the problem of obtaining a bias current source. In discrete-component
circuits this is done by using negative feedback to stabilize the emitter current of a
transistor, as shown in Fig. 9-4. Here resistors R, and R, provide a voltage
divider which fixes the voltage across R, thus determining the emitter current of Q.
The collector current I is thus stabilized against temperature variation and varia-
tion of transistor parameters. If the circuit is to be employed as an amplifier, a
capacitor is added as shown, a load resistor R, is inserted in the collector circuit,
and the input signal is inserted through a capacitor at the base.
This circuit is not acceptable for integration for two reasons:

I 1t requires two capacitors, one of which has a capacitance of several uF.
2 It uses three resistors. Moreover, to obtain maximum gain, Ry and R,
will have large values and therefore require large area.

A more appropriate circuit employs shunt-shunt feedback as shown in
Fig. 9-5. This method uses no capacitors and only two resistors, but has the
disadvantage that it does not exhibit current-source behavior. However, the
negative feedback employed ensures that the operating point will be stable with
variations of temperature and transistor parameters.

The Widlar Circuit?

A basic biasing circuit, many variations of which are widely used in integrated
circuits, was originated by R. J. Widlar and is shown in Fig. 9-6. This circuit
capitalizes on the fact that Q, and Q, can be made to be identical and to have the
same temperature. It also makes use of large negative feedback to stabilize the
operating point of Q;.

To analyze the circuit, we assume active-region operation, and make use of
the model of Fig. 9-1, together with knowledge that the transistors are identical.

+ Vee

FIGURE 9-4
Discrete-component biasing circuit. e
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+ Vee

Ry

FIGURE 9-5
Feedback biasing circuit. p—

Since the transistors are identical and have the same base-emitter voltage, they must
have approximately equal collector currents. The bias current [ is

= I/CC - I/D
R
Applying Kirchhoff’s current law to the base node, we find
I=1Ic+2I,
But from the model of Fig. 9-1, we also have
Ic=ply
+Vec

2

(N
— —
I Iy
Vo
FIGURE 9-6

Widlar’s basic bias circuit.
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Combining these relations, we obtain

o 1B _ BVec— W)
CTB+2 RPB+2)

(9-2)

If B is of the order of 50 or larger,
Ie=~1
This circuit, which is sometimes called a current mirror, provides a current

source whose current is relatively independent of transistor parameters. The cir-
cuit uses only one resistor.

Exercise 9-3 Suppose Q, has twice the emitter area of Q,. Find I..

Exercise 9-4 Our analysis used the model of Fig. 9-1, which neglected 7., .
For a more exact analysis we could use the model of Eq. (9-1). Note that
since the collector voltages of Q, and Q, are not identical, the collector
currents will be slightly different. Use Eq. (9-1) to find I of Q,.

Exercise 9-5 A resistor R, < R is inserted in series with the collector of
Q,. Find I of Q,.

Exercise 9-6 Suppose Q, is replaced by six identical transistors connected
in parallel. Find I; of each transistor.

Small-Value Current Sources

Suppose we have a requirement in an integrated circuit to produce a small-value
current source; say 10 uA. If a supply voltage of 10 V is available, the resistance
required in the circuit of Fig. 9-6 would be

10 - 0.7
=————=930kQ
10 x 1078
Such a large-value resistance would occupy far too much area on the chi p. How-
ever, we can modify the circuit to overcome this disadvantage.
Examining (9-1) we see that if I, is negligible in comparison with the collector
current, we can write

Ic = ay I (e?5/™T — 1) x ay I, e?95/mT (9-3)

This indicates that the collector current is a strong function of the emitter voltage.
If we can slightly unbalance the ‘emitter voltages of the two transistors, we can
cause a large difference between collector currents to occur. This is done by
inserting a resistance in the emitter circuit of Q, as shown in Fig. 9-7. To obtain
a first-order analysis of the circuit we assume ay — 1 (8 — o). Then I, =1~
(Vee — Vp)/R. From (9-3) we see that

& = lU/mkTH $e2~ dE1) (9-4)

Ic,
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+Vee

')
llcz ~ g

7\

0.
f/J

II}
AN
&

FIGURE 9-7 P
The small-value current source. =

But the resistor R causes

$p2 —bp1 = I Rg~ —Ic, Rg
Thus we find
ka1 I,

Rp= n
£ qlc, Ic,

(9-5)

EXAMPLE 9A Design of a 10-uA Current Source. If we require a 10-uA
current source, and a supply voltage of 10 V is available, we might choose 1 mA
as a value of I which will lead to a reasonable value for R. Then I = 1 mA,
R =93kQ, and if m =1 we calculate

0.026 1073

Although the circuit uses two resistors, note that the total resistance (which would
determine the area) is 21.3 kQ, while the single-resistor circuit required 930 k.

i

Exercise 9-7 Do not assume oy — 1, and calculate Ry for the circuit of
Fig. 9-7. g




312 BASIC INTEGRATED CIRCUIT ENGINEERING

+Vee
—

VCC

l' l’c Jl:c l'c
¥ _ o,

,ch‘
_ET rz:__ ’l .

N

FIGURE 9-8
Multiple current sources.

Multiple-Current Sources

It often occurs that several stages in an amplifier require a certain ratio between the
bias currents.

Since direct coupling is used to avoid the necessity for capacitors, it is also
required that these ratios be stable with temperature in order to provide bias
stability for the entire amplifier. The circuit of Fig. 9-6 can be expanded to per-
form this function, as shown in Fig. 9-8. Since all transistors have the same base
voltage, they must all have identical collector currents I. By inspection of Fig.9-8,
we see that

BI

“frne1 OO

Ic

If several different values of current are required, they can be obtained by inserting
resistors in the emitter circuits of the appropriate transistors.

Exercise 9-8 Currentsof 1,2, and 3 mA arerequired in an integrated circuit.
If Vee = 10.7, show how these currents can be obtained with four transistors,
and calculate the value of all resistors.

We have thus far only discussed the use of n-p-n transistors for current
sources. It is obvious that if currents of the opposite polarity are required, p-n-p
transistors can be used. However, it should be noted from (9-6) that if B is not
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+ Vee
RS
|1
ICL l Ie
ol — . I\‘
Ip I
FIGURE 9-9
Improved feedback to better balance I e e
and I. - -

large, or if n increases, the current becomes more influenced by variations of §.
This will be particularly a problem with lateral p-n-p transistors, which inherently
have low . It can also be a problem with n-p-n transistors where precise balance
of two currents is required.

By adding another transistor in the feedback path of the circuit of Fig. 9-6,
we can make the current less dependent on 8. This is shown in Fig. 9-9.  For this
circuit

21,
p+1

_ BB +1)
CTBB+1)+2

Even for moderate values of 3, I and 1 will be well balanced.

1=Ic+

Since I = BI, we find

Exercise 9-9 The feedback technique of Fig. 9-9 is applied to the circuit of
Fig. 9-8. Calculate the ratio I/I.

Output Conductance of Current Sources

When a current source is required in a circuit it is often also necessary that the
incremental conductance dI/dV of the current source be very small. Since the
output conductance of the current source arises from the collector conductance
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gy of the transistor, we can find the output conductance by using the circuit of
Fig. 9-10a. The transistors are replaced by the model of Fig. 9-2¢, and ry is
assumed to be negligible. To analyze the circuit we must first determine ry.,
and g,,.

Since it is known that I = I ~ I for both transistors, we can write

_4a
Im = kT
mkT
and Fye = Ll = BmkT
9m 9
If we assume f » 1, and g,, > g,., we find
v~ dv J2e
Im,
and dlc = dV(gyc + gco) + gm?
Combining these results we obtain
dl.
— X 29,
dv Gb'c + Gee

If the output conductance is too large for the application at hand, as it may
be for values of I of several milliamperes, one can increase / and add a resistor Rg
in the emitter circuit of Q,. This provides negative feedback which decreases the
output conductance. The values of I and Rg can be chosen so that the required I
is obtained.

An alternative is to provide the necessary feedback in a different manner by
using an additional transistor in the circuit as shown in Fig. 9-11.> Note the
similarities and differences between this circuit and that of Fig. 9-9.

Exercise 9-10 Find the dc current J for the circuit of Fig. 9-11.

The ¥V, Multiplier Circuit*

We have centered our discussion of biasing primarily on current sources. Some
circuits, such as class AB output stages of operational amplifiers, also require
stabilized bias voltage sources. Perhaps the most convenient method of obtaining
such a voltage source is to use a forward-biased diode, or diode-connected tran-
sistor. We have seen that the forward voltage is approximately 0.7 V, and that it
changes only slightly with current. The model of Fig. 9-2c¢ can easily be used to
show that the small-signal conductance of the diode-connected transistor is
~ qf
9% 9m = kT

which can be made large enough for most purposes by using moderate values of I.
If voltages larger than V,, are required, several diodes can be connected in series.
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Ic
+
Qlk' o, C) v

n N i

(a)
8bc Bpe cilg
W —— A — :
. +
8mV Q % The v( The BmV Bce av
®)
FIGURE 9-10

(@) Circuit for calculating the output conductance of the current source; (b) small-
signal equivalent circuit.

Unfortunately this forces the designer to accept voltages which are integral mul-
tiples of V.

An alternative to the use of multiple diodes is the feedback circuit of Fig.
9-12, called a ¥, multiplier circuit. The basic performance of this circuit can best
be understood by making use of the model of Fig. 9-1 and assuming that § is very
large. If B is very large. negligible base current will flow, but the base voltage will
still be V,,. 1f negligible base current flows, then

R,

y——2 =y
R, +R, °

|
=
=
+
|
| S|

and we have V=
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L4

FIGURE 9-11
Circuit for reduced output conductance |

of the current source. —_—

By properly selecting R; and R, we can thus choose any multiple of V, we wish.
In practice the current source / would be replaced by either a resistor and supply
voltage or a p-n-p current source.

Exercise 9-11 Do not assume f to be very large, and calculate V.

Exercise 9-12 Use electrothermal models to show that the temperature
coefficient of V' is y,[l1 + (R,/R,)].

The V;, multiplier circuit can be fabricated in integrated form in a very small
space by making use of pinch resistors.> Both resistors are connected to the
transistor base, so both can be fabricated as extensions of the base region. The
transistor is laid out with elongated base region on both sides of the emitter, as
shown in Fig. 9-13. Emitter diffusions are performed over both elongated regions,
as well as in the normal emitter location. Metal is applied to short one end of the
elongated base to the collector and to connect the other end of the base to the
emitter. The elongated regions under the emitter diffusion form pinch resistors;
since the voltage obtained depends on the ratio of these resistors, the desired
voltage can be obtained by choosing an appropriate ratio of the lengths of the
elongated regions.

The Saturated Transistor

Voltages less than ¥}, can be obtained by using the circuit of Fig. 9-14a in which the
transistor is allowed to partially saturate. This circuit takes advantage of the
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R,

FIGURE 9-12
The ¥, multiplier circuit.

Metal

n*-emitter diffusion

’B/__ p-base diffusion

Metal

FIGURE 9-13
Layout of the ¥p multiplier circuit,
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N
NN

.
a

//

(a) ®)

FIGURE 9-14
The partially saturated transistor. (a) Circuit; (b) layout.

fact that until the collector-base junction is forward-biased by about 0.5 V the collec-
tor current is I = flg; that is, the transistor behaves as though it were in the for-
ward active region. The collector current for the transistor in Fig. 9-14 is easily
seen to be

pI

lc=ayl=——=x1]
CTWIT R

while the output voltage is
V=V,—IRx~V,— IR
This simplified analysis gives reasonable results for
02< V<V,

Note that if I is of the order of a milliampere, R will be only a few hundred ohms;
it can usually be fabricated by slightly elongating the base region, as shown in
Fig. 9-145.

Level-shifting Stages

In amplifiers of several stages, the dc level of the output of each stage is not the
same as that of the input of the stage. For n-p-n stages, the base is more positive
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+ Vee

+
20)
1 Vau
g
(a) )

FIGURE 9-15

Level shifting (@) with resistor and current source, and (b) with Vp multiplier

circuit.

than the emitter, and the collector is more positive than the base, in order to ensure
operation in the forward active region. [In some applications this is of no con-
sequence, but in others, such as operational amplifiers used as voltage followers,
it is necessary that the output of the amplifiers be at the same level as the input.
This means that at some point in the circuit, means must be provided to shift the
dc level so that input and output voltages are compatible. Depending upon the
particular circuit, the amount of level shifting required varies from V) to several
volts.

In some cases, the required level shift can be obtained simply by adding
several diodes in series between the output of one stage and the input of the next,
and providing appropriate bias current to ensure that the diodes are forward-
biased. For larger voltages, the circuit of Fig. 9-15a can be used. Here an emitter
follower is used to isolate the output of the gain stage from loading effects of the
next stage. Level shifting is provided by the resistor R and the bias current source
I. Proper design can ensure that the output voltage depends on the ratio of
resistors and is therefore independent of temperature.

This type of level shifting is simple, and has the advantage of providing
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current gain. Its principal disadvantage is that its output resistance is approxi-
mately R; the bandwidth will be low because of the input capacitance of the next
stage. An improvement of the circuit can be made by using a ¥, multiplier in
place of R, as is shown in Fig. 9-15b. This produces the desired level shift at a
much lower output resistance.

If a voltage of 2V, or 3V, is required, cascaded emitter followers can provide
both current gain and the required level shift.

9-3 SIMPLE GAIN STAGES

If a transistor is to be used for gain purposes, not only must it be biased with
stable collector current, but means must also be provided for injecting the input
signal and for obtaining an output signal. We can arrange for the latter by in-
cluding a load resistor in the collector of Q, in our two-transistor bias circuit, but
the injection of the input signal is more complicated.

If we assume for the moment that the input is a current source, and connect it
to the base as shown in Fig. 9-16a, we note that most of the input current will
flow through the diode-connected transistor, and will not contribute to the gain of
the circuit. In fact, it is easily shown that the small-signal base current of Q, is
approximately i/f and the transimpedance of the circuit is volig= —R,. The
value of R is, of course, limited to

Vee=Vp

R, <
L I

If the original bias circuit is modified as shown in Fig. 9-165, this shunting
eflect can be virtually eliminated. Note that for dc bias conditions, both transistors
have identical resistors in their base circuits, and both resistors are connected to the
same point. Both Q; and Q, have the same base current and therefore the same
collector current /.. Now, however, the adverse shunting effect on the base of
Q, is only that of R;. Thus by choosing R, » r,., we can ensure that almost
all i; appears as base current for Q,. The transimpedance of the circuit is

Vo _ — R BR,
is Rl +rb’c

EXAMPLE 9B Design of a Gain Stage. To design the circuit, we begin by noting
that if f is very large, the base bias current of each transistor will be very small
and the voltage across R; will be negligible. Therefore Q, will be operating with
Vey = Vp, and with Ic = I. Now for maximum dynamic range of the output, we
want Q, to operate midway between saturation and cutoff, that is, with V., =
(Vee + Vp)/2.  Since I = I, we therefore choose

R
R, ==
L=H
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(a) (b)

FIGURE 9-16
(a) Input signal applied to current source transistor; (b) modification of the
circuit to improve the gain.

Next we calculate r,., = fmkT/ql, and select
Ry > rye -7

The design is now complete. We note that if (9-7) is satisfied, the transimpedance
will be given by

For typical numbers, we assume that V.. =10.7, /=1 mA, and m=1.
Then R~ 10 kQ and R, =5kQ. With /=1 mA we have rye =2.6 kQ. Note
that the input resistance seen by i, is approximately ry-e in parallel with R,. The
transimpedance of the amplifier is —0.5 x 10°. 11/

Exercise 9-13 Find the input resistance of the circuit of Fig. 9-16b; show
that for large § it becomes Ryr,../(r,. + R;). Assume R, < 1/9.c -

If the input resistance is not large enough for the application at hand, it can
be increased by adding a resistance Ry of several hundred ohms in the emitter
circuit of @,. To maintain stable bias I = 1, an identical resistor must be added
in the emitter circuit of Q,. Note also that the value of R, must be increased so
that

Ry>»rye+ (B + DR
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Improving the Gain-Bandwidth Product

In the circuit of Fig. 9-16, the collector capacitance of 0, is multiplied by Miller
effect and therefore has the same effect on the output as would a capacitor of value
Cic(l + g, R;) connected directly across the output terminals. As was pointed
out in Sec. 9-1, Miller multiplication of the capacitance severely limits the band-
width of the circuit. The bandwidth of the circuit can be increased by reducing
R, and/or g,,, but this is done at the expense of gain. What is required is some
way to obtain the current gain of Q, but to simultaneously use a low effective load
resistance. This is done by using a cascode connection, the circuit for which is
shown in Fig. 9-17a without bias circuits.

Transistor Q, is connected in the common-emitter configuration, but its
effective load resistance is the emitter-base input resistance of Q,, which is 1/g,,, .
Because of the low value of 1/g,,,, the voltage gain of Q, is approximately unity
and its Miller multiplication factor is unity. However, the current gain of Q, is f.
The current gain of Q, is ay ~ 1, but the Miller multiplication factor is also unity.
Thus the overall voltage gain is the same as would be obtained with 0, having a
load resistance R, while the bandwidth resulting from Cy.is 1/Cy..R,. For
small values of R, the intrinsic bandwidth 1/wr must also be taken into account.

Exercise 9-14 Suppose Q, and Q, each have collector current /. Show
that the voltage gain for the cascode circuit is gnR..

EXAMPLE 9C The Fairchild 1A701 Cascode Circuit. The Fairchild uA701 pro-
vides an illustration of the practical application of both the cascode circuit and the
biasing techniques we have previously described; it is shown in Fig. 9-175. In
analyzing the circuit we consider first the bias conditions. It will be noted that 0,
and Q, form a bias combination like that of Fig.9-16b, in which the collector current
of Q, is stabilized. Resistors R, and R, determine the bias current. Note that
in Fig. 9-17b, emitter resistors R, and R4 have been added to increase the input
resistance of the circuit.

If we assume S to be large, we can easily determine the bias conditions, since
base currents will be negligible. The collector current Iy is

10 - W,
Cct =Wk§; =0.75mA = IC2
Then Vgy = Vg, =0.18 V, and V3 = 3.9V, making V,, =3.2V. With a collec-
tor current I, = 0.75 mA, the current I, will also be 0.75 mA ; this will produce
Ves =8.5 V. Transistor Q, is simply an emitter follower to provide low output
resistance, and its emitter junction voltage lowers the output voltageto Vg, = 7.8V,
producing an emitter bias current /z, = 2.6 mA. All bias currents and voltages
have now been determined.
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}

Uy

(]
FIGURE 9-17
(@) The basic cascode circuit; (b) the Fairchild pA70!1 integrated cascode
amplifier.

The midband gain of the circuit can now be calculated by replacing the
critical transistors with their small-signal models. Note that Q, serves only for
biasing purposes and can be ignored for small-signal calculations. We can also
assume the voltage gain of Q, to be unity. The essential parts of the circuit are
shown in Fig. 9-18. Note that we have used a T model for Q, because emitter
current is the independent variable, and we have also used a T model for Q, because
of the presence of R,. For all transistors we assume r,,- to be negligible. From
the bias conditions above, we have I, ~ Ir; = 0.75 mA, so for both Q, and Q,

= 1
Im = 3%
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FIGURE 9-18
Small-signal equivalent circuit for the
cascode amplifier.

The small-signal voltage gain of the amplifier is easily seen to be

A.,év—q= —ay’R, N —2kQ _
vy R+ 1/g, 284

-7

The input resistance is

_ _Ro(Rs + /g B+ 1)
" TRy + Re + 1gnB + 1)

which for g =100 is
R, =74kQ

This assumes r,., to be negligible. To find the output resistance we can include
the model for the emitter follower Q,; the result is, for g = 100,

_ [R4/(B+ 1)+ 1/gms]Rs

out ~ =3 52.9 Q
" Ry/(B+ 1)+ Rg + 1/gm,
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We can also calculate the Miller multiplication factor for Q,. Note that
the effective load resistance for @, is

R, R 1
RL(eﬁ)=7;—+—12+g—=6IQ

And the voltage gain of @, is

A =__RLﬂ=_o,215
" Rg + 1/9m

Since the Miller multiplication factor is 1 — A,,, we have
1—4,,=1215

The bandwidth of Q, will thus be determined by the intrinsic bandwidth of the
transistor rather than by parasitics.

The Common-collector Common-base Circuit

An amplifier which is quite similar to the cascode circuit is the common-collector
common-base circuit shown, without bias elements, in Fig. 9-19a. As was the
case for the cascode circuit, the first stage of this amplifier has approximately unity
gain, and therefore no Miller multiplication effects. It produces a current gain
B + 1, however, and while the second stage has only a current gain ay, the second
stage produces a voltage gain. As was the case in the cascode circuit, the second
stage is a common-base stage and thus has no Miller multiplication effects.

The voltage gain of this circuit is almost identical to that of the cascode circuit,
but in this case the biasing is much simpler. It can easily be arranged so that both
transistors have the same bias current. This has been done in the Fairchild pA703
circuit which is shown in Fig. 9-19¢.  This circuit is designed for RF-1F amplifier
applications and is intended primarily for use with transformer input and output.
Here Q, is the common-collector transistor and @, is the common-base stage.
The other transistors are merely for biasing purposes; note that Q, and ¢ form a
bias current source in which the current is determined by R,. An additional offset
voltage is provided by @, in order that Qs not be saturated. If transformer
coupling is used at the input, then

Vg1 = Vs
and with the emitter offset voltages of @, and Q,
Ve =2Vp

The collector voltage of Qs is then
Ves=2Vp—Vp=Vp

while its base voltage is
Ves = Vp

Thus we see that Qs is operating with zero collector-base voltage
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FIGURE 9-19

(@) Common-collector common-base circuit; (b) small-signal equivalent circuit;

(c) the pA703 amplifier.
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If 0, and Q, are matched, they will have equal emitter currents since their
base-emitter voltages are equal. Thus they have equal values of g,, and the
equivalent circuit is as shown in Fig. 9-19b, in which R is the transformed value
of R} .

For a 12-V supply and the values shown in Fig. 9-19¢, I = 4,08 mA and g, =
79 x 10~3 U. The gain of the circuit is then

Av='ﬂ=%'"1a1 —40 x 1073R,,

9.4 DIFFERENTIAL AMPLIFIERS®’

Many applications, such as biomedical instrumentation, require the amplification
of very-low-level signals in the presence of noise which is many times larger than
the signals. Often this noise is produced external to the signal source and is there-
fore a common-mode signal, appearing equally at both terminals of the device at
which measurements are being made. What is required therefore is a circuit which
will amplify voltage differences, and reject common voltages. Such a circuit is
called a differential amplifier; the basic differential amplifier is shown in Fig. 9-20a.
Transistors Q, and Q, with resistors R¢ form the differential amplifier; R serves
to provide bias current.

First-order Analysis

For a first-order analysis, we assume:

Identical transistors
Py =0

ay = 1

Matched resistors R¢

w_ W N~

If these assumptions are met, the small-signal equivalent circuit becomes that
shown in Fig. 9-20b. Note that because the transistors are identical, their emitter
bias currents are equal, as are their g,,’s. In Fig. 9-20b we have used a T-model
representation for the transistor since emitter current is the independent variable.

Because we wish to examine differential-mode and common-mode properties
of the circuit, we define differential- and common-mode voltages as

Uy — Uy

vipm D _2— (9-3)

2

viem D -9
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FIGURE 9-20

(@) Basic differential-amplifier circuit; (b) small-signal equivalent circuit,

We can now express v, and v, in terms of differential- and common-mode com-
ponents by solving (9-8) and (9-9) for v, and v,:
Uy =Vipy + Vicy (9-10)
U2 =Uicm — Vipy (9-11)
These are shown pictorially in Fig. 9-205.
Consider first the differential-mode case, with vicy = 0. Note that with
Vicu =0, v, = 0 because of symmetry; we can now work with only half the circuit

since v, is a virtual ground and R has no effect on the circuit. Let vc, for this
case be

Ve & Vopy
We see by inspection that

Yopm = —Vipmgm Rc
and we can define a differential-mode gain Apy as

Aoy AP 5 Re (9-12)

iDM
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+ +
Vicm % l 1 % Vicm
2R g % 2R,

FIGURE 9-21
Equivalent circuit for common-mode calculations.

Next consider the common-mode case, for which v;p, = 0. The equivalent
circuitis redrawn in Fig. 9-21, in which we note that no current flows in the connec-
tion between the two 2R resistors. This connection may thus be broken for
purposes of analysis, and once again we have only to analyze half the circuit.

Let v, for this case be

ver D Vocum

and define a common-mode gain A, as

Vocm
Ay &

Vicm
. . Vicm
Since ff= ————
2Rg + /g,
. _gm.RC
/e obt Aey= ——— 9-13
we obtain o= T 20 R, ( )

A figure of merit for differential-amplifier performance is the discrimination
ratio D, defined as
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This is a measure of how well the circuit rejects common-mode signals and amplifies
differential-mode signals; clearly a large D is desirable. Using (9-12) and (9-13),
we find

D=1+2g,R;  (9-14)

As far as D is concerned, (9-14) shows that it is desirable to have R and g,, as large
as possible. Since g,, = ¢//2mkT, we wish to operate with as large a bias current
as possible.

In analyzing the differential mode of operation, we saw that R, does not
influence the differential-mode gain; its only function is to provide bias current
for the circuit. What is more desirable is to have a current source for bias; this
provides the necessary current, but with very large effective R;. Such a circuit is
shown in Fig. 9-22. Here the current-source circuit of Fig. 9-6 is employed for
bias current ; since its incremental resistance is very high, large D is obtained. Note
also that the dc collector voltage of the differential-amplifier transistors depends
upon the ratio R¢/Rj rather than the absolute values of the resistors.

Exercise 9-15 The circuit of Fig. 9-22 has V.. =10.7, R;=10kQ,
R, =5kQ. Calculate D. Assume = 10"%.

EXAMPLE 9D Gain Limitations of the Differential Amplifier. Although use of a
current source makes possible D — oo, the differential-mode gain can still be limited
by the common-mode signal amplitude. Consider a circuit in which the bias
current is provided by a perfect current source of value /. Let the maximum value
of the common-mode signal be v;cp(max) = View» and assume that the common-
mode voltage is much larger than the differential-mode voltage. Now if the circuit
is to perform as a differential amplifier, the transistors must not saturate even when
Vicu = Viem. For a common-mode input, the current source ensures that the
collector voltages v¢, and v¢, will not change, but the base voltage is increasing.
Thus the resistors R must be chosen so that

R:1I
Vee=Viewz == (9-15)

But R and I also determine Ap,,:

ql
Apy = —gnRc= — 2kaRc

(9-16)

If the maximum value of R¢ is chosen from (9-15) and inserted in (9-16), we find the
maximum Ap,, to be

—Vee = View)

ADM(max) = ka/q (9'17)
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+ Vee

—Vee
FIGURE 9-22

I Uty

Current-source bias to improve D.

Most commercial differential amplifiers have supply voltages of 15 V or less.
If the maximum common-mode input voltage is 10 V, the gain is limited to less than

200 for a single stage.

Differential Input Resistance

The differential input resistance R;p,, is defined as

vy —~vy) _ 20;pm

Iy Iy

RiDM _A_

We can easily calculate i, by recalling that for differential-mode signals the emitter

node of the circuit is a virtual ground. Thus

Viom _ ViomGm

Tyre )B

Iy =
Since g,, depends on I, we find

ABmkT

Ripm =

(9-18)
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This analysis has neglected g,,- and g,... In most practical cases the former
is negligible; however, the latter may not be. Usually g,.. <€ 1/R; for this case we
obtain, by using the model of Fig. 9-2¢,

2
Ripy = (9-19)
oM Gl B + go (1 — Apy)
Both g,, and g,.. vary directly with bias current; (9-19) shows that it is desir-
able to have I as small as possible in order to obtain large R;p,, .

EXAMPLE 9E Input Resistance of a Typical Stage. Consider a circuit with
I=52uA,R.=50kQ,m=1,g,,=10"% 8=100. Forthiscaseg,, =26 x 10~/
26 x 1073 =1 x 1073 Then Apy =~ —g,Rc-= —50. If g,.. at this current is
1 x 1077, we obtain

2 2 x 108
1075 +51x 1077 15.1

=133kQ i

Ripy =

Differential Amplifier with Emitter-Follower Input

Even for low bias currents, the input resistance of the differential amplifier may not
be sufficiently large for some applications. The input resistance can be increased
by using emitter-follower inputs as shown in Fig. 9-23a. To calculate the gain and
input resistance, we first find the bias currents. The emitter current of Q, is I/2,
and thus Iz, = If2(f + 1). We obtain

ql
Im2 = kT

- 4
28 + )mkT ~ 2BmkT

Im1

The equivalent circuit for the calculation of 4, is shown in Fig. 9-24a. Note
that g,,, = fg,,, and that r,.., = /g,,,. Thus we see that r,.,, = 1/g,,;; then

and Apy = — Im2 ¢

The use of emitter followers in this manner has reduced A,,, by a factor of 2.
To calculate the input resistance, we use the circuit of Fig. 9-245, noting that
gb’cl/gb’CZ = gml/gmz ’ and Im2 = ﬂgml' Anal)’ling the Cil'CUit, we find

2

Ripu =

1 1 il
Ipc1 +ﬂ_1|:_+ ]
Im1i Gm1 + G B — 2App)
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FIGURE 9-23

(a) Emitter-follower inputs; (b) separate bias sources for the emitter followers.
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FIGURE 9-24
Equivalent circuits for (a) calculating Apy; (b) calculating Ripu.
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The gain can be improved by increasing g,,, ; this can be accomplished by providing
separate current sources for the emitter followers, as shown in Fig. 9-2356. Now
Im1 X gm2 » and

—Apm = gu2 Re
However, gy, & g2, and R;py is now

2

Ripu =

=7
+ |
Imz  Gm2lB + Gyrca(1 — Apyy)

Sometimes the input transistors have their collectors in common with the
differential transistors, forming Darlington pairs. This should not be done,
because Miller-effect multiplication of C,c occurs, with the result that the input
impedance of the Darlington connection is little larger than that of the two-transistor
differential amplifier.

We have seen that in order to get large R;p,,, it is necessary to use small 7
in the two-transistor circuit; this small 7 results in small g,,. Since (9-17) shows
that the maximum obtainable gain depends only on V¢ and V¢, , we see that what
must be done to obtain both maximum gain and large R;p,, is to use (9-18) to choose
I small enough to produce the desired R;py, use (9-17) to calculate Appmax) >
and insert I and Appmay) in (9-16) to calculate the required R:. Note that as
R;py increases, so does R¢ for a given Appymax)-  Since the differential-mode out-
put resistance is Ropy = 2R for Re < 1/g.., we see that although the gain is not
reduced by increasing R,;,,, both the area required and the output resistance are
increased. This disadvantage can be offset by using emitter-follower output
transistors.

f 1 1
Grez + 871 [_

EXAMPLE 9F First-order Design of a Differential Amplifier with Large R;py
and Low Rypy . Consider a case for which Voo = +12 and V¢, =2 V. Suppose
we require Ripy = 1 MQ, Rypy as low as possible, and maximum gain. We
assume for first-order design that g,.. ts negligible and- that f = 100. The circuit
to be used is that shown in Fig. 9-25." If g,.. is negligible, the input resistance is

Ripy = 25(——1— + i)

Im1  Im2
. Ig, 1
d I —=—
and since R T
we ﬁnd Im2 =~ gmlﬂ
4 2
and Ripy = —B—
m2
The bias current required is thus
1 kT kT 4p°
== ,n_ Gm2 = L B ~ 1 mA
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10kQ 2 R¢

59kQ < Ry ':_L

Q‘\L Qs\i
4 el

k¥4

—-12

FIGURE 9-25
Differential amplifier with large R;p, and low Ropas.

To find the maximum gain, we note that when the input is V¢, the base
voltage of Q, is Vicyy — Vp. In order to provide some voltage margin for dif-
ferential voltages, we design the circuit so that the collector-base voltage of Q, is
never less than ¥V, when the input is V;¢,,. Then the maximum gain of the differen-
tial pair is

~q(Vee — Viem)

AT (9-20)

ADM(max) =

Note, however, that the overall gain of the amplifier is half this value because no
separate bias currents are used for the input emitter followers. Thus we have for
the amplifier

— — V.
q(Vec icm) ~ 192

The value of R required is obtained from (9-15) to be

Since we have already constructed a bias current source to supply 2 mA to the dif-
ferential-amplifier transistors, we add two additional transistors Q, and Qs to
provide bias current for the emitter followers. Since their bias current is not
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critical, the use of 2 mA for each enables us to obtain these bias currents without the
use of additional resistors. The output resistance is now

R
Ropy = 2(—° + L) ~ 226 Q
ﬂ 9m3
To obtain the bias current 7 = 2 mA, we require
Vee =V,
Ry = —CCI—” =5.65kQ

It is interesting to compare this desi gn with that of a two-transistor differential
amplifier having the same gain and R;p, . For negligible g,-., we see that

28
RiDM =
and thus we require
I
—=52uA
2 K

With this value of 1/2, g,, is 2 x 10™%. To obtain a gain of 192, the value of R.
required is now

R, =96 x 10* =960 kQ
and the output resistance is

Ropy = 1.92 MQ

To obtain the bias current of 10.4 pA, a small-value current source would have to be
designed.

It is important to note that with the two-transistor circuit and this value
of gain, g,.. would not be negligible. If g,.. = 1077, the Miller-effect multiplica-
tion causes R;py = 94 kQ, while for the circuit of Example 9F we still obtain
Ripy = 1 MQ.

Super-gain Transistors®

In our discussion of input resistance, we have focused attention on the small-signal
differential-mode input resistance. In many applications, the input bias current
is equally important. A straightforward method of reducing the offset current is to
use a small emitter bias current in the differential amplifier and then add emitter-
follower input transistors. The base current of the emitter followers can in this
way be made very low, but at a considerable sacrifice of the gain of the differential
amplifier.

Most integrated-circuit manufacturers have a so-called super-gain or super-f
processing sequence in which an extra emitter diffusion is added. This is used to
produce transistors whose base width is less than 0.1 yum in thermal equilibrium.
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FIGURE 9-26
Cascode differential amplifier using super-gain input transistors Q, and Q,.

By using this extra diffusion and exercising careful process control so that surface
effects do not degrade device performance, it is possible to produce transistors with
f in excess of 2000. With such a large f, even for moderate emitter bias currents
the input base current of super-gain transistors in a differential amplifier is of the
order of 1 nA. Thus it is in principle possible to obtain reasonable gain with low
input bias current.

Special circuit techniques must be employed in the use of super-gain tran-
sistors. Because their base width is so small, punch-through occurs at collector-
base voltages of the order of 1 V. Moreover, base-width modulation effects are
extreme, and care must therefore be taken to avoid Miller-effect muitiplication of
gpc lest the small-signal input resistance be unacceptably low. It is therefore
necessary that the super-gain transistors be operated with approximately zero col-
lector-base bias voltage, and also with low voltage gain. While this appears con-
trary to the objective of reasonable gain with low offset current, these objections
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can be overcome by combining super-gain transistors with ordinary transistors.
A circuit which accomplishes this is the differential cascode amplifier of Fig. 9-26.
Transistors Q, and Q, are super-gain transistors forming a differential amplifier,
and Q, and Q, perform, for differential-mode signals, as common-base stages.
Diodes D, and D, are diode-connected transistors used to provide offset voltage
so that the collector-base voltage of @, and @, is zero. Current I is obtained
from a small-value current-source bias circuit using n-p-n transistors, while I is
obtained from a p-n-p small-value current-source circuit. If the emitter currents
of 0, and Q, are held to 1 uA or less, the base bias current is less than 1 nA.

Since the load resistance for Q, and Q, is l/g,,, the voltage gain of Q, and
0, is approximately unity, and no severe Miller multiplication results. Reason-
able gain can be obtained by making R, sufficiently large.

9.5 ACTIVE LOADS®

The limitation imposed upon maximum differential-mode gain by power supply
and common-mode input voltages arose because the small-signal load resistance
and the collector bias resistor were in fact the same resistor. ldeally, we would
like to use a large small-signal load resistance and a small bias resistor. This is, of
course, what is accomplished by transformer coupling. However, transformers
are impractical for many applications. What is required, therefore, is a nonlinear
resistor which can be operated at a point such that its small-signal resistance dV/dI
is much larger than its voltage-current ratio V/I.

The collector circuit of another transistor can be used to provide such a non-
linear resistor. This is particularly convenient for a differential amplifier in which
the output can be single-ended. The circuit is shown in Fig. 9-27a; here Q,
provides the nonlinear resistance for the collector of Q,, and Q, provides bias.
The combination Q5 and Q, is called an active load. In order that neither Q, nor
0, saturate, it is necessary that the collector currents be almost perfectly balanced;
this is accomplished by using the p-n-p version of the biasing circuit of Fig. 9-6.
Now if v;, =0, and if Q, and Q, are matched, I, = Ic,. If Q3 and Qg are
matched, Iy = I¢y; thus Igy =~ I¢,. The match between I, and Ic, can be
improved if the p-n-p version of the circuit of Fig. 9-9 is used.

The differential-amplifier circuit is no longer symmetrical; note that the
load resistance seen by @, is the diode-connected Q,, while that seen by Q, is the
collector circuit of Q,. Moreaver, there is a signal path from Q, through Q,
and Q, to the output as well as from Q, through Q, to the output. Since the
small-signal resistance presented by Q5 will be very low, the circuit is similar to a
common-collector common-base amplifier, with Q, functioning approximately as
the common-collector stage and @, as the common-base stage.

To analyze the circuit we assume that Q, and Q, are matched, and that @,
and Q, are matched. Then all emitter bias currents will be approximately the
same and all four transistors will have g,, = ¢I/2mkT. We form the small-signal
equivalent circuit by replacing each transistor with its small-signal model; for
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FIGURE 9-27

(a) Differential amplifier (Q,,Q,) with active load transistors (Q3,Q4); (b) ap-
proximate small-signal equivalent circuit.
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simplicity the effects of g,., are assumed to be negligible in comparison with g_, .
Note that since Q, is connected as a diode, its equivalent circuit is simply a con-
ductance g,,. Since Q, and Q, are matched, g.,; = g..,; however, g.., may differ
from g.., and g, since Q, is a p-n-p transistor. To simplify the analysis, we
assume that § of Q, is large enough that r,.., » 1/g,, and therefore r,.., can be
neglected. We also assume ry,. to be negligible for all transistors and f§ of Q, and
0, to be very large. The small-signal equivalent circuit is shown in Fig. 9-27b.
Analyzing the equivalent circuit, we find the voltage gain A4, to be

Uout - 2gm + Gbres

Vin 3 ‘e
I gcel(2 +g; 4) + 2gce4(1 + gb—“‘)

m m

4,4 (9-2D)

The input resistance is
Rixrye + Iyez 9-22)
and the output resistance is
2+ 294 es
Ry~ Im (9-23)
Geer (2 + 9b'e4) + 29“4(1 n gb‘e4)
g g

If gyeq < gm, We see that

~ L
’ Gece2 +gce4

RO = Au/gm

EXAMPLE 9G Comparison of Differential Amplifiers with Active and Passive
Loads. Consider a differential-amplifier circuit in which V¢ = +12, employing
transistors with f =100, g,.., = 10”7, Let the maximum common-mode input
voltage be Vcy =2V and the bias current be /=52 uA. If an ordinary two-
transistor differential amplifier with current-source bias is used, the following
results are obtained:

10
_ADM(max) = 66?6 = 384
gn = 1077
Rc = 384 kQ

2 3 2
107° +385x 1077 4.85x 1073

Ropy ~ 768 kQ

=412 kQ

Ripu =
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If a differential amplifier with active load is now used with the same bias
current, and if we assume that g,,, X g.., = 107% g,,, we find

A, ~ 5,000
R; ~ 200 kQ
R, ~ 5 MQ

These results are somewhat high, owing to neglect of g, I

Note that the larger gain and input resistance of the circuit using the active
load are obtained at the expense of increased output resistance. Therefore, in
order to realize the large gain it would be necessary that any circuit connected to
the output of the amplifier have very large input resistance. Biasing must also
be given careful consideration so that the bias current of the stage connected to the
output does not cause saturation of one of the output transistors.

It should be emphasized that no resistors other than those needed for the
bias current source are necessary in the circuit with active load; consequently this
circuit would require much less area than its two-transistor counterpart.

9-6 GILBERT’S GAIN CELL!'

In all the circuits we have discussed thus far, we have been concerned primarily
with voltage gain. We consider now a circuit which provides current gain and which
is quite similar to the differential amplifier. The basic circuit is shownin Fig. 9-28a;
here I; and /I are provided by some means such as the bias current circuit of
Fig. 9-6, and i is a small-signal input current. Because of the symmetry of the
circuit we note that, as was the case for the differential amplifier, the small-signal
voltage v, is zero if all transistors are matched. We need therefore to analyze only
the half circuit, the small-signal equivalent circuit for which is shown in Fig. 9-28b.
Here it is assumed that « — 1; that is, B is very large. Since the transistors are
matched, and Q; and Q5 have identical bias current I/2, g,.1 = Gums -

It is also assumed that proper biasing in the collector circuits is employed so
that all transistors are operating in the forward active region. Then the collector
bias current I will be

I=IB+"‘

We can easily calculate the small-signal current i, from the equivalent circuit
of Fig. 9-28b. For simplicity we assume that g is large enough that

gml

Gm2 > 7

Then [ & —I
i

and 0= —

Im2
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FIGURE 9-28

(a) Gilbert’s gain cell; () small-signal equivalent half circuit.
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from which we obtain

TN L SR S
i Im2 21,
Equation (9-24) indicates that the gain can be chosen by selecting the proper ratio
I;/Iz. No resistors are used in the gain cell; the only resistors required are those
for the bias circuits. Furthermore, the gain can be changed by varying either or
both bias currents.

Exercise 9-16 Derive an expression for i /i in terms of Iz and Iy. Do not
assume « — 1, and do not neglect g,,,/5.

Gain cells can be cascoded and resistors can be added to the last stage to
produce an output voltage proportional to the small-signal current i,. The small-
signal input current i, as well as the bias current I, can be obtained very con-
veniently from a differential amplifier. A circuit with input differential amplifier,
two cascoded gain cells, and output load resistors is shown in Fig. 9-29. In this
case it has been assumed that the common-mode input voltage V¢, = 0; base bias
voltages V; and V, have been obtained by using forward-biased diodes. With the
circuit shown, the collector-base bias voltage of Q,, @,, Qs, and Q¢ is Vj; if
Viem > Vp, then either more diodes or a resistor must be added in series with D,
and D, to prevent saturation of Q, and Q5.

The current gain of gain cell 1 is

1
Ay =1+ ZIL
B1
while that of gain cell 2 is
1
Ap=1+ 21_&
B2
But since I, = I, + I, /2, we find
Ig,
A" = 1 + T
: 21g, + Iy,
The current gain of the cascoded cell is
i I 1
AAL= 4,4, =(1+i)(l+L) 9-25
= 1o i 2Ug, + Iy -29)

The output voltage v,y for half the circuit is
vopy = i Rc = A;iRc
while the input small-signal current i is simply
i = Bipsg Gy = Vipm 9
iDM Iml mkT

Thus the differential-mode voltage gain of the amplifier is

Apy = == (9-26)
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FIGURE 9-29
Cascode of two gain cells driven by a differential amplifier and having load
resistors Rc.
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It will be recalled that in obtaining the expressions for A4;, and 4,,, we have
assumed that g,; > gn4/f and g7 > g,s/B. 1f Iz, > 21, and I, > 21,,, this
assumption will not be valid and more accurate expressions for 4;, and A;, must
be used.

It is particularly important to note that the voltage gain of the differential
amplifier and of the first gain cell will be very small, owing to the small effective
load resistance presented by the following stage. Therefore, Miller multiplication
effects will be negligible in these stages, and the bandwidth of the circuit will be
determined by the second gain cell with load resistors R .

Exercise 9-17 Suppose it is desired that no transistor have a collector-base

voltage less than Vj,. If the common-mode input voltage is V¢, , what
is 1, ?

Exercise 9-18 For the circumstances of Exercise 9-17, find the maximum
value of R in terms of V¢, Vcy » and the bias currents.

Exercise 9-19 For the circumstances of Exercise 9-17, what is the maximum
possible Ay, if Tpy =215, Iy, = 2015, and Vo =12V?

9-7 MULTIPLIERS!!!2

Many applications require circuits which can perform analog multiplication, that
is, produce an output signal which is proportional to the product of two input
signals. This generally requires that the circuit have some parameter which can
be made to vary with one of the input signals. The differential amplifier seems to
be a likely candidate for such an application since the g,, of the transistors can be
conveniently varied by varying the emitter current. Consider the circuit of Fig.
9-30a; if we focus attention only on the small-signal variations of collector current
in @, and use the model of Fig. 9-2b, we can write

. q (IE o ie)
1 = V. = —— —_— e A
1 =YmVipm mkT \2ay " 22, Vipm

or le1 =GmoVipm + 9-27)

20y mkT G
where g,.o = qlg/2mkTa, . The second term of (9-27) is the product term we are
seeking. Thus we see that in principle the differential-amplifier circuit can perform
multiplication. For practical applications, however, the circuit suffers from two
major disadvantages:

I Dynamic range and distortion The model of Fig. 9-2b applies only for
small signals, that is, for i, < Iz. If this inequality is not met, other terms
will appear in (9-27) as a result of the nonlinearities of the emitter junctions.
This can be seen by examining the large-signal transfer characteristic /e
versus V;py of Fig. 9-30b. This transfer characteristic is reasonably linear
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FIGURE 9-30
(a) Differential amplifier as a small-signal multiplier; (b) dc transfer characteristic
for the differential amplifier,

in the vicinity of I, = a, I;/2; it is quite nonlinear as I, approaches ay /g.
2 Unwanted signals Note that even if i, =0, the first term of (9-27) is a
differential-mode signal. An ideal multiplier would produce zero output
signal when either of the input variables is zero. Thus even though no non-
linearities are present, undesired signals appear when the simple differential
amplifier is used as a multiplier.

The dynamic range limitation can be overcome by adding input diode-

connected transistors and using an input current signal instead of an input voltage
signal. These modifications are shown in Fig. 9-31. Here the input signals are
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FIGURE 9-31
Use of input diodes to improve the dynamic range of the multiplier.

xIg and (1 — x)Iz. Iftransistors Q5 and Q, are identical to Q, and @, the non-
linearities of the emitter junctions of Q5 and Q, will exactly compensate those of
Q,and Q,. Thiscan be demonstrated as follows. From (9-1) the current-voltage
relationship for the emitter junction is

I=I,(e=/mT — 1)

where I is the forward current and ¢ is the junction voltage. (I, is assumed to
be negligible.) For the circuit of Fig. 9-31, we can thus write, for large B,
T T, al kT — T -
mk lnx—IB—mk lna—E _m In (1 x)18+mk In (1 -a)lg
q Isl q Isl q Isl q Isl

This reduces to, simply,

=0 (9.28)

Therefore the collector currents are
Icy =oyxlg
Icy = —opn(1 — x)Ig

These apply for 0 < x < 1. The dynamic range of the circuit is therefore quite
large. Multiplication can be performed by allowing I to vary with a second signal.

Two differential-amplifier circuits with a single pair of input diodes can be
cross-coupled as shown in Fig. 9-32 to produce a four-quadrant multiplier circuit.
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FIGURE 9-32

The four-quadrant multiplier.
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Here bias currents I5/2 and 1/2 have been supplied at the inputs in order to permit
bipolar input signals x'75/2 and y'Ig/2 to be used. The values of x" and y’ can
thus be in the range

—-12x'<1
—-1=y's1
without nonlinearities being encountered in the multiplier circuit. The collector

currents are as shown in Fig. 9-32, and the output voltage V,,, is easily found to
be

Vour = Rlgx'y’ (9-29)

Thus we see that the input is a true product with no unwanted terms. Since x’
and y’ can be either positive or negative and (9-29) produces the correct sign, four-
quadrant multiplier operation is realized by the circuit.

Exercise 9-20 Show that the collector currents of the transistors in the
four-quadrant multiplier are as given in Fig. 9-32, and that V,,, is given by
(9-29).

PROBLEMS

9-1 A transistor with negligible ry, is used as a common-emitter amplifier with load
resistance R,. Use the model of Fig. 9-2¢ and find the ratio of collector voltage
to base current.

9-2 Suppose it is desired to obtain a small bias current I. Find the resistor values
which should be used to consume the smallest total area if the small-value current-
source circuit of Fig. 9-7 is to be used.

9-3 Investigate the behavior of the circuit of Fig. P9-3 to determine under what circum-
stances the approximation Ic & I(R,/R;) is reasonable. Assume large B.

9-4 Investigate the multiple small-value current-source circuit of Fig. P9-4 to determine
under what circumstances the approximation I,/I, & R:/R, is reasonable. Assume
large B.

9-5 The circuit of Fig. P9-5 can be used to obtain a large-value current source from
a smaller current. Calculate the value of R required to produce /c = 10 mA if
I=1mA. Assume large 3.

9-6 In the circuit of Fig. P9-5, note that as R — co, Ic — B1, and the circuit is then very
sensitive to changes of B. Investigate the sensitivity of Ic to variations of B; in
particular, find the maximum ratio /c/I that can be allowed if a variation of 8
from 50 to 400 is to produce no more than a 10 percent variation of /..

9-7 For the circuit of Fig. P9-5, use electrothermal models and find ol.,/oT.

9-8 Calculate the ouput conductance 8l¢,/8V¢, of the circuit of Fig. 9-7.

9-9 Find the output conductance 81./8V of the circuit of Fig. 9-11.

9-10 Find V for the Vp multiplier circuit of Fig. 9-12 if the current source [ is replaced
by a resistor R connected to a positive supply voltage Vec.
9-11 Find the output conductance of the circuit of Fig. 9-12.
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The circuit of Fig. P9-12 is a p-n-p multiple current source using a composite
p-n-p in the feedback loop te improve the performance. Q, and Q, are lateral
p-n-p transistors. All collectors of Q, have equal area, and each has the same
area as the collector of Q.. Q: has §=1. Find I¢, and Ic,.

Use the four-layer model to determine for the circuit of Fig. 9-14 under what
circumstances the approximation ¥ = ¥, — IR is reasonable.

Lay out a ¥, multiplier circuit using pinch resistors to produce an output voltage
V=25V,. Assume 0.5-mil geometry.

Use electrothermal models to investigate the temperature behavior of the circuit
of Fig. P9-154: compare it with that of Fig. P9-1556. Assume large 5.

Do not assume large B, and calculate /¢ and 7 for the circuit of Fig. 9-165.

Find the input resistance of the circuit of Fig. 9-16b.

Find the differential-mode input resistance of a differential amplifier with Darling-
ton-connected input transistors.

Derive Eq. (9-21).

Design a three-stage amplifier, common-collector to common-base to common-
collector, using biasing similar to that of Fig. 9-16b. Power supply voltage is -+ 10,
B =100, and all transistors are to operate at 1-mA bias current. Give the values
of all dc voltages.

In the circuit of Fig. P9-21, i, is a small-signal current source. All n-p-n transistors
have B = 100, all p-n-p transistors have f = 10. Find vo/is, Rin, Rou:-
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INTEGRATED OPERATIONAL AMPLIFIERS

One of the most widely used integrated-circuit building blocks is the operational
amplifier,' a circuit with large gain used principally with externally applied feed-
back to perform such functions as stable gain, integration, and filtering. The
ideal operational amplifier is a voltage-controlled voltage source as shown in
Fig. 10-1a. It has the following characteristics:

Large gain (K — o0)

Zero output voltage when v, — v, =0
Zero input current

Zero output resistance

No frequency dependence

No temperature dependence

No distortion (large dynamic range)

N AW~

Most practical operational amplifiers attempt to approach this ideal per-
formance by employing the general structure shown in Fig. 10-15. A differential
input stage is used, and in some cases this is followed by an additional stage of
gain. Because the transistors must operate in the forward active region, a bias
offset exists between the input and the output of the gain stages. A level-shifting




INTEGRATED OPERATIONAL AMPLIFIERS 357

®
D.
v
o5 )
¢ o
———————0
&)
Uy O— +
>K(v, — vy Vo
v, 0—— -
-0
(@
o— Level shift
.Input »| and gain ~ Output
| diff. amp. stages stage
®)
FIGURE 10-1
(a) Ideal operational amplifier; (b) general structure of practical operational
amplifiers.

circuit is generally employed to shift the bias level so that the output will be zero
for zero input voltage. Since low bias current is generally used in the input stage
in order to produce large input resistance, the gain stages are seldom capable of
supplying the signal current required at the output. Therefore an output stage is
added which has little voltage gain but which provides low output resistance and
large-signal current capability. Monolithic operational amplifiers have been
designed with as much as 15-W output capability.?

In this chapter we examine some representative techniques which have been
developed for realizing input and output stages. To focus attention on the basic
concepts involved, we confine our analysis to first-order consideration of bias and
low-frequency small-signal behavior. We then describe a novel current-differenc-
ing operational amplifier. Finally, we consider frequency behavior of typical
operational-amplifier configurations.

10-1 CONVENTIONAL DIFFERENTIAL INPUT STAGES

In Chap. 9, we saw that the small-signal voltage gain of a single differential stage
is limited to several hundred if conventional load resistors are used. In this case
it is necessary to employ more than one stage in order to obtain the gains in excess
of 10® required for operational amplifiers. Although the input stage may be a
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differential stage, the ouput of the operational amplifier is usually single-ended,
and some sort of differential-to-single-end conversion must be employed at some
stage in the amplifier.

The Motorola MC 1530, an early operational amplifier, is shown in Fig.
10-2a; the input stages are shown in Fig. 10-2b. A modified current source Qs
with diodes for temperature compensation provides emitter bias current for the
first stage. To analyze the performance of the circuit, we first calculate the bias
currents. Assuming the diode voltage to be ¥V, ~ 0.75 and § to be large, we find

Vy=—51V
Vy—Vp+9
Then I, =222 % 7 1 43maA
REI

With this bias current
It =Gmz =217 x 10730

KT ?J VecQF Ho oG
7.75kQ 7.75kQ é 3kQ és kQ
> L
= —X
6 kQ
i 30kQ F
0 Output
E—

Y

Inputs 1L.5kQ F_';
o—
34kQ |;

E

Dqu

FIGURE 10-2
(a) The MC 1530 operational amplifier.
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(b) Input stages of the MC 1530.




360 BASIC INTEGRATED CIRCUIT ENGINEERING

The collector voltage V, is
Ver=9—~(3.0kQ x0.89 mA)=34V

With this V¢,, the bias current for the second stage is then

Ver = V,
IEZ = M = 1.76 mA
REZ

From this we find

Ve, =9 — (3kQ x 0.86 mA) =64V

The small-signal gain of the two stages can now be determined. As far as
collector currents are concerned, both stages are symmetrical, so we can calculate
i.4 by considering the half circuits for each differential stage. We use the small-
signal model of Fig. 9-2b; the small-signal equivalent circuit is shown in Fig. 10-3.
It is assumed for concreteness that § = 100.

Since the bias currents are all known, we can find g,,, and g,.4, as well as
Toe2 Nd Fyoeq!

Gz =277 x 1073

rblez ~ "ﬂ— =S 36OOQ

m2
gm4 =S 33 X 10_3
roe L = 2020 0
m4

Note that the collector load resistance R,, must be taken into account in calculat-
ing the gain of the first stage:

Uy - —9m2
Uinf2  Gprea + Gpy
= —61
The second-stage gain is
LI —9maRps = —100
Uy
Therefore the overall gain vy/v,,, is
6100
v—o = T = 3050

In this case the differential-to-single conversion has been accomplished
simply by taking the signal from only one collector of the second stage. This
procedure has two disadvantages:
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FIGURE 10-3
Small-signal equivalent circuit for the MC 1530 input stages.

1 The gain is only half that which would be obtained if a differential output

were used.
2 The output signal contains not only a differential component but also a

common-mode component.

Here the second disadvantage is unimportant because the first stage has current-
source bias and therefore little common-mode signal will be applied to the second

stage.
The input resistance can also be calculated from the circuit of Fig. 10-3; it is

Ripy = 2ryep = 7200 Q

We can make a consistency check on the applicability of the model used in Fig.
10-3, at least as far as input resistance is concerned. If g, is included in the
model, it will appear at the input multiplied by 1 + g,2/(gpes + Gr2). Forgy.. =
10~7, this contribution will be negligible in comparison with ry.., , so the model is
valid.

Exercise 10-1 If emitter followers are added at the input of the first stage,
calculate the gain and the input resistance.

Common-mode Feedback

Although the input stage of the MC 1530 uses Qs as a bias current source to reduce
the common-mode gain of the amplifier, finite values of r,.. and r, of Q5 will lead
to a nonzero common-mode gain. For the MC 1530, the common-mode rejection
ratio is —75 dB, which is adequate for many applications. In cases where larger
common-mode rejection is required, the two-stage differential amplifier can be
modified slightly to provide negative feedback of the common-mode signal, thereby
further improving the common-mode rejection ratio. Such a technique is em-
ployed in the MC 1533, the input stages for which are shown in Fig. 10-4.
Transistors Q; and Q, are emitter followers, Q; and Q, form the input
differential amplifier, and Qs and Qg are the second stage of gain. Differential-
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FIGURE 10-4

Input stages of the MC 1533.
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to-single-end conversion is performed in the same way as in the MC 1530. The
small-signal voltage v, appearing at the emitters of Q5 and Qg is proportional to
the common-mode input signal and of opposite polarity to it. This common-
mode voltage v, is converted to a current signal by voltage divider R, and R;, and
current-source transistors Q,, Qg, and Qy. The result is negative feedback of a
common-mode current to the differential amplifier and emitter followers. This
feedback causes a reduction of the common-mode collector signal current of
Q, and Q,, and an increase of the common-mode input resistance of the amplifier.
The MC 1533 has a common-mode rejection ratio of —100 dB.

Exercise 10-2 Calculate the bias currents for the circuit of Fig. 10-4.

10-2 A NOVEL DIFFERENTIAL-TO-SINGLE-END CONVERSION
CIRCUIT

Differential-to-single-end conversion is accomplished without a factor-of-2 degra-
dation of gain in the uA702, another early operational amplifier. Although the
#A702 has been superseded by other later designs, we describe its input stage
because it is the precursor of the active load, a technique widely used in most
later-generation amplifiers. The circuit is shown in Fig. 10-5; to analyze it we
first calculate the bias currents. It is assumed that 8 is large and base bias currents
are negligible.
The bias current /¢, can be found by noting that

Vie = Vis
I 2.4k
Therefore —Iz—: =250
10— Vp
B lgs = —
ut ES = 77880
Thus we obtain Iz, =0.65 mA
and ICl = Icz = 0.32 mA &

Now since both Q, and Q, must operate in the forward active region, their
base voltages are each V,. If the base currents are negligible, then

Vey=Vp+ IR, =139V

This means that 75 must be
10 — Ve,
I, =——= =107TmA
R,
Then the collector current /¢ is
Ic3 = 13 - (ICl + lcz) = 0.43 Il'lA




364 BASIC INTEGRATED CIRCUIT ENGINEERING

+10
+10
R,S8kQ
I
| R, $8kQ
Ves :
VC‘

24kQ2 —

FIGURE 10-5
Input stage of the uA702.
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Now Q5 and Q, are identical transistors and have identical circuits connected to
their bases; therefore they must have identical collector currents. Thus

Ic4 = Ic3 = 0.43 mA
and Vea=10—1I, R, =66V
To analyze the small-signal behavior we use the zero-order model of Fig.

9-2a for Q3 and Q,, and the first-order model of Fig. 9-2b for O, and @, , as shown
in Fig. 10-6. The small-signal base current i,; 1s
I3 = gm V1 — V3 Gy
o Bib3
while Vg = ——22
76, +G, + Gy
Solving for v.; we obtain
v — ﬁmgvl
(14 PG, + G, + G,

Since v,5 is known, we can easily find iy4:

~ gmU Ry

i —UCB+gv—gv L 4 g,v
b4 — mY2 —9mY1 o5~ mY2
R, R,

With R; = R, this becomes
Ipg =GmV1 + GmV2
Note that the base current /,, is the sum of the small-signal collector currents of
Q, and Q,. Thus there will be no loss of a factor of 2 in converting from the
differential-stage @, and Q, to the single-stage @,. Since v, =v, =v,,/2, we
have
ib4 = ng Uy =9GmVin
The output voltage is
vo = —Pisg Ry = — Pgmvin Ra
For the bias current previously calculated,
gm =12 x 1073
If B = 100, the gain is

— v

=12 x 1073 x 100 x 8 x 10° = 9,840

Vin

The input resistance is

Rippt R Tyrey + Toreg = 2rpgy = 16.3kQ

Exercise 10-3 Calculate the voltage gain v, /v; and determine whether
neglecting r,.. in the calculation of R;p,, was justified.
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FIGURE 10-6
Small-signal equivalent circuit for the input stage of the ©A702.

10-3 INPUT STAGE WITH ACTIVE LOAD

We saw in Chap. 9 that the gain of a differential amplifier can be made very large
through the use of an active load circuit. Such a circuit is employed in the uA741
high-performance operational amplifier.> The input stage is shown in Fig. 10-75.
The functional behavior of the circuit as far as small signals are concerned is as
follows. Transistors Q,, Qg, Qy, Q,, form a differential amplifier in which Q,
and Qg operate in the common-collector mode and Qg and Q,, in the common-base
mode. In this respect, the differential amplifier is similar to a modified cascode
circuit. An active load is formed by Q,,, Q,,, and Q,;, and the output is taken
from the collectors of Q,, and Q,, asshown. All of the other transistors are used
for biasing purposes. The p-n-p transistors in the circuit are all lateral p-n-p devices
with f of approximately 4, while the n-p-n transistors are all high-8 devices.

To analyze the circuit we consider first the biasing. Transistors Q, and Q,
form a small-value current source which derives its bias current from R;. Q,and Q,
form a bias current source for use in other parts of the circuit. Feedback stabiliza-
tion of the bias current of the differential-amplifier stage is provided by the bias
current source comprising Q5 and Q.. To see this, we focus attention on the
emitter bias currents /g, and Igg in the differential amplifier. If the differential
input voltage is zero, Ig; = Irg. We assume that ay — 1 for the n-p-n transistors,
and B of the p-n-p transistors is #,. The current /¢ is given by

Iy = 21,
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FIGURE 10-7
(b)Input stage of the wA741, using an active load circuit.

Since Q5 and Q, are identical, they have equal collector currents. Then

2
Io =1Ics + 2/ gs =[C5(1 + —)
By
We also note that

2,
B,
21,
and that Ty =1Tc+1o=1<+
ca =lcs + {0 =lcs B, + 1
Solving for /,, we obtain
1 dealBy +38,+2)
E7

2Bl +2B,+2)
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In the uA741, I, has been chosen to be 27.5 puA. For B, = 4, this yields
Ig, =15puA
while for B, — 0o, we obtain
ITg; = 13.8 A

Thus we see that the operating current of @, Qg, Qg, and Q,, is well stabilized
against variations of §,.
For Ig; =15 pA and B, = 4, we have

Icog = Icio =Ici, = 12.8 A

Resistors R, and Rs are provided so that an offset-adjustment can be made exter-
nally to compensate for differences in transistor characteristics which would result
in Ic;2 # Ic1o. This is done by connecting a potentiometer between the emitters
of Q,, and Q,, with the wiper connector to — V. Resistor R, is used to provide
emitter bias current for Q,;.

The small-signal analysis is quite complicated owing to the complexity of the
circuit; in order to obtain an estimate of the voltage gain we therefore make
many approximations at the outset. We ignore R;, R,, and R, and we neglect
ry-. of all transistors and g,, of all transistors except Q;o and Q,,. The approxi-
mate small-signal equivalent circuit is shown in Fig. 10-8.

If we assume that the effect of g..;, on the emitter current of Q,, is negligible,
then

ie8 = iel() = ie7 = i29
and we can easily find 7,,:
Vin

Teq + Tey + Tes + Ter0

ler =

and since all four differential-amplifier transistors have equal emitter bias cur-
rents, we have

i = Uin =Uinql£7

" 4r,, 4kT

Analyzing the Q,5, Q,, combination, we find

P
Imii

a ie9
z__

Since g1 = gmi12» We also find
GImi20 = ap ie9
Then if i,o & i,o, We obtain

20, iy —Uin

Vg R — — - B
YGcer0 + Gcer2 2re7(gce10 + gcelZ)
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FIGURE 10-8
Approximate small-signal equivalent circuit for the input stage.

If g..10 and g,.,, are approximately 10~ >/r,,, we finally obtain, with a, =~ 0.8,

Vo

— =~ -2 x 10°
Uin

The input resistance is

R,, = 4r (B + 1) = 657 kQ
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10-4 INPUT STAGES WITH LOW INPUT BIAS CURRENT
Use of Super-gain Transistors*

We saw in Chap. 9 that the input resistance can be increased and the input bias
current decreased by using super-gain transistors at the input of the differential
stage. It will also be recalled that special circuit design is required in order to
prevent punch-through of the super-gain transistors. In the Motorola MC 1556
amplifier, super-gain n-p-n transistors are used as emitter followers, and p-n-p
transistors are employed in the differential amplifier. The use of complementary-
type transistors in this manner provides the required protection for the super-
gain devices.

The circuit of the MC 1556 is shown in Fig. 10-9a, and the basic input circuit
is shown in Fig. 10-9b. Transistors Q; and Q, form & bias current source which
supplies current to the differential-amplifier transistors Qg and Q. Super-gain
transistors @, and Q. are emitter-follower input transistors; their collectors are
connected in such a way as to make the collector-emitter voltage slightly larger
than ¥V, so the collector-base junction is only slightly reverse-biased. An active
load circuit quite similar to that of the uA741 is formed by Q,,, Q,;,and Q,,; offset
adjustments are made in the same manner as in the pA741.

Because complementary transistors Q, and Qg, as well as Q, and Q,, are
used, some provision must be made to provide bias current for the emitter of Qg
and base of Qg , and for the emitter of Q, and base of Q,. This is done by means
of the small-value current source comprising O, @4, and Q.

To calculate the bias currents, we first calculate /;

w2V,
I, =—==0.5mA
! R, + R,

If we now assume that Q; and @, have sufficiently large § that base currents can
be neglected, and if we use an analysis similar to that given in Chap. 9 for the
small-value current source, we find

A
I~ —L 2 0.126 mA
2% 39 m

The currents /, and /5 are found in a similar manner,
1, =15=0.019], =9.5uA

It is now a simple matter to calculate /g and 7,. If we assume Qg and Qg to have
B =10, we find

Iy =1, =59 uA
while Tee =T =4 pA

If the super-gain transistors have 8 = 1000, the input bias current is 4 nA.
To analyze the small-signal behavior on a first-order basis we must make
many approximations, as was the case for the pA741. We assume g,., to be
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Input

R, 277k R,,S$77kQ

FIGURE 10-9
(b) Input stage for the MC 1556.

negligible for all transistors, and we neglect g,, for all except Qo and Q,,. The
approximate small-signal equivalent circuit is shown in Fig. 10-10. Making
approximations similar to those used in analyzing the uA741, we also ignore the
effects of the collector currents of Q¢ and Q, on i,g and 5, and we assume g, has
negligible effect oni,,. With the previously calculated bias currents, we determine

rg =r.o =433 Q
rp =415 Q
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FIGURE 10-10
Small-signal equivalent circuit for the MC 1556 input stage.

v
Then g & 1
? 2rp+ Ry + Rg +reg + re6/By)

. vln
~ 578 x 103

where v,, is the differential input voltage.
Using an analysis similar to that of Sec. 10-3, we find the output voltage to be
—20,i,g

Vg XY —
Gees + Gce12

from which we find the gain to be
Do _ —2a,
Vin (gce9 + gcelz) 5.78 x 103
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If we assume g.;; X geeo & 1072 g,.1,, We have

Yo _0.136 x 10°
vin

Exercise 10-4 Calculate the bias currents 7,, I, I.

Bias Cancellation’~’

In applications where integrated circuits are subjected to radiation, a degradation
of material properties occurs which manifests itself as a reduction of transistor g
and an increase of junction leakage current. In an operational amplifier, the
input stage would be adversely affected, since both effects would cause an increase
of the input bias current. To compensate for this increase of input bias current,
or to reduce the input bias current in general, positive feedback can be used
to supply the base current of the input stage; such a technique is called bias
cancellation.

To evolve a bias-cancellation circuit, we make use of the fact that integrated
n-p-n transistors having the same geometry will have equal base currents if their
collector currents are equal, and that the bias circuits of Chap. 9 can be used to
produce a current mirror. The basic circuit is shown in Fig. 10-11a; here Q, and
Qs form a differential amplifier with cascode load transistors Q, and Qg. Diodes
D,, D,, Dy are used to provide an offset voltage, and Q5 and Q, form a current
mirror, as do Q, and Qg. If the base current of Q, is I, then

ch = ﬂIB

_ Bl

and Ip, B+l

The current mirror produces a current
- ﬂﬂp IB
B+1)2+8,)
where B, is the p-n-p transistor current gain. The input current is then
I, = 15[1 — _ﬂ_"ﬂ_]
B+ D2+ B,)

The current mirror emitters are all connected to Vi, which is a common-
mode point. With three diodes used for offset,

Icq

Vl = VE + 3 VD
The base voltage of Q, is
Vl - VD
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FIGURE 10-11

(@) Bias cancellation in an input stage; (b) use of a two-collector p-n-p current
mirror; (c) the improved current mirror using p-n-p transistors; (d) implementa-
tion of the improved current mirror.

while the collector voltage of Q, is
vV, =2V

The base voltage of Q, is ¥ + Vp, so the collector-base voltage of Q, is
Vi—=2Vp—(Veg+ Vp) =0

Itis not necessary that two separate transistors be used for the current mirror;
a single multiple-collector device can be used, as shown in Fig. 10-115. The input
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current can be further reduced by improving the current mirror, as shown in Fig.
10-11¢; this can be implemented with a multiple-collector transistor, as shown in
Fig. 10-11d. For the circuits of Fig. 10-11¢ and d it is necessary to add another
diode to make

V, =V +4V,

Operational amplifiers with input stages using the bias-cancellation schemes
of Fig. 10-11d have input bias currents of the order of 3 nA.

While the above analysis has been carried out only for bias currents, it
applies on a first-order basis to small-signal currents as well. Thus the input
resistance of the amplifier is markedly increased by the bias-cancellation circuits.

Although bias cancellation can improve the input bias and input resistance,
we do not wish to leave the impression that it is a panacea for all input stages. It
has two principal disadvantages:

1 The input noise current is increased.
2 For a given f mismatch, the input offset current is increased. In many
applications input offset current is more important than input bias current.

10-5 OUTPUT STAGES

The principal functions of the output stage are to provide low output resistance
and large load current capability. Usually output stages have voltage gains less
than 10. In cases where large output currents are required, class B or class AB
output stages are used to conserve bias power. In such cases, complementary
output transistors are usually used so that output currents of either polarity can
be accommodated. If large output current is not required, class A operation can
be used, and negative feedback can be employed to reduce the output resistance.

The MC 1530

An output stage with negative feedback is used in the MC 1530; the circuit diagram
is shown in Fig. 10-12. An emitter-follower input transistor Qg is used to drive
the level-shift resistor R,. Transistors Q; and Qy form a bias current source
whose current / is used to produce the level-shift voltage across R,. Transistors
Q.o and Q,, provide a bias current source for emitter-follower Q,,, while Qg
functions as a common-emitter amplifier. Feedback is provided by R, .

The circuit is designed so that V, = 0. For this case

Veo=Vo+Vp=V¥p

If we assume that the base current of Q,, is negligible, then 7, = Iy & I,. There-
fore R, is chosen to produce the desired value of /;:
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FIGURE 10-12
Output and level-shift stages of the MC 1530.

Note that Vgg = —V + 2V,. Then
Ipo = —

1y
g+1

Thus we see that /, R, and R, must be chosen so that

But Igy =

V=V VitV=3Vy V-2V
R,(B+1) R, R,

For the values shown in Fig. 10-12,
I, =1.66 mA
and I=24mA

To analyze the small-signal behavior, we assume that the voltage gain of Qg
is unity, and we use a zero-order model for transistors Qg and Q,, and a first-order

model for Qo and Q;;. The small-signal equivalent circuit is shown in Fig.
10-13.
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FIGURE 10-13
Small-signal equivalent circuit for MC 1530 output stage.

Since Q,4, Oy, and Q,; have the same bias current,

Imo = 9mio = Imi11

1

and Imio >

Fpreit
Therefore leg X GmioV = Im11V
and v~ 2

Since i,o = (B + 1)i’, we can write
(B + DI(via — 20)Gy + (v — 20)G (] = Gmio v (10-1)
If we assume ay = I, at the collector of Qg we have

v Gy + g =1
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At the emitter of Q,,

le12 = gm0 + (g — 20)G, (10-2)
Since

g =—(B+ 1)i, and o9 = Gm1oV = Gm11V
Equation (10-2) becomes
=B+ D@ G + Gmio?) = gmio? + (vo — 20)G, (10-3)

Eliminating v from (10-3) and (10-1), we obtain the following relation between
ve and v;,:

_U[G,+(/3+1)Gz]_v[ B+ 1)G, ]

*lgnB+2)—2G,]  °lgn + 2B+ 1XG, + G,)
_ vin(ﬂ'{_ 1)Gl
g+ 2B + 1)G, + Gy)

The first term on the left side of (10-4) will be small in comparison with the
second term; the gain vy/v;, then becomes

(10-4)

UON-—GI _Rf

vin G R,

For the values shown in Fig. 10-12, we obtain

vo _ —30kQ 5
v, 6kQ
The output resistance is found by analysis of the circuit of Fig. 10-13 to be
R Ry

Iy g

Exercise 10-5 Repeat the analysis of Fig. 10-13 for vy/v;,, but make the
following simplifying approximations at the outset:

vl < vin
v < v,

Show that this leads to
Vo GlB+D*+B+1)] ~_Rj‘

bm GAB+ 1D +B+D+1+GB+1) R

Output Stage of the uA741

The #A741 amplifier uses an output stage in which complementary emitter-follower
transistors are biased for class AB operation; the circuit is shown in Fig. 10-14.
Here Q,5 and Q,, function only as overload protection for the circuit; if the output
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FIGURE 10-14
Output stage of the pA741 amplifier.

is shorted to either of the supply voltages, current in either Rg or R, will become
large enough to turn on Q.5 or Q,4, which will in turn cause base current of
Q.6 Or Q,; to be reduced, thereby limiting the output current. Under normal
operating conditions, Q5 and Q,4 are cut off.

Class AB operation of Q¢ and Q, is provided by Qs , which functions as a
vy, multiplier. If both Q,, and Q,, were operating class A, the voltage between
their bases would be approximately 2V,,. However, the voltage provided by

Qs is

Rs
Veers = Vpll + =) = 1.6V,
R,
This voltage produces only a small emitter bias current in Q4 and Q,,; yet it is
sufficient to eliminate the crossover distortion that would result from class B
operation.
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Transistors Q,; and Q;, form a Darlington-connected common-emitter
amplifier, and Q, acts both as a bias current source and as a small-signal load for
the Darlington stage. The base of Q,; is connected to the collector of Q,, in
the inputJStage.

The uA741 has internal compensation in order to obviate the need for external
capacitors. This is accomplished by using a 30-pF capacitor on the chip, and
connecting it as shown in Fig. 10-14. The capacitance is multiplied by the Miller
effect resulting from the gain of the Darlington stage. In this way the gain roll-
off can be made to begin at about 10 Hz and continue at 20 dB per decade; thus
the 0-dB point occurs at about | MHz, ensuring that the amplifier will be stable
under closed-loop conditions.

The input resistance of this output stage is of interest, since the output
stage acts as a load on the input stage. Since the latter uses an active load, its
output resistance is large and the loading effects of Q,5 become important in the
determination of the gain. To calculate the input resistance, we must first calcu-
late the bias currents for the Darlington stage. The collector current of Q,, the
bias current source, is
2V —2¥,

1,
C1 R,

=0.73 mA
Since this is also the collector current of Q,,, the base current of Q,, is
A
Ig1s =0.73 TB— =73uA  for B =100

The emitter current of Q,, is then

Veia +V
Ipis = Ipya + %
and since V4 + V& Vy, we find
Igiy =225 pA
Then Imis =28.1 x 1073
and Imi3 =0.87 x 1073
If we neglect g,.., 4, the input resistance is
|
Rinzﬂ( +i) =470 kQ
Im13  Imra

Note that g,..,3 will be multiplied by Miller effect, and therefore the neglect of
Gbc13 18 probably a poor approximation.

The maximum output current capability of the amplifier can be estimated by
noting that Q,g will turn on when the voltage across Ry is approximately Vp.
This will occur at

14
Lui(many & R—: =30 mA
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FIGURE 10-15
Output stage of the MC 1556.

Output Stage of the MC 1556

The output stage of the MC 1556 is quite similar to that of the uA741; the circuit
is shown in Fig. 10-15. Basically, the circuit employs complementary emitter-
follower output transistors Q;, and Q;s, biased for class 4B operation. These
are driven by Q,5 and Q,,, which, for small signals, function as a Darlington
stage. Bias current and small-signal load are provided by Q3.

The output emitter follower Qs is driven by emitter follower Q¢ to provide
increased current gain, since the § of the substrate p-n-p transistors will not be as
large as that of the n-p-n devices. However, this also means that a base-to-base
bias voltage larger than 2V, is necessary to ensure class AB operation for Q,,
and Q,s. Note that for class 4 operation the voltage between the bases of Q4
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and Q,, would be 3¥,; thus for class 4B operation a voltage slightly less than this

is required. In the circuit of Fig. 10-15, this is done by using Q,, and D, to pro-

vide 2V}, and using Q,, to provide an additional voltage slightly less than V.

This is accomplished by using R, as shown; since the collector of Q,, is not

directly connected to its base, Qs will saturate, causing Veg,o < Vp.
Short-circuit protection is provided by Dy, D,, and Q,,.

10-6 A CURRENT-DIFFERENCING OPERATIONAL AMPLIFIER®

Most of the operational amplifiers we have thus far described are generally termed
high-performance amplifiers and have the following salient properties:

Large gain (~10°, or 100 dB)

High input resistance

Low input bias current

DC output level =~ 0 for zero differential input voltage
Two supply voltages

Large output current capability

A L AN~

There are many applications in which such high performance is not a requisite,
but in which other factors such as low cost and single-supply operation are of
prime importance. The MC 3401P makes use of a very simple circuit configura-
tion, making possible the fabrication of four identical amplifiers on a single chip.
Since all four amplifiers are on the same chip, a single biasing circuit on the chip
suffices.  Only one power supply voltage is required. An example of an applica-
tion for which this device is ideal is an active RC filter which may require four
operational amplifiers, but in which high-performance amplifiers are not required.
A single MC 3401P provides all of the amplifiers required for this application.

The basic amplifier circuit is shown in Fig. 10-16a; all of the voltage gain in
the amplifier is provided by a single common-emitter stage Q,. Bias current
sources are used for /; and /,, and the current source /, also serves as a small-
signal load for Q,. To prevent an external load from reducing the gain, an emitter
follower Q, is used at the output. Base current for 0, is the difference between
an external current /;,, and a current /,,, derived from an external current by a
bias current source comprising Q, and Q,. The currents 1, and /, are provided
by the common bias circuit in the chip; currents liny and 1, must be supplied by
external resistors. The output voltage level is determined by the difference
finy — Lip2.

Fig. 10-16b shows the complete circuit of one amplifier, together with the
bias circuit which supplies current for all four amplifiers. Transistors Q¢ and Q-
provide bias current, with Q4 functioning also as the load for 0Q,. To ensure
large voltage gain, an additional emitter follower Qg is inserted between 0O, and
the current source Qg ; this helps to further isolate Q, from any output load.

In order to make all bias currents independent of supply voltage variations,
forward junction voltages are used to set the voltage drops across current-deter-
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VCC

FIGURE 10-16
(a) Basic circuit of the MC 3401 P; () bias circuit and one amplifier.

mining resistors R, and R,. A current /, is established by R, to forward-bias
Dy, D,, and Dj;; this produces a voltage V;, across R, and across R;. Thus the
bias currents are

v
Ieg = 1 =R—" =0.2 mA
2

Vo
I, = —=13mA
2 R, m
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Diode-connected transistors Q,, and @,, provide base bias for current-source
transistors Q¢ and Q, as well as for similar transistors in the other three amplifiers
on the chip.

Figure 10-17 shows how external resistors are used to establish the bias
currents /;,; and /;,, in a typical inverting-amplifier application. Using this
circuit, together with that of Fig. 10-16b, we find

Ly = (Vo — V)G,
and Liny = (Vee — V)G
At the output,
Igy =1y + 1,
Then the collector current of Q, is

I L =1 /(B + 1)
a= —_—ﬂp+ 1

But Jc;, must also be given by

Icy = Biny — 1in2)
Combining these relations and solving for V,,, we find
B+ 1) = LB, + DB+ 1)+ Vo (G, — Gg) + Ve fGy
= 7G,

For the values of /; and I, calculated above, if G, and G are both larger than
10~¢ ¥, this expression reduces to

Vo

Vox Vee — = Vee =L

0 cC Gf cC RB
To bias the amplifier for maximum dynamic range, R, and Ry would be chosen
so that

Ry =2R,
thus producing
VCC
Vo —
)

The input resistance of the amplifier itself is rather low, particularly at the
noninverting input. However, since it is a current-differential amplifier, input
voltages are converted to input currents by external series resistors. Thus the
input resistance seen by the input signals is determined by these external resistors,
which can be of the order of 1 MQ. In the circuit of Fig. 10-17, the voltage gain
is
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FIGURE 10-17
Typical inverting-amplifier application.

If R, and R, are each chosen to be | MQ, and Ry is 2 MQ, the gainis —1 and the
input resistance is 1 MQ.

External frequency compensation is not required for the MC 3401P, as this
is provided internally by C. The open-loop voltage gain is approximately 65 dB,
and C causes roll-off to start at 1 kHz and continue at 20 dB per decade, producing
a unity-gain frequency of about 5 MHz.

Exercise 10-6 Show that the small-signal voltage gain of the circuit of
Fig. 10-17 is approximately —(R/R;).

10-7 FREQUENCY BEHAVIOR OF OPERATIONAL AMPLIFIERS
Compensation®

Operational amplifiers are seldom used in an open-loop circuit configuration;
rather, large amounts of feedback are used in order to obtain precise performance.
The amplifier must therefore be stable in the closed-loop condition; the most
stringent stability requirements occur when the amplifier is connected as a unity-
gain voltage follower. For unconditional stability it is necessary that the open-
loop phase shift be less than 180° at the frequency at which the open-loop gain is
unity, or 0 dB. In a typical uncompensated amplifier, excess phase resulting from
the use of more than one stage of gain, as well as from devices such as lateral p-n-p
transistors, causes the phase shift to be greater than 180° at the unity-gain fre-
quency, and it is necessary to add means for compensation. In early amplifiers
this was done by using external components, but in more advanced designs it is
done on the chip.

To see how compensation can be accomplished, we consider the circuit of
Fig. 10-18; here the current source represents the input stage of the amplifier
with active load, and the gain block represents the remaining stages. The capacitor
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—A ———0 Vg

BmVin
FIGURE 10-18 =

Equivalent circuit for the analysis of
compensation. g

C is added for compensation. If we assume for the moment that the gain block
has no bandwidth limitations and has zero input current, that is, is an ideal inte-
grator, we find

Vou(s)
= gn/sC
Vi o
The gain will be unity at a frequency
_ I
W, = C

and the rate of change of gain with frequency will be 20 dB per decade. Now
suppose that excess phase in 4 begins to appear, from whatever causes, at a fre-
quency w,. If C is chosen large enough so that the overall open-loop gain is
unity at a frequency below w,, the amplifier will be stable under closed-loop condi-
tions. Thus it is required that

W; < W,

That is, C> =
Wo

EXAMPLE 10A Calculation of the Open-loop Gain Corner Frequency. For
large values of open-loop gain, the compensated gain will fall at 20 dB per decade
for several decades before reaching 0 dB. If the zero-frequency gain is known
we can easily find the —3-dB corner frequency of the open-loop compensated
amplifier. Consider a case such as the pA741, in which the gain is 10° and a
30-pF compensating capacitor is used. We have already found the bias current of
the input transistors to be 13 pA. Since a common-collector common-base input
stage is used with an active load, the effective g,, for the input stage is

_ qlco
Im = 2kT
The compensated unity-gain frequency is then

qlco 6
= = 8. = 1. MH
Wy = s 8.3 x 10° rad/s = 1.33 z
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Since the amplifier has a gain of 100 dB, the —3-dB corner frequency must
occur approximately 5 decades below w,, that is, at 13.3 Hz. This indicates that
properly compensated high-gain amplifiers will have very low open-loop corner
frequencies. /11

Slew-rate Limitations

In discussing compensation, we have considered only small-signal behavior. We
now show that the requirement for compensation also degrades the large-signal
performance as a result of nonlinear behavior of the input stage. If we consider a
simple differential input stage with active load. and if we represent the remainder
of the amplifier by a gain block with compensating capacitor, as shown in Fig.
10-19a, we see that the rate of change of the output voltage is

dvy i

da C

The current /; will be maximum when Q, cuts off, for which case

il S Io

dv, I,

d Yo _ 1o
an - C

If a sinusoidal input is applied, producing an output } sin wt, the maximum ampli-
tude ¥, of the output before distortion occurs is thus

1,
P wC

Conversely, if an amplifier has a maximum peak rated output voltage V,, the
maximum frequency at which an undistorted sinusoidal output can be obtained
with peak voltage V is

Iy
2V, C

The frequency f,.. is sometimes called the full-power bandwidth of the amplifier.

Suppose that the amplifier is connected as a unity-gain voltage follower,
and that a step function of large magnitude is applied to the input. Q, will cut
off, and the amplifier will act as an integrator, producting a ramp output whose
slope S is

ﬁnax -

Td o C
as shown in Fig. 10-19bh. S is called the slew rate of the amplifier; it is clearly
related to the maximum sinusoidal output amplitude by

S_dvo_lo
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Slope S = I,/C

-t

®)
FIGURE 10-19

(a) Typical input stage followed by compensated amplifier; (b) response of
voltage follower to input step function of amplitude V.

EXAMPLE 10B Slew Rate of the uA741. For the uA741 amplifier, the input-
stage bias current is 16 uA for each transistor, making I, = 32 yA. With C = 30
pF, we find

Sx1x10%=1V/us

Slew rates of 1 V/us are typical for amplifiers of the same general structure as the
pAT41. 1

Improving the Slew Rate!®

It appears at first glance that the slew rate can be increased by increasing 7/, .
This is not the case, because g,, also depends directly on /,; increasing /, increases
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R; Rg

(a)

FIGURE 10-20

(a) Use of emitter degeneration resistors to improve slew rate; (b) cross-coupled
input stage with fast slew rate (after Hearn'®).

gm, causing larger open-loop gain with a consequent requirement for larger C
to ensure stability. The slew rate remains the same.

A straightforward method of increasing slew rate is to increase /, and
decrease the gain; this can be done by using emitter degeneration resistors in
the input stage, as shown in Fig. 10-20a. Even greater improvement can be made
by arranging the circuit so that the current available for charging C during large-
signal operation is different from the bias current for the input stage. This is
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done by operating the input transistors class 4B and cross-coupling the input
stage, as shown in Fig. 10-20b. Here /I, is set at about | mA, and /;, R,, and R,
are closed to produce about 50-uA collector current 7, in @, and Qg. For small

signals, the cross-coupling produces an effective transconductance for the circuit
of

2
" Ry + R, + kT/ql,

Gm

For large signals, if Q, cuts off, for example, the emitter current of Qg is deter-
mined not by the bias current but by the input signal and R, and R,. In this
mode of operation, dly/dv;, is easily seen to be 1/(R, + R;). The dynamic range
of the input stage is therefore considerably increased by this technique. Typical
slew rates for an operational amplifier using an input stage of this type are of the
order of 30 V/us, more than an order of magnitude greater than that of a conven-
tional stage.

Exercise 10-7 Calculate the value of Rg required for emitter degeneration
in the pA741 to double the slew rate.

PROBLEMS

10-1  Use the model of Fig. 9-2b for Q; and Q. in the circuit of Fig. 10-6 and calculate
the voltage gain.

10-2  Use electrothermal models to find the temperature coefficient of the current I,
in the circuit of Fig. 10-2.

10-3 Calculate the common-mode rejection ratio of the MC 1533.

10-4 Calculate the input bias current for the circuit of Fig. 10-11d.

10-5 Calculate the output resistance of the MC 1530, using the circuit of Fig. 10-13.
Do this first by using the approximations suggested in Exercise 10-4.

10-6 Take into account g,..,5 of Q5 in Fig. 10-14, and calculate R,, of the output stage
of the uA741.

10-7 Show that the small-signal voltage gain of the circuit of Fig. 10-17 is approximately
—(Rs/Ry).

10-8 Design an input stage of the type shown in Fig. 10-20b with R, + R, = kT/ql,.
Calculate the slew rate if C = 30 pF.
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APPLICATIONS EMPLOYING LINEAR
INTEGRATED CIRCUITS

11-1 MICROPOWER CIRCUITS!

In some applications, it is essential that the power consumption of electronic
circuits be very low, on the order of tens of microwatts. Two examples of such
applications are implantable circuits for biomedical telemetry, and telemetry
circuits for space probes. In such circuits, power supply voltages of 1 to 2 V at
current drains of 10 to 100 A are common. With these current levels, large-
value resistors must be used to develop voltages of the order of 1 V. We saw in
Chap. 4 that large values of sheet resistance can be obtained by using pinch-resistor
techniques, thus permitting large-value resistors to be realized with relatively small
surface areas. In micropower circuits nearly all resistors used are either base-
pinch resistors or collector-pinch resistors.> Some processing modifications can
also be made for micropower circuits. Since currents are very small, series collec-
tor resistance in the transistors is of little importance, and epitaxial material of
several ohm-centimeter resistivity can be used. With the low voltages encoun-
tered, the epitaxial-layer thickness can be reduced to about 5 um without danger
of punch-through to the substrate; the combination of high resistivity and thin
material produces a high value of sheet resistance for collector resistors and
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collector-pinch resistors. Moreover, the base width of the n-p-n transistors can
be decreased without danger of punch-through; this reduction leads to improved
B for the transistors and also increased sheet resistance for the base-pinch resistors.

Exercise 11-1 Calculate the sheet resistance of collector resistors if an
epitaxial layer is used having thickness 5 um and impurity concentration
5 x 10'* cm™3. Neglect depletion regions.

Biasing

A circuit which can be used for biasing in micropower circuits is shown in Fig.
11-1. Here Q,, @5, and Q, form a current source similar to that of Fig. 9-9. A
similar p-n-p current source is formed by Qs, Qs, and Q,, except that O, is
designed to have twice the emitter and collector area of Q. Therefore the
current /; will be

I =21

If we assume for the moment that Q, is not present we can analyze the com-
bination of Q,, Q,, Q4, and R as a small-value current source supplied by a bias
current /;. With R in the emitter of Q,, we have

kT 1
IR =Vgg; — Vppa = '"_an
q 1
Since I, =~ I, = 21, we obtain
kT
IR=""21n2
q

For the low currents generally encountered in micropower circuits, m will have a
value of approximately 2. For a given current /, the resistor value is

R= 7 In 2

For 7 =10 uA, R = 3.6 kQ.

Other transistors can now be connected to Qg and Q, as shown; the collector
currents of Qg and Qg will be 1. while those of Q,, and @,, will be 21.

Transistor Q, together with R, and the three diodes are added to provide a
*“starting” circuit. The thermally generated currents in Q,, Q4, Q¢, and Q5
can be sufficiently low that negligible / is produced when the voltage V¢ is applied
to the circuit. Therefore R, is added so that emitter current will flow in Q,,
producing a collector current in Q,. Once this current is established, operation
becomes self-sustaining; for the self-sustaining condition Vg, =2V,. If I, is
chosen to be only a few microamps, the voltage V is somewhat less than 3V, and
Q, is almost cut off when the self-sustaining condition is reached.
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FIGURE 11-1
A micropower biasing circuit.

A Micropower Gain Cell®

A micropower self-biasing gain cell is shown in Fig. 11-2a; note its similarity to
the circuit of Fig. 9-16b. Transistors 0, and Q, provide gain, while Q3 and Q,
are diode-connected and are used to establish stable biasing. The bias current is
set by Ry, and the output voltage is developed across R,.

A first-order small-signal low-frequency model for the circuit is shown in
Fig. 11-2b. To determine the element values, we first note that the emitter current
of Q, is also the base current of Q,, and the emitter current of Q, is the base
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FIGURE 11-2

(a) A self-biasing micropower gain cell; (b) first-order small-signal equivalent

circuit.

current of Q,.
collector currents with value

Since very low currents are used, Vg, will be less than 2V,,.
With the currents as described above,

The voltage gain of the cell is then

1~ VCC - VCEI
c~ 5
R,
g — Im =g _ Im2
m3 (ﬂ+l) mé (ﬂ+1)
4 :i(z ﬁgleRZ

v

Vi 39w + 2G,(B+ 1)

If all transistors are identical, Q, and Q, will have identical

(11-1)
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Typical values for the circuit are Ve =1.35, R, = R, = 1.5 MQ, 4, = 32 dB, and
power dissipation = 1.1 uW.

Exercise 11-2 Derive Eq. (11-1).

112 HIGH-POWER CIRCUITS*?

In the operational-amplifier circuits described in Chap. 10, output current capa-
bilities of the order of 10 mA were common. With these current levels, no special
precautions were necessary in device design, and because the resulting maximum
power dissipations were of the order of 200 mW, no significant thermal gradients
were produced on the chip. The designer needed only observe some simple
layout rules such as not locating input transistors near output devices.

In power operational amplifiers where peak power of the order of 15 W is
encountered, device design, circuit design, and thermal gradients must all be con-
sidered. The pA791 amplifier, shown in Fig. 11-3, provides anexcellentillustration
of these aspects. As can be seen from the block diagram of Fig. 11-4, the circuit
contains two gain stages and an output stage, and in addition includes provisions
for load current limiting and thermal overload protection.

Referring to Fig. 11-3, we see that the structure of the first and second stages
is quite similar to the pA741 circuit. Emitter-follower input transistors drive
p-n-p transistors having an active load consisting of Qg, Q;, and Q5. Bias
current sources are provided by Qg, @y, and Q,;,. The second gain stage is
provided by emitter follower Q,; and common-emitter transistor Q;,. Note
that the circuit connected to the collector of Qg is almost identical to that connected
to Q,; this helps to balance the collector currents. Collector bias current for
Q.4 is provided by p-n-p current source Q,;, which is in turn coupled to Q;,.

Level shifting at the output of Q,, is accomplished by emitter follower Q,,
with R;s. The current established in R, for the n-p-n current source also flows
in p-n-p current source Q,,, and is used to bias the output stage.

Voltage biasing for the output stage is provided by Q,s and ¥, multiplier
Q,4; the total voltage across Q,4 and Q,5 is 2.7V,. Load current limiting is
provided by Q,¢ and Q,,. The output stage uses no p-n-p transistors except for
current limiting; its operation can best be understood by considering the simplified
circuit of Fig. 11-5a. To analyze the bias conditions for the circuit we make the
following assumptions:

1 The zero-signal output voltage is approximately zero.

2 The diode D, is not conducting.

3 Base currents I, and /5,4 are negligibly small.
With these assumptions, the bias currents can easily be estimated. The current /,
is
V, =2V,

1. =
} R
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L = - —_———————31__ . ___ J
O (o] (¢}
Compensation V-
FIGURE 11-4
Block diagram of the pA791.
while the emitter current of Q,, is
Iy = I3
and the collector current of Q5 is
Ie =1
From Fig. 11-3, 1, is easily found to be
2V, =2V,
L=""2_"""° _ 78 mA
R,

This is also the collector current of Qi6- The bias current 7, is
I, =1,

We can check the consistency of assumption (2) as follows. The base volt-
age of 0,4 is 2V, so the cathode of D, is at —0.7 Vp; this forward bias of D, will
be insufficient to produce significant current in D,. The bias currents I and I
will be somewhat larger than calculated above owing to the presence of R,,, which
was neglected in the simplified analysis.

The simplified analysis shows that the output stage is biased for class 4B
operation, with just sufficient bias current in the output transistors to prevent
crossover distortion. To see how the circuit functions when a signal is applied,
we return to Fig. 11-3, and imagine a positive-going signal applied to the base of
Q,7; this causes an increase of current in R, s, with a consequent decrease of 7,
in Fig. 11-5.  Iy,4 now increases, causing a large collector current to flow in Oso-
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FIGURE 11-5
(a) Simplified output stage; (b) use of an external resistor for current limiting.

The diode is now forward-biased and v becomes negative; Q,, is cut off, as is Q5.
Thus for negative excursions of the output voltage, Q5o supplies the load current.

If a negative-going signal is applied to the base of Q,, the current 7, increases,
causing 0,z to tend to cut off. Collector current I in Q, is reduced, D, is cut
off, and I, increases. This produces a large emitter current in Q5,; for positive
excursions of the output voltage, O, supplies the load current.

Current limiting is provided by connecting an external resistor as shown in
Fig. 11-5b. Referring to Fig. 11-3, we see that if overload current flows during
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the negative output excursion a positive voltage will be developed between current
sense terminal and output terminal. When the load current is too large, this
voltage will turn on Q,,, which will cause current to flow into current mirror Q,,
and Q,;. This in turn reduces the base current of Q,g and hence the collector
current of Q3,. If the output excursion is positive, excessive current produces a
negative voltage between current sense and output terminals, causing Q,¢ to turn
on. The base current of Q,4, and hence the emitter current of Qsj,, is thus re-
duced to limit the load current.

The thermal shutdown provision operates as follows. Zener diode D,
0.5, and voltage divider Rg and Ry provide a base voltage for Qo which is
almost temperature-independent. As the temperature increases, the base-emitter
voltages of both Q,, and Q,, decrease, causing an increase of base current in Q,,
and Q,,. The collector current of Q,, reduces the base current of Q,4 and the
collector current of Q,, reduces the base current of Q,4; thus the output transistors
tend to be cut off.

In the layout of a power circuit, the usual method employed is to make the
layout as symmetrical as possible as far as power devices are concerned in order
to make isotherms easy to locate. Critical components such as input transistors
can be placed on isotherms to avoid thermal feedback effects. In cases where
there are several power devices, it would be necessary to increase the chip area
significantly in order to make the layout symmetrical. This was avoided in the
uA791 by performing a careful thermal analysis of the chip to determine where
the power devices should be located in order to reduce thermal feedback effects to
an acceptable level. The result is sketched in Fig. 11-6a; note that five power
devices are involved. The two output transistors, which must be capable of
15-W dissipation, each require an area 36 x 18 mils; the total chip size is 100 x 70
mils.

We have seen in Chap. 7 that special attention must be given to the design of
high-current transistors in order to reduce the effects of current crowding and high-
level injection. If large power is involved, thermal effects must also be taken into
account. In order to obtain acceptable device characteristics, a number of emitter
“fingers” are used, and provisions are made for so-called *ballasting’ resistors
in each finger in order to equalize currents and prevent hot spots from occurring.
In the uA791, the thermal analysis was used to determine that 12 Q was required
at each emitter site in order to maintain neighboring site currents within 10 percent
of each other. The emitter layout is also designed so that an effective pinch resis-
tor R, occurs in areas adjacent to the base contact; this helps to confine emitter
injection to the periphery of the emitter region adjacent to the base contacts. The
#A791 has the following characteristics:

Open-loop gain: 50,000

Input offset voltage: 3 mV

Input bias current: 100 nA

Power supply rejection ratio: 50 uV/V
Maximum output current: 1.2 A
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FIGURE 11-6
(a) Location of power devices to minimize thermal feedback; (b) structure of
the output transistors.

Maximum power dissipation: 15 W
Maximum operating voltage: +22 'V
Unity-gain bandwidth: 750 kHz
Zero-signal current: 10 mA
Open-loop output resistance: 2 Q
Chip size: 100 x 70 mils

11-3 COMPARATORS

Comparators are used to detect when an input signal has reached a predetermined
reference level. An ideal comparator would have zero output for v;,< V, . and
maximum output for v;, = V¢, as shown in Fig. 11-7a. A high-gain operational
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FIGURE 11-7

(@) The ideal comparator; (b) block diagram of the Kuijk comparator.

amplifier can be used as a comparator by connecting one input to V,; in fact,
nonregenerative comparators are very similar to operational amplifiers. In
contrast to normal operational-amplifier applications, comparators are usually
operated open-loop; since fast response time is required in a comparator, the
bandwidth of the comparator is generally greater than that of an ordinary opera-
tional amplifier. A comparator circuit designed by Kuijk® employs some of the
techniques we have described in previous chapters, and in addition makes use of
a novel method for obtaining wide-band gain. The comparator employs an
input differential amplifier, several succeeding gain stages, level shift, and an
output stage, as shown by the block diagram of Fig. 11-75.

The input stage is shown in Fig. 11-8; for convenience we discuss only one
side. Transistor O, functions as half of a differential amplifier; diode-connected
Q- prevents breakdown of the emitter junction of , when large negative
input voltage is applied to the base of Q,. Base current cancellation of the
type described in Chap. 10 is provided by Q,, Q,, @5, and Qs; Qs is cascode-
connected to provide the load for Q;. A load resistor is used for Q.
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FIGURE 11-8
The input stage.

Since the comparator will only be operated open-loop, the closed-loop gain
and phase margin requirements for operational amplifiers do not apply, and overall
compensation is not required. This means that the excess phase problems atten-
dant with several gain stages will not be important; what is required is good band-
width. A novel “zig-zag” method is used for succeeding differential gain stages;
the basic scheme is shown in Fig. 11-9. Here stage 1 bias current is used also for
stage 3, and stage 2 bias current is used for stage 4. All stages are direct-coupled;
although only four stages are shown in Fig. 11-9, it is easily seen that any number
can be used, depending only upon the power supply voltage available.

In order to maintain operation in the active region, the collector-base voltage
of each transistor must always be greater than 0. Referring to Fig. 11-9, we
suppose that the input signal is large enough to cause Q3 to almost cut off. Then




Ty Ty e ey haadiinad

406 BASIC INTEGRATED CIRCUIT ENGINEERING
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FIGURE 11-9
Zig-zag gain stages.
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ic3 ®0, and since this conditicn will also cause Q} to cut off, we have i, ~ L
Then

vca = Vee — IR
ves =Vee— Vo
Ucba = Uca — Ucs
Therefore if v, = 0, we see that
IRV,

We can easily calculate the maximum differential voltage gain that can be
obtained from each stage.

Apy =gm R

ADM(max) = gm Rmax

Vo

=gm7

_q Vv

T2%T 1

_9%
2kT

~ 14

With small-value load resistors, the bandwidth of each stage will be large. Measure-
ments for a five-stage zig-zag amplifier show a unity-gain frequency of 124 MHz.

Exercise 11-3 Suppose that the input voltage of the first stage has +7-V
reference.  If the power supply voltage is + 14, what is the maximum voltage
gain that could be obtained from a zig-zag scheme?

Since the dc bias level at the output of the nth stage is Voo — Vp, some
means of level shifting is necessary in order to couple into the output stage. This
is accomplished by using a p-n-p differential stage as shown in Fig. 11-10. Here
the p-n-p transistors are used as a common-base differential amplifier in order that
their frequency response not degrade the amplifier performance; the level-shift
stage is also zig-zag-connected. The p-n-p transistors are bypassed at high fre-
quency by 5-pF capacitors C.

The output stage is shown in Fig. 11-11. Transistors Qg and Qg act as
differential amplifiers, and Q,;, Q;,, and Q,; are used as a current mirror. An
output voltage reference level is provided by Vg, and the load resistor for the differ-
ential stage is R,. Offset voltage is provided by Q,, so that the dc level of v,,, is
the same as V. Differential to single-ended output conversion is provided by
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- VCC

FIGURE 11-10
Level shifting.

the way in which R, is connected. It is interesting to note that the current mirror
in this case is not being used as an active load, since no signal current flows in it.
The comparator has the following performance:

Input bias current: 0.4 mA

Input offset current: <0.3 mA

Input offset voltage: <3 mV

Sensitivity: 0.3 mV for full output swing
Common-mode voltage range: +9.5 to —12.5
Maximum differential input voltage: 25

Speed: delay, 40 ns; rise time, 65 ns; fall time, 40 ns
Common-mode rejection ratio: 100 dB

Supply current: 5.8 mA
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FIGURE 11-11
Output stage.

11-4 RC ACTIVE FILTERS

Itis difficult to fabricate frequency-selective amplifiers in monolithic form because
of the lack of conveniently fabricated inductors of reasonable quality. For
frequencies in the range of tens of MHz, the methods described in Chap. 4 can be
used to make spiral inductors with deposited ferrite. if the designer is willing to
use the extra proces:ing steps reqnired.  For lower frequencies, the large values of
inductance and capacitance required make monolithic fabrication nearly impos-
sible, even with extra processing steps. It then becomes necessary to use off-the-
chip components.  Since capacitors of high quality are more easily and cheaply
obtained thun inductors, techniques have been developed for using monolithic
gain blocks with discrete capacitors and resistors to produce frequency-selective
circuits.  Many of these techniques involve Wien-bridge circuits, Sallen-Key
networks,” or twin-T networks.®  These methods have two principal disadvantages:

I Their performance is highly sensitive to variations of active-device gain
and passive component values.
2 In some cases they can become unstable.
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One RC-active method which appears to be superior is the state-variable synthesis
method,® in which integrated operational amplifiers are used as integrators and
gain blocks. A circuit of this type which can produce both bandpass and notch
functions is shown in Fig. 11-12a. Amplifiers 1 and 2 function as integrators,
amplifier 3 serves as a unity-gain inverting amplifier, and amplifier 4 is a summing
amplifier. If we assume that the amplifiers are ideal infinite-gain operational am-
plifiers, we can easily see that bandpass and notch functions are performed. Let
s be the complex-frequency variable; then

Va(s) = —Vs(s)
a0 = = Val) o

and —Va(s)Gy + sC) = GV,(5) + G, Vi(s)
Eliminating V,(s) and V5(s) from the above equations, we can solve for the transfer
function V,(s)/V,(s) to obtain

Vy(s) — —(G,/C)s

Vi(s)  [s* + (G,/C)s + (G/C)?)

This transfer function has a pair of complex poles if G > G,/2, and can therefore
provide the bandpass function. The center frequency w, is

G 1
P =T RC
and for a narrow-band filter the Q is
G R
~G, R

A notch is obtained by adding v, to the input signal; this produces an output
vs with transfer function Vs(s)/V,(s) given by
Vss) -G, [s* + (G/C)?]
Vi(s)  Gs [s*+(G,/C)s + (G/C)*)

This transfer function has the same poles as V,(s)/V;(s), but it also has zeros on
the imaginary axis at

Ao

Jo=121j

There a notch will be produced at w = (G/C) = w, .
It can be shown that by using four operational amplifiers, two of which are
connected as integrators, one can realize a general second-order transfer function

as’ +bs+ ¢
Fo) =2
s* +es+f

By proper choice of element values, the various coefficients can be selected to
produce low-pass, high-pass, bandpass, or notch functions. For example, if
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FIGURE 11-12

Vg

(a) Basic state-variable circuit for bandpass and notch transfer functions;

(h) realization of the circuit with MC 3401P amplifiers.
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a =c = 0, a bandpass function results; if 5 =0, a =d, ¢ = f, a notch is obtained;
if a = b = 0, a low-pass filter is obtained; and if b = ¢ = 0, a high-pass filter results.

Although the circuit of Fig. 11-12a seems somewhat complex, requiring as it
does four amplifiers, two capacitors, and a number of resistors, it will be recalled
that in Chap. 10 we described a monolithic chip with four operational amplifiers:
the MC 3401P. This chip is ideally suited to state-variable synthesis applications,
and the filter of Fig. 11-12a can be realized with the four amplifiers of the
MC 3401P, as shown in Fig. 11-12b.'° For the element values shown, the
center frequency is fo ~ 500 Hz, the Q is 4.8, and the bandpass gain is 1.

In using the MC 3401P in such an application as this, we must be concerned
not only with realizing the proper transfer function but also with ensuring the
proper bias conditions. Fortunately this is easily done, since dc negative feedback
is used around the first three amplifiers. It will be recalled that the MC 3401P
amplifiers are current-differencing amplifiers; because of the negative feedback
we can find the bias conditions by assuming that the two input currents are
approximately equal for each amplifier. For amplifier 2, we can write

V2 — VCC
62kQ 120 kQ
from which we obtain
V,=0.515Vcc
For amplifier 1,
Ve Vs Vee

62kQ | 300kQ 100 kQ
from which we find

V,=0.515Vc
Finally, for amplifier 3,
Vs " Vs _ Vee
100kQ 100 kQ 100 kQ
or Vot Vi="Vee
Therefore V; =0.485V¢c

The summing amplifier 4 is not part of the closed loop of amplifiers 1, 2, and
3, but it has local feedback applied and we can write
V5 + V2 — VCC
300 kQ  300kQ 300 kQ

from which we obtain
V5 = 0.485 VCC

All bias voltages are now determined and we see that the dc output voltage for
each stage is approximately Vi c/2, indicating that each amplifier is biased for
maximum dynamic range.
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11-5 VERY-LOW-FREQUENCY FILTERS

The RC-active method described in the preceding section is useful for frequencies
from the audio range to about 1 MHz; for lower frequencies the capacitor values
become quite large. For frequencies from less than 1 Hz to well into the audio
range it is possible to make use of thermal effects in silicon and thereby avoid
entirely the use of capacitors or inductors. Moreover, since only transistors and
resistors are needed, and since there are no stringent requirements on their charac-
teristics, they can be made with the standard fabrication process. A complete
filter of this type, called an electrothermal filter or ETC filter, can be monolithic,
with no external components required.

For simplicity, we describe only low-pass filters. The basic structure of the
essential filter elements is shown in Fig. 11-13a.'!*12  Heater and sensor transistors
are diffused into the chip in the usual manner; although only the heaters and
sensors are shown in Fig. 11-13a, other components can also be placed on the chip
if care is given to their location. After the chips have been scribed and separated,
they are mounted on insulators as shown.

The heaters H, and H, are differentially driven by transistors Q; and Q, as
shown in Fig. 11-13b, and the electrical input signal is converted to a heat signal
by power dissipation in the collector junctions of the heaters. The temperature
is sensed differentially by the emitter junctions of sensor transistors S, and S,;
these are connected as a differential amplifier. Thus the sensor output is the differ-
ence between emitter junction voltages (caused by the temperature difference)
multiplied by the gain of the differential amplifier. Use of differentially connected
heaters and sensors minimizes the dependence of circuit performance on ambient
temperature variations. It is important to note that there are no electrical connec-
tions between heaters and sensors; only thermal coupling exists.

The distributed thermal resistance and thermal capacitance of the silicon
chip act as a low-pass filter to the heat signals; indeed, one can make a direct
analogy between the electrothermal structure and a distributed RC structure, in
which current corresponds to power (heat flow) and voltage to temperature.

That the circuit produces a low-pass filter can be seen from Fig. 11-144; in
this case the chip size was 75 x 25 mils and the cutoff frequency w,, is about
10 Hz. As the chip is made smaller, the cutoff frequency increases. Fig. 11-14b
shows response curves for various relationships between the distances L; and L,;
each curve in Fig. 11-14b is normalized to its zero-frequency value.

Other components, such as transistors to provide additional gain, can be
included on the chip if they are located properly. If the gain stages are differen-
tially connected they can be placed on isotherms and will be uninfluenced by thermal
signals. Nondifferential circuits can be located along the chip centerline since
this is a line of zero thermal signals.

More complex filters can be synthesized in ETC form, and high-pass, band-
pass, and notch filters can also be realized. Figure 11-15 shows a particular filter
response which was synthesized without the use of feedback by using three heaters
each with a different weighting factor. Analysis shows that for simple, low-pass
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FIGURE 11-13
(a) Basic ETC low-pass filter structure; (b) realization of differentially connected
heaters and sensors ; (¢) distributed RC transmission line analog for the ETC filter.
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Calculated and measured response of the filter synthesized for an AGC applica-
tion. The sketch shows only the location of emitters of transistors used in the
ETC filter. Chip size is 150 x 125 mils,

415
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filters realized in ETC form the limitations on cutoff frequency are approximately
0.03 Hz to 100 kHz. In order to reach the upper limit it is necessary to employ
a fabrication process such as Isoplanar II.

11-6 USE OF OPERATIONAL AMPLIFIERS FOR TESTING
OPERATIONAL AMPLIFIERS

The most common application of the operational amplifier is as the gain element
in a negative-feedback loop; we have seen examples of this in Chap. 10. Figure
11-16a shows an operational amplifier used to provide stable negative gain; the
gain of this configuration is

This can be easily seen by making use of the “virtual ground” principle as follows.
If the amplifier has a large gain (typically 10°), for any reasonable output voltage
the differential input voltage must be nearly zero. When negative feedback is
used around the amplifier, as in Fig. 11-16a, point A is therefore maintained at
approximately zero volts relative to point B. Since negligible input current can
flow in the amplifier, the currents in R, and R, must have the same magnitude.
The output voltage of the amplifier assumes the value required to cause this current
balance to occur. Point A is thus a virtual ground.

EXAMPLE 1A Gain of a Follower. Consider the positive-gain follower circuit
of Fig. 11-16b. The positive input to the amplifier is held at v, by the input.
Following the virtual ground principle, the negative input, point 4, must also be
at v;. Thus the voltage across R, must be

Uy

il =
Ry

Since the amplifier input impedance is large compared to other circuit resistances,
iy ®i,. Thus

vy =i Ry + iRy

R,
R, + R
from which 22t 1"
Uy R,
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R, ®

vy

ES

AV
A ——O v R,

L & 17

(@

FIGURE 11-16
(a) Negative-gain configuration; (b) positive-gain, or ‘“‘follower,” configuration.

R, S l © ._Z

)

The virtual-ground principle is useful in analyzing a nonideal operational
amplifier; a model for such an amplifier, including the most important dc nonideal
aspects, is shown in Fig. 11-17. Here:

V10 = input offset voltage
IIB, , IIB_ = input bias currents

R;, = input resistance

R, = output resistance

Ays = open-loop voltage gain

Since V,, is often of the order of several millivolts, /IB is several nano-
amperes, and A, is of the order of 10°, direct measurement of these nonideal
parameters is extremely difficult.

Qo '

?un K ()
@o '

%um

FIGURE 11-17
Model for a nonideal operational amplifier.
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ANV
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FIGURE 11-18

(a) Circuit for measuring V;0; (b) circuit for measuring Ays.

50kQ
VWV —

A, ——o V,

— Device under test

FIGURE 11-19
Circuit for measuring /7B,
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A simple circuit for determination of operational-amplifier offset voltage
is shown in Fig. 11-184. Since the loop has overall negative feedback, the input
of A, must be at zero volts, ignoring offset in 4,. The input voltage of the device
under test must then be ¥V, (the internal offset voltage plus zero for the internal
ideal amplifier). It now follows that

V,
h=%5="h
Finally, Voo = (SOKQL, + Vi
50,000

VIO + VIO = 1001 VIO

Measurement of V,,, in volts is therefore equal to ¥}, in millivolts.

Exercise 11-4 Compute the error due to
B, _ =0.5puA

Ay = 50,000
Ry =5Q
R;, =1 MQ
Vio=50mV

for both operational amplifiers.

A similar circuit for determination of A4, is given in Fig. 11-185. With
switch S open, V,,, is 1000V,,, just as with the circuit of Fig. 11-184. With
switch S closed, the negative input to A, is still zero volts, and the output of the
device under test is +10 V. The voltage of point 4 must therefore be:

10
Vi=Vio+ A_ys
Thus Vouyscetoseay = 1000(Vo + 10/Ays)
Therefore Vout/setosedy = Vout/stopen) = 1001(V,0 —Vio+ ,—;%)
10,010
T dys
and Ays = 10,010
Vouys(etosedy = Vout/scopen)

Exercise 11-5 Compute the errors in the measurement of A4, ¢ if both ampli-
fiers have the parameters of Exercise 11-4.

Exercise 11-6 Compute the input currents //B_IIB, and input offset
current II0 = IIB, — IIB_ by comparing circuit performance with S, and
S, in all possible positions in Fig. 11-19.
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11-7 DIGITAL-TO-ANALOG CONVERSION

Conversion of binary digital information to analog form is carried out by a digital-
to-analog converter. Consider a typical binary digital word:

101101
In decimal format this becomes:

I x324+40%x16+1x8+1x44+0x2+1x1=45

Digital-to-analog converters contain the weighting factors (2, 4, 8, 16, ...) which
can be summed or not depending upon the state of the input digit.

Weighting factors can be either voltages or currents. In this discussion,
currents will be used because of the ease of summing currents without offset
problems in bipolar transistor circuits. The fundamental block diagram of a
simple digital-to-analog converter is shown in Fig. 11-20a, where

Ioye=A, X321+ A, x 161 + A5 x 81+ ---
and A4; =1 or 0 depending on the state of the ith digit

Creation of the current weighting factors can be carried out several ways.
Two common methods are resistor weighting and R-2R ladders; a weighted resistor
circuit is shown in Fig. 11-206. The ratio of resistor values determines the ratio
of currents for the same voltage applied across all resistors. This circuit has the
advantage of being able to reproduce any weighting scheme, but requires large
ratios of resistor values.

The R-2R ladder circuit is shown in Fig. 11-20c. The R-2R ladder is limited
in the current ratios it can reproduce, but has a maximum resistor ratio of 2 : 1,
thus simplifying the resistor fabrication problem.

Exercise 11-7 Verify the current ratios of the R-2R ladder of Fig. 11-20¢
by reducing the circuit to series and parallel resistances beginning at the
right-hand end.

Both current weighting circuits require that all resistors be terminated at
identical voltages. In addition, a current drive circuit is required to produce the
total ladder current.

Termination Circuit

The termination circuit for the current weighting resistor ladder should have the
following three circuit properties:

I Low termination impedance to avoid producing series error resistance in
the weighting circuit.

2 A fixed terminating voltage determined by an external bias voltage.

3 Unity current gain to the current from the current weighting network.

A block diagram is shown in Fig. 11-21a.
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631

f— (c)

FIGURE 11-20
(a) Basic current weighter; (b) resistance current weighter; (c) R-2R current
weighter.
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A — DA

Vbhl ©

lll °ll
To current weighting network

(a) l' (b

Vias ©

) ll
(©

FIGURE 11-21
(@) Block diagram of terminator; (b) terminator using operational amplifier;
(c) terminator in which negligible current flows at the output of the amplifier.

The properties required by the termination circuit are precisely those of a
high-gain negative-feedback system having a virtual ground point. The circuit
of Fig. 11-21b shows an operational-amplifier feedback loop where the current
I flows from the amplifier output. In order to make the output current available
for summation, the feedback resistor must be replaced by a feedback transistor as
shown in Fig. 11-21¢.

Exercise 11-8 Given that transistor # = 50 and that the termination circuijt
must add an error of no more than 1/8 of the least significant bit, compare
the use of a single-feedback transistor, a two-transistor Darlington, and a
three-transistor Darlington in the circuit of Fig. 11-21c¢ for 6-, 8-, and 10-bit
digital-to-analog converters.
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+V
To switch ‘v
-p bias strin
prp & To current-
summing
node
Dlgl ta] Vﬂud
input
Vbhs l l
To terminating circuit
(@) (2]
+V

Summing node

p-n-p bias
string

Voiss O—I

Al,

(©

FIGURE 11-22
(a) Simplified terminator; (b) emitter-coupled current switch; (c) switch using
a diode.

Rather than using a complete operational amplifier in the terminating
circuit, a simpler circuit has been devised, with a single n-p-n transistor and a
p-n-p current source, as shown in Fig. 11-22a. The switching function can most
easily be carried out using a differential switch similar to an emitter-coupled logic
gate, as shown in Fig. 11-22b. The base current in @, represents an error. To
eliminate the error, Q, is converted to a diode, as shown in Fig. 11-22¢. Note
that this circuit responds to negative logic. The total digital-to-analog circuit
using an R-2R ladder now appears as shown in Fig. 11-23.
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+V

.
A
|
|

P

Voias 0— o A

2R

% 2R
MW — : AV
R R
Iref

FIGURE 11-23
Two sections of a digital-to-analog converter using an R-2R ladder.

Current Drive Circuit

The current drive circuit serves to translate a reference voltage into a reference
current which is then used to drive the ladder network. In addition, it must
perform a level translation from the grounded reference to a negative voltage to
which current can flow from the ladder network.

Here again, a virtual-ground node in a negative-feedback loop is useful. A
system to generate the reference current is shown in Fig. 11-24a. Since point A
is maintained at zero volts, being the virtual ground, the reference voltage V,
appears across the reference resistor R, to produce reference current 7, = V, ¢/
R.c. In the circuit of Fig. 11-24a, a feedback resistor is used to close the loop;
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lre’
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VW To ladder
(?
Vref __f @
IIG
‘l — l 1
- rel
= Q.} [[e
-V
()
Rrel‘ +V
AN
1 ref
N l p-n-p bias string
Ve —
To ladder [
1 ref l =
-V -
(©
FIGURE 11-24

(a) Reference circuit with amplifier; (b) use of transistors in the feedback loop;
(¢) simplified amplifier in a reference circuit.
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however, a current-source transistor can be used as well. Recall, from the biasing
discussion, that an identical transistor Q, can be slaved to the feedback transistor
(), to generate the ladder drive current.

The amplifier circuit should combine both the gain needed to close the loop
and the driver-end level translation. A simple circuit to accomplish these two
objectives is the input stage from the uA741 circuit discussed earlier. The com-
plete circuit is shown in Fig. 11-24c. The complete digital-to-analog circuit,
including current weighting ladder, terminating circuits, and bias and current
drive circuit, is shown in Fig. 11-25.

11-8 VOLTAGE REGULATORS!314

A voltage regulator can be thought of as a negative-feedback amplifier having
very low output resistance, in which the input is a reference voltage and the output
is the desired regulated voltage; supply voltage for the amplifier is provided by the
unregulated voltage. Regulators usually employ the general structure shown in

Ay Az Ay A As Ae

[T TT]

o
Current switches —_— o
R — 2R ladder
Bias
circuit

Reference current amplifier

(a)
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Series pass transistor

0

“+

Unregulated v
input

P
L}

Ry

Vet Reference voltage Vr

@ ®)

FIGURE 11-26
(a) Basic regulator structure; (b)) Thévenin equivalent.

the block diagram of Fig. 11-26a, in which a fraction of the regulated output is
compared with a reference voltage V... The difference is amplified by the
voltage-controlled current source with transconductance gain G; the output of this
amplifier is used as base current for the series pass transistor ¢. In Fig. 11-26b is
shown the Thévenin equivalent for the regulator; the voltage V; is easily calcu-
lated by assuming I, to be zero in Fig. 11-26a.

V=B + DIfR, + Ry) = (B + 1)(R, + Rz)(;(Vref - RV:LR;{ )
1 2

Solving for V; we obtain

_GVe(R + R)(B + 1)
™ 14+ GB+ DR,

If G is large, this becomes

V.. ~ Vref(Rl + RZ)
T~ R
1

To find Ry, we let V,, =0 and calculate I, :

I =GB+ 1)V,
Then
_Vr _ (R(+R)/R,

7= =]

I, G@B+1)
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It will be noted that for the structure of Fig. 11-26q, the reference voltage
must be chosen to be less than the desired regulated output voltage and less than
the unregulated input. A series combination of a Zener diode and forward-
biased diodes can be used to obtain a reference voltage with nearly zero temper-
ature coefficient; however, it will be recalled that the breakdown voltage of the
emitter junction is approximately 7 V. For output voltages less than this, some
other scheme must be used for the reference voltage.

The so-called band-gap reference method provides a reference voltage propor-
tional to Vg4, the band-gap voltage of silicon, which is 1.23 V. This method is
best understood by first recalling that the temperature coefficient of the emitter-
base voltage is negative and has a value of 2 mV/°C. If two transistors are
operated with different emitter current densities, the difference between their
emitter-base voltages is

kT J
AVgr=—In=>=
q J2

This voltage difference is seen to have a positive temperature coefficient for
fixed J, and J,. By combining the positive temperature coefficient of AV with
the negative temperature coefficient of Vg, one can achieve a low-voltage reference
with nearly zero temperature coefficient.

The basic circuit for the reference voltage is shown in Fig. 11-27a. Here Q,
and Q, are connected as a small-value current source, with the collector current
of Q, set at about 10 times that of Q,. The voltage AV g is

kT 1
AVBE = —In 2
Ic,
and this voltage appears across R;. 1f we assume the base current of Q5 to be
negligible, we can write the voltage across R, as

if « of @, is assumed to be unity. The reference voltage is then
R
Vee=Vpe+ 2 AVge  (11-2)
R

The temperature behavior of ¥z can be shown to be given by

T T nkT T, kT I,
F)"I‘VBEO_"l"_ln_“l'_ln—
)]

(11-3)
Ty q T q Ico

Vpp = VG(I -
where V; = band-gap voltage
T = temperature, °K
1. = collector current at T
I, = collector current at T,
Vgeo = base-emitter voltage at T,
n = factor depending on processing methods, having a typical value of
1.5
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The last two terms of (11-3) are small in comparison with the first two; neglecting
them and inserting (11-3) in (11-2), we obtain

V V(l T)+V T+R2kT1 Je, (11-4)
= — — — — —In — S
ref G To BEO To R3 q Icz
If we now set 0V, /0T = 0, we find
R, kT, I
Ve = Vago + — —2In = (11-5)
Ry ¢q I,

The base-emitter voltage Vygo depends upon the emitter current of Q;; in the
circuit of Fig. 11-27a the supply current / and the resistors R, R,, and R; can be
chosen so that (11-5) is satisfied. The reference voltage is then

v,

= e

A band-gap reference of this type is used in the National LM 109 voltage
regulator, a simplified circuit for which is shown in Fig. 11-27b. Here a series
combination of diodes is used to raise the output voltage to the desired level.
The negative temperature coefficients of Qg, Qs, Q4, and Qj; are balanced by the
positive temperature coefficient of the AV, of Q¢ and @, multiplied by R;/R,.
If we assume that Qg, Qs, Q., and Q5 all have the same Vg, we see that the

output voltage is

R
Vouw=4Vge + = AV g
Ry

For zero temperature coefficient of V,,,, the resistors R,, R;, and R,, and the
current in the diode-connected transistors, would be chosen so that
R3 kTo  Ice
Ve = Vgeo + R. g In I,

In the circuit of Fig. 11-27b, negative feedback is used to maintain this current
constant as the load current varies. The output of Qg is applied to the base of
vertical p-n-p Qg, whose output is applied to the Darlington combination @, and
Q,. Series-pass transistor @, is connected to the output. To see qualitatively
how regulation occurs, suppose that a load is applied which tends to reduce V.
This would lower the emitter voltage of Q5 which would in turn cause a reduction
of Vggs. The collector current of Qg would then decrease, causing more of the
bias current I, to be diverted into the base of Q,; amplification of the base current
by Q, and Q, would then tend to raise the output voltage to its correct value.

PROBLEMS

11-1 A micropower circuit is to be fabricated in an epitaxial layer of thickness 5 um
with 10 Q - cm resistivity. The substrate resistivity is 10 Q - cm, and the base
diffusion has junction depth 3.0 um and surface concentration 10'” cm~*. Take
into account depletion regions and calculate the sheet resistance of collector pinch
resistors.
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11-2  For the base diffusion of Prob. 11-1, calculate the minimum epitaxial thickness
that could be used without collector punch-through to the substrate if the power
supply voltage in the circuit is 2.0 V.

11-3 In the circuit of Fig. 11-2a, if R, = R, =1 MQ, and if the collector bias current in
each of Q, and Q; is 0.5 nA, calculate the voltage gain.

11-4 1In the circuit of Fig. 11-5a do not assume Ip,5 ® 0 and /59 = 0; calculate I
and Ig.

11-5 1In the circuit of Fig. 11-8, if the emitter current of Q, is 0.6 mA, calculate the input
current of the input stage. Assume B =5 for p-n-p transistors and = 100 for
n-p-n transistors. Calculate the differential-mode voltage gain of the circuit if
600-Q2 load resistors are used.

1]-6 Calculate the gain and output resistance of the output stage of Fig. 11-11.

11-7 For the circuit of Fig. 11-125 let the amplifiers have a finite transimpedance K, and
calculate the transfer functions V.(s)/Vi(s) and Vs(s)/Vi(s).

1]-8 For an electrothermal filter with L, =0, derive the transfer function [Ts,(s) —
Ts2(8))/[Pus(s) ~ Pua(s)].
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BASIC SATURATING LOGIC CIRCUITS

12-1 DC BEHAVIOR OF THE SATURATING INVERTER

Several basic bipolar integrated logic circuit families employ a saturating inverter
as an integral part of the circuit. 1t is this inverter which provides the current
gain, the logical inversion property enabling the implementation of the NAND or
NOR logic function, and the well-determined output voltage when the inverter is
saturated. Since the inverter is such a basic part of saturating logic circuits, we
first consider some of its general properties.

The Saturated Case

Consider the basic inverter circuit of Fig. 12-1 in which we have shown the
parasitic substrate p-n-p transistor to emphasize the importance of the substrate.
To determine the saturation voltage ¢ ¢ g,y for the intrinsic transistor with no bulk
resistances, we can make use of the four-layer nonlinear model of Chap. 7. If we
define the transistor to be just-saturated when ¢ = 0, we see that for this case the
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FIGURE 12-1
The basic saturating inverter.

parasitic p-n-p has zero emitter-base voltage, and the effect of the p-n-p will be
negligible. The emitter-base voltage is

Vee = ¢ = Vp

and ¢CE(sa() = ¢

For these conditions the currents are related by

Ic~ Byly

If the base current is increased while /¢ is held fixed, ¢¢g(sary Will decrease because
the collector junction becomes forward-biased. Note that the effective current
gain of the inverter is now less than . In fact, we have already calculated the
effective current gain fy = I/l 5, sometimes called the circuit § or the forced B,
in Chap. 7 and noted that B decreases as ¢ cga, is decreased. This means that
more base drive must be supplied to produce a lower @ ¢, for a given Ic. The
result obtained in Chap. 7 is

ﬂ' — aN(I.vI/Is2)eq¢CE(“n/ka - (1 - as)
T T ) + GlL)(L — ay)ertereomit

In addition to the junction voltages of the intrinsic transistor, there is a voltage
resulting from the bulk collector resistance r¢(,,,: thus the total saturation voltage is

(12-1)

Veeeay = Pcran + IcTcesan

EXAMPLE 12A  Base Drive for a Typical Case. Suppose a circuit requires a
saturating inverter with Vg, £0.300V with I =2.0 mA. The integrated-
circuit transistor has

I

=1 =025 «y=098 «,=0.10
1s2

0, =080  regay =100 Q
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Note that the contribution from r¢,,, alone is 200 mV; thus it is necessary that
dcEsan = 100 mV.  Inserting the above values in (12-1), we find

For I =2 mA, we therefore require
I3 20182 mA

In this case the effective current gain of the transistor is only 11, while the actual
active-region current gain is fy =49.

This example shows that logic circuits which require low Vg, Will have
low effective overall current gain. It also emphasizes the importance of using a
buried-layer diffusion for saturating inverters, in order that the I¢rc,, term be
kept as small as possible. If r¢ ., decreases to 75 Q, then for Vg, = 0.300, we
have

By ~ 31

while if r¢ g, increases to 125 Q, we obtain

By~ 1.72 1

The Cutoff Case

Integrated logic circuits nearly always use only a single power supply voltage;
therefore an inverter is seldom truly cut off since negative base-emitter voltage
cannot usually be applied. Fortunately, because of the exponential nature of the
emitter-base junction characteristic, a reducticn of the base-emitter voltage of
several hundred millivolts is sufficient to cause a reduction of the collector current
by several orders of magnitude. Thus the transistor can be effectively cut off by
reducing the forward voltage of the emitter junction.

To quantify this statement, we can use the four-layer model to calculate the
collector current when the transistor is in the forward active region. If the collec-
tor current is always larger than 7, or I;;, we obtain

Io ~ ay L, (e™=™T — 1)

Now in the saturating inverter with a load resistor R¢ and with Vo > V), the
collector current changes very little as operation changes from just-saturated (the
edge of the forward active region} to fully saturated; let this current be I,;. Let
the collector current when the transistor is designated cut off be /(.. If the
voltages are ¢ g; and ¢ g, for these two cases, we have

Icy = oy Isl(eq¢El/MkT -1

and IC(oﬂ') Ay Isl(eq¢E(°r”/m,‘T - l)

Taking the ratio and solving for ¢ gy, we obtain

mkT — I¢y

¢£(orr) =¢g ——In

(12-2)
q I C(off)

Since the junction currents can be very small, we should be conservative and
use the asymptotic value m = 2 (see Fig. 7-15).




436 BASIC INTEGRATED CIRCUIT ENGINEERING

EXAMPLE 12B Base-emitter Voltage for a Typical Case. Suppose that the
saturating inverter of Example 12A with /., =2 mA must be cut off so that the
collector current is less than 0.1 percent of I¢;. Then I¢ o) = 2 pA, and the junc-
tion voltage at this current is

mkT
Decotry = Per — T In 1000

= ¢ — 360 mV
To estimate ¢ o) We recall that ¢z, will be approximately V,; thus
D Eory = 340 mV

We would therefore design for ¢ gy < 340 mV to ensure cutoff. /111

12-2 TRANSIENT BEHAVIOR OF THE INVERTER

The transient analysis of even a very simple logic circuit is quite difficult, for the
following reasons:

1 The driving waveforms are not simple.

2 Since the inputs come from logic circuits and the outputs drive other
logic circuits, nonlinearities exist in both source and load circuits.

3 Since large-signal behavior is involved as the inverter operation moves
from cutoff to saturation and vice versa, nonlinearities of junctions and
junction capacitances must be taken into account.

As aresult, if an accurate analysis of a simple logic circuit is required, use of a com-
puter is advisable; for a complex circuit it is mandatory. Large-scale computer
analysis programs which take into account the nonlinearities encountered are
available.

For an understanding of circuit behavior, an accurate, detailed analysis is not
required; in fact it is generally not desired, for the details often obscure the salient
relationship between the important aspects of the transient behavior and the circuit
and device parameters. For this purpose one does not require the detailed wave-
shapes, but rather an estimate of such important aspects as delay time, rise and fall
times, and storage times. To obtain such an estimate, we use the following guide-
lines for our analysis.

1 A fairly general inverter circuit is considered; the results can then be
adapted to any of the saturating logic families by use of proper values for the
parameters.

2 Driving waveforms are idealized so that they can be approximated by
step functions.

3 Nonlinear capacitors are replaced by linear capacitors whose values are
the averages of the nonlinearities over the voltage excursions present.

4 Piecewise-linear methods of analysis are employed.
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5 Junction nonlinearities are replaced by ideal diodes, and first-order models
are used for the transistor.

6 First-order system approximations are used wherever possible in order to
simplify the analysis.

The circuit to be analyzed is shown in Fig. 12-2a. In this circuit, Rg and v
represent the Thévenin equivalent of the drivingcircuit, and R, and ¥, the Thévenin
equivalent of the load circuit. Both these equivalents may have to be piecewise-
linear approximations of the actual source and load, depending upon the particular
logic circuit. C, is the emitter junction capacitance, together with any additional
capacitance between base and ground resulting from the particular circuit con-
figuration; C, is the collector junction capacitance plus additional circuit capaci-
tance between collector and base; and C; is the substrate capacitance plus any
circuit capacitance between collector and ground.

The idealized output waveform is shown in Fig. 12-2b. It is assumed that
a turn-on signal is applied at t = 0; the delay time ¢, is the time elapsed until the
output begins to change, and the transient time ¢’ is the time from the end of the
delay until the transistor enters the saturation region. (For actual waveforms, no
clear-cut demarcation exists as in the idealized waveforms. Therefore it is often
more desirable to define the delay as the time required to reach the 50 percent point
of the excursion, while the transient can be defined as the time required for a 90 to
10 percent excursion.)

When a turnoff signal is applied, a storage time f, elapses before the transistor
enters the active region; this is followed by a transient time of t” for 90 percent of
the excursion to be completed. The total turn-on time is

tn=1tp+1
while the total turnoff time is
logr =1, + 1"
The average propagation delay can be defined as
ipé ton '; toff

It is important to note that during the times ¢,,, t’, and t”, the transient be-
havior will probably be determined primarily by parasitic capacitances rather than
by the intrinsic frequency limitations of the transistor. Most integrated transistors
have sufficiently high cutoff frequencies that parasitics are dominant. This is
not the case in the saturation region, however, since here there is very little change
of voltage and hence very little capacitive current. Thus the storage time #, will
be determined basically by device performance.

The Delay Time 7,

To calculate the delay time ¢, we assume the driving waveform v to be a step func-
tion between the limits V; and V, as shown in Fig. 12-3a; it is necessary that V, be
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(a) The general inverter circuit; (b) idealized output waveform.

@ E(oiry OT less.  The first-order model for the transistor is shown in Fig. 12-3b; note
that until t =t,, vy < Vpand iy =0. Thus the equivalent circuit for the inverter
is as shown in Fig. 12-3¢. This is a second-order circuit; however, it becomes
first-order under two asymptotic conditions: Ry >0 and R;— o. The case
R — 0 will overestimate t,, and we therefore use it as an approximation. For this
case the time constant 7 is

T=RyC +Cy)
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FIGURE 12-3
(a) Input waveform; (b) first-order transistor model; (¢) inverter equivalent
circuit,

We next write an expression for vg(1), and set

vg(tp) = Vp
Solving for t,, we obtain
V, - V.
tp=Tlhh+—2 (12-3)
D — VZ

EXAMPLE 12C Calculation of the Delay Time. Consider a case for which
Ry =4kQ, C, = C, =3 pF, and input voltage limits are ¥V, = V,/2and V, = 6V/,.
For this case T =24 x 107%s. Inserting the values given in (12.3), we obtain

5.5
i =Tln?=2.3 x107%s I
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Exercise 12-1 -Derive Eq. (12-3).

The Transient Time ¢’

When the base voltage has reached V,,, the diode D, in the model of Fig. 12-3b
becomes forward-biased and no further change of vy occurs. The transistor is in
the forward active region and the equivalent circuit is shown in Fig. 12-4a. To
simplify the circuit, we note that no current flows in C;, but that C, is multiplied
by Miller effect as far as v is concerned. We also form the Thévenin equivalent
of Ve, Rey, Vi, and R to obtain ¥ and Ry; the resulting equivalent circuit is
shown in Fig. 12-4b. In accordance with the approximation that parasitic capaci-
tances dominate the transient behavior, no frequency dependence is associated with
the dependent source.

Since this is a first-order circuit, we can easily solve for the time ¢’ elapsed as
vc changes from Vi to Vy; the result is

ﬂN IB RT
VD - VT + ﬂNIBRT
Bn(Rr/Rp)(Vy — V)
(Vb = Vi) + Bu(Re[Rp)(V, — Vp)
If the load circuit changes during the excursion of v, then piecewise-linear

methods must be used, and the problem must be treated as a composite of several
parts in which V; and R; take on different values in each part.

' =R;C'In

=R;C’In

(12-4)

EXAMPLE 12D Calculation of t'. Consider a hypothetical case for which
C1=C2=3pF C3=10pF
Ry =2kQ Vi =6V, By =49
Vz - 6VD RB = 4 kQ

We first calculate C'=C;+ C,(fy + 1) =160 pF. Then we obtain R, C' =
320 x 1079 s and

24.5
V= “9ln— =13. =E
320 x 107° In 735 13.3 x 1077 s

Since this is the same device as was used in Example 12C, we can use the
result of that example to calculate the total turn on time ¢,

ton=1t +1tp =156 x107%s i

Exercise 12-2 Derive Eq. (12-4).
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(a) Circuit for the calculation of ¢”; (b) equivalent circuit.

# Bnis j]': C=Ci+Ci(fy + 1)

O Uc
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The Storage Time ¢,

When the transistor is saturated, excess minority carrier charge is stored in the
base and collector regions.  In order for the transistor to reenter the forward active
region, this charge must be removed. If a turnoff signal is applied to the base as
shown in Fig. 12-5a, the base current is reduced to approximately zero if V5 & V.
The excess base charge in this case is removed principally by recombination.

To obtain a first-order estimate of the storage time, we use the transistor
model of Fig. 12-5b, in which 1/w; is the time constant associated with the removal
of excess base charge. Since negligible voltage changes occur at the transistor
terminals during saturation, the parasitic capacitances have no effect, and the
intrinsic device dominates the behavior. The equivalent circuit for the inverter is
shown in Fig. 12-5¢. 'We wish to calculate the time ¢, elapsed until the diode current
ip is zero. At this time the transistor enters the forward active region.

The circuit of Fig. 12-5¢ is a first-order system with step-function excitation;
we can therefore write the current iy, as

ip(t) = ip(0) + [ip(0) — ip(c0)]le™

where i5(0) is the initial value and ip(o0) is the virtual final value. Once these two
constants are evaluated, we can set iy(f;) =0 and solve for t,. By inspection of
the circuit we see that

BuVa= Vo) VeV,

i (0) =
ip(0) R, R,

V, =V, Ve —V,

and that ip(c0) = Bn(Vs ) o D
Ry Ry

Note that if the transistor is to enter the forward active region, V; must be small
enough that

ip(e0) <0

Using these values and setting ip(t,) = 0, we obtain

t = —1In Bn(V2 — V3)[Rp
: w, (Vi —Vp)/Ry — Bv(V3 — Vp)/Rp

(12-5)

EXAMPLE 12E Calculation of t;. Consider the same device which was used in
Example 12D and let

w,=15x 107 Ry =4kQ Ry =2kQ V, =6V, Vs =V,
For these values we obtain

t,=20x10"°1n24.5~ 64 x 10™°s
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(a) Turnoff input waveform; (b) model for the transistor in saturation; (¢) equiv-

alent circuit for the inverter during ¢,.

The value of w, chosen is typical of devices with f; = 500 MHz and fy = 50.
Note that for the value of V5 used, the base current is zero during the storage time
interval. This example clearly illustrates that logic circuits which employ a satu-

rating inverter can be expected ta exhibit long storage times.

To reduce the storage

time it is necessary to provide some means for producing reverse base current

during the storage time interval.

1
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Exercise 12-3 Derive Eq. (12-5).

Exercise 12-4 How much improvement in storage time is obtained if
Vy = Vp/27

The Transient Time ¢”

When, after ¢;, operation enters the forward active region, we again assume that
parasitic effects are dominant and that the effects of intrinsic cutoff frequency are
negligible. Two cases will be considered here: the case for which V; = V, and the
case for which V; < V,. In the former, the base current applied by the driving
circuit is zero, and operation asymptotically approaches the cutoff condition. In
the latter, the driving circuit causes reverse base current to flow and operation
reaches the cutoff condition at approximately the same time that v reaches V.

The equivalent circuit for ¥V; = ¥, is shown in Fig. 12-6a. At the end of the
storage time interval, v = V. After that, v, is given by

belt) = Vi + (Vp — VyJe™ RTLCCalom s 1
If we define t” to be the time required to complete 90 percent of the total excursion,
then
ve(t”)y =V = 0.1(Vy — V)p)
Solving for t” we obtain
t" =23R;[Cy + Cy(By + 1)] (12-6)

If V3 < Vp, we must first calculate the time t” elapsed until iy =0. Note
that the initial value of iy is

Ve=Vy, V3-YV,
ig(0) = TR D, 3R D
T B

and the virtual final value is

(V3= Vp)Bn+ 1)
Ry

ig(o0) =

When iz =0, t" is
(Vr — Vo)[Ry — Bx(V3s — Vp)[Rg

= C’'l
' Rz C'ln = (V3 — Vp)By + 1)/Rg

(12-7)

where C' = C3 + Co(By + 1).
The collector voltage at this time is approximately V..

EXAMPLE 12-F Calculation of t". We again consider the case for which:
By =49 Ve =6V, Rg=4kQ R =2kQ
C,=C, =3pF C; =10pF
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FIGURE 12-6

(@) Equivalent circuit for V3= Vp; (b) equivalent circuit for ¥3 < ¥p; (c) equiv-
alent circuit for cutoff operation.
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If V3 = VD, we ﬁnd

"=23x320%x10"°=736x10"%s
If V5 = Vp/2, we obtain

345
t" =320 x 10‘9ln§ =103x 10775

The total turnoff time is then

ter=t,+t"=167x10"%s 1

Although our transient analysis of the saturating inverter is crude because of
the many simplifying approximations involved, it can be expected to yield order-of-
magnitude results. Moreover, it indicates that the average propagation delay of
the inverter is dominated by the turnoff effects unless significant reverse base drive
or a nonlinear load is provided. Thus logic circuits using saturating inverters in
which no provision is made for reverse base drive or nonlinear load can be expected
to be slow.

12-3 LOGIC OPERATIONS!

Logic systems generally deal with binary variables and binary functions, that is,
variables and functions which can have only two possible values. The most
common logic operations performed with binary variables are complement, or NOT,
AND, OR, NAND, NOR; these operations are defined in Table 12-1, in which
X, X3, X5, etc,, are binary variables which may have the values 1 or 0. The
function F is a binary function of the binary variables; that is, F may also have
only the values 1 or 0. Although Table 12-1 shows the above operations for
only three variables, it is clear that the definitions can be extended to n variables.

Table 12-1 DEFINITION OF LOGIC OPERATIONS

Operation Expression Definition

Complement X = complement of X X=0when X=1

or NOT X=1when X=0

AND F=X,X, X, F=1for X, X,, X;all |

or F=X,-X,- X, F = 0 otherwise

OR F=X+X,+ X, F=0for X\, X,, X5all 0
F=1 otherwise

NAND F=X X, X, F=0for X, X,, X5all |
F=1 otherwise

NOR F=X+X:+ X, F=1for X,, X5, X5 all 0
F =0 otherwise
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Since binary variables and functions have only two possible values, for a
function involving n variables there are only 2" possible combinations of these
variables. A binary function can thus be specified by tabulating the value of the
function for each combination of variables. Such a specification is called a truth
table; truth tables for AND, OR, NAND, and NOR functions of two variables
are given in Table 12-2.

Exercise 12-5 Make up truth tables for AND, OR, NAND, NOR for
three binary variables.

Logic functions involving AND, OR, complement, etc., can be manipulated
according to the rules of Boolean algebra. Briefly, Boolean algebra has the
same associative, distributive, and commutative properties as ordinary algebra.
Thus, for example, the function

F=(X, + X)X, + X))
can also be written
F=XX, + XX, + X, X;+ X, X,
But by using the definition of the AND operation, we see that
X, X,=0 and X,X,=0
The function F is therefore
F=XX,+ XX,
This particular function is called the EXCLUSIVE OR function.
Table 12-1 defines the complement of the variable X; a function F also has a

complement. To find the complement of a function in terms of the variables and
their complements, we use DeMorgan’s theorem:

Given a function F(Xy, X;, X5, ..., X,, +.°), the complement is F =
F(/\_,u /\_/2,/73,---,)?,,,', +)

Table 12-2 TRUTH TABLES FOR SEVERAL
FUNCTIONS OF TWO VARIABLES

Xy X3 X1 X, X1+ X XX, X+ X;

—-—ocoC
—_——

—_0 = O
O —— -
[=R=N
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EXAMPLE 12G  Complement of the Function F = X, X, + X, X,. To find the
complement replace all variables by their complements, all AND operations by
OR, and all OR operations by AND. We then obtain

F =(X, + X)X, + X)) =X,X, + X, X, + X, X, + XX =XX, + X, X,
i

Exercise 12-6 Make up a truth table for F = X, X, + X, X,.

Exercise 12-7 Use DeMorgan’s theorem and the properties of Boolean
algebra to express the function F = (Xy + Xo)(X, X,) in a different way.

Our discussion thus far has dealt with binary variables only as abstract
quantities. In a logic system, these variables are represented by electrical quanti-
ties, the most common being voltage. Two voltage levels are selected, v, represent-
ing the binary value 1 and v, the binary value 0. This representation is defined as
positive logic if v, > vy, and negative logic if Vo > vy ; in this book we shall usually
deal with positive logic. In addition to v, and vy, a third quantity is often of interest
in characterizing logic circuits; it is the logic swing v;, defined by

v A |, — U]

In the design of logic systems, the actual logic circuits themselves do not have
to be known, provided the functions they realize are known, and provided it is
known that all circuits are electrically compatible, that is, »; and v, are the same
for all circuits. The logic circuits can be represented symbolically, as shown in
Fig. 12-7a, and the logic system can be drawn as the interconnection of the proper
symbols. The function F= X, X, + X, X,, for example, can be represented as
shown in Fig. 12-7b.

We have thus far discussed logic functions which involve the operations
AND, OR, and NOT. It can be shown that any logic function can also be realized
with only the NAND operation, or with only the NOR operation. This result
has great significance in terms of logic circuit design, because it means that, in prin-
ciple, for any logic system only one type of logic circuit need be designed. Such a
situation is ideally suited to the large-volume mass-production aspects of integrated-
circuit fabrication. Moreover, in terms of circuit design, it means that if only
one type of circuit is used, what is driving the inputs and what the outputs must
drive are always known; only the number of inputs and the number of circuits con-
nected to the output are dependent upon the particular logic function being realized.
Also, if only one type of circuit is used, the output levels must be compatible with
the input levels. It is therefore convenient to characterize the circuit performance
in terms of the number m of inputs it can accept and the number n of identical
circuits which it can drive at its output. The number m is called the fan-in num-
ber, and n the fan-out number. Clearly a logic circuit must be designed so that it
has m and n of 2 or greater; otherwise it will be of no use in a logic system.
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(a) Symbolic representation of logic circuit; (6) the function F=x,%; 4+ x2%;.

>

EXAMPLE 12H Realization of a Logic Function by Only NOR Circuits. To see
how a single type of logic circuit can be used, we consider the implementation of the
NOT and the AND operations by NOR circuits. The NOT operation is easily
obtained by using a two-input NOR circuit and connecting the inputs together as
shown in Fig. 12-8¢. To implement F = X, X, we use 3 two-input NOR circuits
as shown in Fig. 12-8b. 11!

X,y

X, + X, = X, X,
X, 255
X
X

(@) b

FIGURE 12-8
(a) Use of a NOR circuit to perform NOT; (b) use of NOR circuits to per-
form AND.




450 BASIC INTEGRATED CIRCUIT ENGINEERING
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Drive Load
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m = fan-in number n = fan-out number
FIGURE 12-9

Method of characterizing gate performance.

Exercise 12-8 Show how NOR can be implemented with only NAND
circuits.

Exercise 12-9 Show how the function F = X,X, + X, X, can be imple-
mented (@) with NOR circuits and (b) with NAND circuits.

Since all logic circuits, or gates, in a system can be of the same type, it is con-
venient for circuit design and for measurement of performance to focus attention
on a test gate whose inputs are supplied by m drive gates and whose output is
connected to n load gates. This is shown in Fig. 12-9.

12-4 DIODE-TRANSISTOR LOGIC (DTL)?

Perhaps the most straightforward way to obtain a NAND circuit is to use a diode-
resistor AND gate followed by a saturating inverter. If all the electrical compati-
bility requirements can be satisfied, such a circuit would perform the NAND
operation. This method is shown in block-diagram form in Fig. 12-10a, and is
called diode-transistor logic, or DTL. The basic circuit configuration is shown in
Fig. 12-10b. Diodes D,, D,, D;, ..., D, form the diode-resistor AND gate.
The output of this gate is connected to the saturating inverter Q, by two diodes
Dy, and Dy, whose only function is to provide offset voltage to ensure compati-
bility between the output of the diode-resistor gate and the base input of Q, .

Case 1 A/l drive-gate inverters are cut off. For this case, all of the input diodes
will be reverse-biased, and Dy, and Dy, will be forward-biased. If R, is sufficiently
small, /5 will be large enough to saturate Q,, and the output will be

vca = Vegpgsay
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FIGURE 12-10
(a) Block diagram of DTL; (4) basic DTL circuit.

For this condition note that all inputs are V. Thus in this case we have
v =Vee

Vo = VeEsan
Note that V, =3V}, so it is necessary that

Vee > 3V
Case 2 Q, is saturated. For this case v¢y = Vepgan» and v = Vepay + Voo If
Doy, Do,, and Q, all have identical emitter junctions, they will all have equal
voltages, and
Vg =

V4
3

But as we saw in our analysis of the saturating inverter, a base-emitter voltage of
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Vp/3 is insufficient to produce any collector current, so Q, is effectively cut off and
vey = Vee.  For this case we thus have

Vo = Veggsan
v =Vee
Thus the input and output are compatible for both cases, and the circuit functions
properly as a NAND circuit.
It is important to note that even if Q, is only just-saturated, v, = 2V, and

vg = 4V,. This may be a sufficiently low vg to keep Q, cut off.
The logic swing for the circuit is

vy =Vec— VCE(sal)

Design Considerations
If we assume @, to be saturated, then

I. =
B RL

Vee — VCE(sat) + nVec — Vp — VCE(sat)]

and I. =
Rc¢ Ry

Since Q, can be operated just-saturated,

VCE(sat) =Vp
and the base current required is
" B
Note that the transistor S, and not the forced 8}, can be used because the tran-
sistor is just-saturated. Combining these results we obtain

& _ Bv(Vee — 3Vp) — n(Vee — 2Vp)
R¢ Vee— Vb

Iy

(12-8)

If it is known that the circuit drives only identical gates, then R is not really
necessary, since collector current can flow through the R, of each of the n out-
puts. If we let R, — oo in (12-8) we can solve for n, which will be the maximum
fan-out number that could be expected from this circuit. The result is

n =ﬂN(VCC_3VD)
max VCC — 2VD

Equation (12-8) is not sufficient to determine R, and R.; for this other
criteria must be involved. As R, and R are made smaller, parasitic capacitances
can be charged and discharged faster, but the power consumed by the circuit in-
creases. Thus one needs to invoke some constraints regarding speed of operation
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or power dissipation in order to complete the design. Note that as the fan-out
number is increased, the parasitic capacitance at the output increases. It is there-
fore unlikely that a practical circuit will have a fan-out capability approaching
Rmax» Since speed requirements will usually limit # to a much lower value. It is
generally true for saturating logic circuits that speed, rather than dc considerations,
determines n,,, .

Power Dissipation

The maximum power dissipation in the gate occurs when Q, is saturated. It is
given by
VCC(VCC B 3VD) + (VCC - VD)VCC

R, R¢

PD(max) =

Layout Considerations

For the input diodes, we need fast recovery time and low capacitance to the sub-
strate since the substrate capacitance is connected to node A4 of the diode cluster.
We therefore choose type a diodes (collector-base short).

The offset diodes should have low substrate capacitance but their storage time
is not critical; in fact, long storage time is desirable. Type d diodes (collector
open) are used. If space is at a premium and speed is not a primary concern, one
type b diode and one type a diode could be used, since a single isolation region
would suffice for the two. All the input diodes can share a common isolation
region since they have common collectors. The number of isolation regions
required is then

Resistors: 1
Input diodes: 1
0, 1
Offset diodes: 2

Total: 5

Since the input diodes all have common collectors and collector-base shorts,
they can actually be the emitters of a multiple-emitter transistor with collector-
base short, as shown in Fig. 12-11a. Parasitic capacitances for the circuit are
shown in Fig. 12-115. Once the layout dimensions are known, the values for the
capacitors can be calculated and the circuit can be reduced to approximately the
form shown in Fig. 12-2a. The transient analysis of Sec. 12-2 can then be used to
estimate the various times involved.

Modifications of the Basic DTL Circuit

The speed of the DTL circuit can be increased by decreasing R, and R to provide
more current to charge parasitic capacitances and more base drive for the inverter.
As R, is decreased, of course, the drive current required from the drive gates is also
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FIGURE 12-11
(a) Multiple-emitter input transistor; (b) parasitic capacitances.
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increased. This disadvantage can be overcome by taking advantage of the fact
that Dy, is a diode-connected transistor. If Dy, is used as a transistor in which the
emitter junction provides the required offset, increased base current for the inverter
can be obtained without an increase of the required current from the drive gates.
This is accomplished in the MC 961 circuit, as shown in Fig. 12-12a. Here the
emitter junction of Qp provides the necessary offset voltage. When all inputs are
in the high state, causing all input diodes to be reverse-biased, Qy, is in the forward
active region and the current /I is

_ (1/aw)(Vee — 3Vp) ~ Vee = 3V)p (12-9)

EORIL+ (BN + Ry/R)] R

If any input is low, @, is cut off, and the maximum current the drive gate must
absorb is ’

Vee = Vo — Vegay
R, + R,

Thus we see that the effective R, as far as base drive is concerned is R, = R,,
while the effective R, seen by the drive gates is R, = R; + R,. The resistor R; is
added to ensure better cutoff of 0, .

When a large fan-out number is employed, the parasitic capacitive loading
effects on the inverter become large and the turnoff speed is drastically reduced.
If R¢ is reduced to provide more current for the parasitic capacitances, the power
dissipation becomes prohibitive. What is needed is a nonlinear load resistor which
would provide large current for turnoff, but would have no current when the inver-
ter is saturated. This is done in the MC 932 circuit as shown in Fig. 12-125.

Diode Dy, is used as tramsistor Q3 with its emitter junction providing the
required offset voltage. Its collector drives emitter follower Q,. When all inputs
are in the high state, O, and Q; are both on, and Q, saturates, as does @,. Resis-
tors R¢ and R, produce sufficient voltage at the emitter of Q, to keep Q, cut off.
Thus the effective collector resistor for Q, is

1D=

Rc =R + R,

The only increase of power dissipation results from Rj.

Now when any input changes to the low state, @, Q;, and Q, all are cut
off, but Q, is on. A large transient current is now available at the output to
charge the capacitance; but when the output rises to V.., Q. is again cut off.
Thus Q, is only on during the turnoff transient. This use of a transistor to provide
large transient current is called an active pull-up technique.

In the circuit of Fig. 12-12b, R; is purposely made small in order to provide
significant reverse base current to reduce the storage time of Q,. To ensure cut-
off of 05, R, is added. )

Typical values for power dissipation and average propagation delay for the
MC 932 are 43 mW and 35 ns, respectively.

Exercise 12-10 Derive Eq. (12-9).
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(a) The MC 961 DTL circuit; (b) the MC 932 circuit with active pull-up.
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12-5 TRANSISTOR-TRANSISTOR LOGIC (TTL)

Perhaps the most popular saturating logic circuit is transistor-transistor logic
(TTL) because of its high speed and low power dissipation. The basic TTL circuit
is easily evolved from the DTL circuit using a multiple-emitter input transistor as
shown in Fig. 12-13a. In the DTL circuit, the offset diodes adversely affect the
transient performance because they contribute parasitic capacitance and they pre-
vent reverse base drive from flowing in the inverter to reduce storage time. Inspect-
ing the circuit of Fig. 12-13a, we see that an offset voltage is available which is not
being used. If the collector-base short is removed from Q,,, and if @, can be made
to saturate, the forward-biased collector junction would itself provide an offset
voltage V,,. This would eliminate one diode. Let us now remove the other diode
as well, and see if the circuit will function properly as a logic circuit with compatible
input and output. The basic TTL circuit which results is shown in Fig. 12-13b.

Case 1 One or more inputs are in the low state.  If one or more drive-gate inverters
are saturated with vey = Vg, the emitter of O, connected to that inverter will
be forward-biased. This will result in a base current

VCC - VCE(sat) B VD
Rg

Ig =

which will tend to make a collector current /5, flow. But note that because the
collector of Q, is connected to the base of Q5. /y; cannot be negative since the base
current of Q5 would have to be reverse base current. Therefore /53 must be either
approximately zero or positive. If it is zero, QO3 must be cut off. To see if this is
possible, we investigate the voltages in the circuit. If /5, =0, then @, is heavily
saturated, with its collector junction forward-biased by approximately V. Then
Vg is given by

Ves = Vereany + Vo — Vo = Veggsan

But if Q, is saturated to make Vg, sufficiently less than Vj,, Q3 will be cut off.

It is important to note that Q, cannot be operated in the just-saturated con-
dition; if it were, vy; would be V5, which would cause Q5 to turn on rather than be
cut off. Thusthe TTL gate must be designed to provide sufficient base drive to the
inverter to ensure a low Vega,,. The logic O state is vy = Veggay -

Case 2 All inverters are cut off. With all inverters cut off, we assume that all
emitters of O, are reverse-biased. Now the collector junction of @, will be
forward-biased, as will the emitter junction of Q5. Thenvg; = Vpand vg, = 2V),.
It is important to note that Q, is now operating in the inverse-active region. This
means that

Igy = Ig(1 + B))
Vee — Vg2 _ Vee =2V
Rg Rg

and Ig =
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FIGURE 12-13
(a) DTL circuit with multiple-emitter input transistor; () the basic TTL circuit.

where f; is the inverse active region § of Q,. Note that, in contrast to DTL,
when the emitters of Q, are all reverse-biased their currents are not zero. Rather,
since Q, is in the inverse active region, a current I will flow in each emitter, in the
direction shown in Fig. 12-13b. If there are m inputs, the current ineach is given by

— [B:B! — (VCC - 2VD):B!
m mRy

Ig
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This means that R must be chosen small enough that
Vec —nlgRc 2 2V)p

in order to ensure that the emitters of Q, are in fact reverse-biased. The logic 1
voltage thus depends upon R and n and is given by

VCC > 2] > 2VD

It is important to note that for both cases 1 and 2 the collector junction of
0, is forward-biased. This means that storage time of @, is not a consideration.
It also means that during transient conditions when one or more inputs change
from v, to v, , reverse base current can flow from Q; through Q, to the drive gate.
This will materially reduce the storage time of Q5.

Effects of the Parasitic P-N-P

We have already seen how to include the effects of the parasitic p-n-p in the analysis
of the inverter. In the TTL gate, the input transistor has a parasitic p-n-p which
must also be taken into account; this is shown in Fig. 12-14. In the DTL circuit,
Q, had negligible effect because its emitter junction was shorted. This is not the
case in the TTL circuit; note that the emitter of Q, is now forward-biased, and its
collector is reverse-biased, and it is thus in the forward active region. Some of
the current 7, is now diverted through Q, to the substrate, thus reducing /5.

We can find /5, by using the four-layer model for Q,. First we consider all
emitters to have the same effect as a single emitter and we assume it to be reverse-
biased. Then in the four-layer model

La(*s™T — )~ — 1,
Next we see that the substrate junction voltage is ¢, = — V3 & — V), and therefore
Iy(esI™T — 1)~ — 1,
Using these results in the four-layer-model equations, we get
I + 1y = I3 = ayly + (1 —ag)de — I3(1 — agy)
L+ =1g=—1(1 —ay) + (1 —apic +asi /s
where 1o = I,,(e9¢</™T — 1)
1 = Ly(e=!™T — 1)

Next we assume that /gy and /5 are much larger than [, and /;, and terms in-
volving I, and I, are neglected. Solving for /55, we obtain

Igs = Ig(B; + 1)(1 — ag)

Thus we see that I, is reduced by a factor 1 — ag from the value it would have in
the discrete circuit. Since typical integrated devices have very low B, but sig-
nificant g, I will generally be less than /.
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Parasitic p-n-p transistors in the basic
TTL gate. _

DC Fan-out of TTL

With the information now at hand, we can calculate the dc fan-out of the basic TTL
gate by considering the two conditions of the inverter transistor Q5. When Q5 is

saturated, its collector current is
Ics =[Vee = VegsanlGe + nly

The load gate currents [, will be largest when each of the n-load gates has only the
emitter connected to Q; in the low state. Then

I~ [Vee - VCE(sat) — VplGy
The bias current /I is
Ig = (Vee —2Vp)Gg
From our preceding analysis, the base current for the inverter is
Iy = Ig(Br + 1)1 — o)
Now for the inverter to saturate with vcy = Vipeay, it is required that
Ics =Pylps
where B is the forced § obtained from (12-1). Combining these results, we find

"= Bu(Br + DI = a5)(Vee — 2Vp) — [Vee — Versan)(Gc/G)

(12-10)
VCC - VCE(sat) - VD

When Q; is cut off, the criterion to be imposzd is that all of the n emitters
connected to Q,; must be reverse-biased. Now the worst condition will be when
each of the n-load gates has all of its input emitters reverse-biased. For this case,
the current in each emitter is
_ Wec = 2Vp)Gp i

I
m
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It is therefore required that

n
(Vcc - 2VD)GC = ;1“ ,31 GB(VCC - 2VD)

G n
or —<£=_8
Gy m

Inserting this result in (12-10), we obtain

_ By + B — ag)(Vee — 2Vp)
Vee = Vergany — Vol + [(Bi/m)(Vee — Veggan)]

n (12-11)

EXAMPLE 121 Calculation of n. To obtain some idea of the dc fan-out, we
consider a device with ay =0.98, a; = 0.1, ag = 0.8, r¢,y = 100 Q. We assume
that Vepeay = 0.3 is necessary to cut off O3, and that m =4, Ve =7V,. With
these values, we find

n=21

This low value of n arises because of the relatively low value used for Ve gy, Which
ed to By = 11 as we saw in Sec. 12-1. Note that n depends directly on £, so we
expect that a significant increase in » would result if we could slightly increase
Veg@ayy- Since small changes of Vg, cause large changes of By, we need to
investigate the detailed behavior of vg; when Q; iscut off. This can easily be done
with the four-layer model. In particular, we need to know the collector-emitter
voltage of Q, when Q5 is cut off, since
g3 = Vee@an + Pck2
The conditions for the analysis are:

I The current /g3 = 0.
2 The substrate is reverse-biased.
3 I flows into the base of Q5.

The four-layer-model equations now become
I + 1, =1 =(1 —ay) g, + (1 —apicy + gl
L+1L=0=—oayAg + (1 —ag)dcs — Iz(1 — agy)

We next assume that both junctions are sufficiently forward-biased that
A~ I %™ T and we neglect the terms involving /;;. Then we find

mkT [Is2 1 —og

¢cpa® —1In
CE q

] (12-12)

Isl an
Inserting /,,//,; = 4 and ag = 0.8 in (12-12), we obtain
Gcg2 = =57 mV

The negative sign indicates that the collector junction is forward-biased slightly
more than the emitter junction. For the values we have used, then, we can safely
assume that

Ves = Veggsay 1
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Load-distribution problems in a TTL gate.

Example 121 indicates the importance of making transistors with low Iegsaty -
It will be recalled that for Vg, = 0.3, in our example /- rcisary Was 0.2, making
Dceeany = 0.1, 1t was this low value of @ ceesary Which led to the low value for By
and the resulting low n. We found in Sec. 12-1 that if Icgsan 1S Teduced to 75 Q,
By = 31 is obtained for ¥ s,,,, = 0.3, leading to n = 6.

Load Distribution Problems

Unfortunately, the output of the saturated inverter in the TTL gate is not com-
pletely independent of the load conditions on the drive gate. To see this we refer
to Fig. 12-15, which shows a number of gates connected to the output of a single
drive gate. We are interested in the case for which Q, is cut off. For this case,
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FIGURE 12-16
TTL parasitics.

all the Q5, should be saturated and the Q,, should be in the inverse active region.
Suppose also that the emitter-base voltage of the Q,, is close to zero. Note that
in a logic system the gates designated ** test gates” in Fig. 12-15 will probably be on
different chips, and the Q,, may not be identical. Suppose, for example, that vgs,
is larger than all the other vgy;. Then Q,, is the closest of the Q,, to saturation.
As nis increased, Q,, will saturate first. Since its emitter is then forward-biased,
some of the current /g will be diverted into the emitter, and /g3, will be reduced.
It is easily seen that the largest base current will flow to the inverter with lowest
vg. This is known as current hogging. When the current /g;; is reduced, for
example, Vgl of Q3 will increase.  Since the design of the TTL gate depends
critically on Vg, current hogging can be an important problem. What is
needed to alleviate the problem is either a smaller R, or a nonlinear resistor to
prevent vc, from being dependent upon n. Note that this problem did not arise
with DTL circuits because there is no current flow in the input diodes when the
inputs are in the high state. Thus the drive gate is effectively decoupled from the
test gates in DTL.

TTL Layout

The basic TTL circuit requires only three isolation regions: one for resistors, one
for Q,, and one for Q5. Parasitics are shown in Fig. 12-16; once the layout is
completed and the dimensions are known, the values of the capacitances can be
calculated.
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12-6 MODIFICATION OF THE BASIC TTL CIRCUIT

The basic TTL circuit can be modified to incorporate an active pull-up transistor;
this is done in the MC 500 TTL circuit shown in Fig. 12-17. In this circuit Q,
serves to drive the active pull-up Q5. When Q; is on, Q, is saturated and v, is
between Vj, and 2V;,.  Diode D ensures that for these conditions no emitter current
flows in the active pull-up Q5. When Qs is cut off, Q, is also off, and R, pro-
vides base current to turn on Q5. For this case Qs can now supply a large emitter
current with very little change of the output voltage. As long as V. is chosen
large enough, the current-hogging problem will be negligible.

The approximate logic voltages are easily determined. When Q; issaturated,
the output is in the logic 0 state, and

Vo = Vegsay
When Q; is cut off, the output rises until Qs saturates. The output is then in the
logic 1 state; if By is large the voltage v, is
vy & Vee — 2V,

and v, is approximately independent of load current.
Note that the use of Q, has introduced an additional offset voltage, and when
Q,is on,

vgy =3V
For 0, to be in the inverse active region for this case, it is necessary that
VCC > UBZ + 2VD = 5VD

since the inputs are driven by identical gates whose inverters are cut off. The mini-
mum logic swing is then

v =0, — vy =3V, — Vekgsay

Use of Q, makes the circuit less dependent upon Ve, because of the
additional offset introduced by Q,. However, note that with Q. in the circuit,
there is no longer a possibility for the drive gates to cause reverse base drive from
Q3 through Q,. In order to keep the storage time low, R, is inserted to provide
some reverse base current.

To see what Vi, is required for this circuit, we note that when Q, is
off, vps ® Vepeary. The collector current of Q. is then

1C4 ~ Is P £a/mkT

and ¢, is given by

¢E4 = VCE(szt) — Iy Rz

If the collector current is not to exceed some value Tcamax) » the following
relationship must obtain:

mkT  Icy
Versay S R lcagman + - Lea(man)

I

5
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FIGURE 12-17
The MC 500 TTL circuit.

EXAMPLE 12} Calculation of Vi g,,- For the circuit of Fig. 12-17, suppose
that we do not allow the drop across R, due to /¢, to exceed 0.13 V when Q, is
cut off. Then

Ica(maxy = 0.1 mA
Let I, =107'%° and R, =1 kQ. Then
Versn < 0.1 + 0.026 In 10°
=0460V

While Vg, in this circuit is not critical as far as the cutoff of Q, is concerned,
it must be low to keep Q, cut off. I

Exercise 12-11 Calculate vc4 when Q5 is cut off if Vg, of the drive gates
is Vp.

Exercise 12-12 Calculate the approximate value of Iz; when Q, is on if
B, =0.1.
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FIGURE 12-18
The MC 505 AND-OR-INVERT circuit.
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Exercise 12-13 Show that when Qj is saturated the collector current of Qs
is negligible.

Exercise 12-14 A capacitive load C = 1000 pF is connected to the output
of the MC 500 circuit. When one input of the circuit changes from v; to
0o, find dvc,/dt if By = 50 and storage time and parasitics are negligible.

In the TTL circuit, large transient currents flow in the ground lead and the
inputs when changes of state occur. Any parasitic inductance in the leads can give
rise to overshoot, which could result in false output from the gate. To prevent
negative overshoot at the inputs, diodes D, D,, D;, and D, are added as clamps.

The MC 500 has a fan-out capability n = 15, average propagation delay of
10 ns, and power dissipation of 15 mW.

Other Logic Operations

While all logic functions can be implemented with only the NAND operation, it is
often convenient to have other operations available in order to reduce the number
of gates required and the power dissipation. The TTL circuit is easily modified
to perform the AND-OR-INVERT operation; this is accomplished by the MC 505
circuit shown in Fig. 12-18. In this circuit the AND operation is performed by the
emitters of Q, and Q. The OR operation is performed by @, and Q,, since
either or both of these turning on will cause Q5 to saturate. At the same time,
0, and Q, provide offset voltage in the base circuit of Q;, and also control the
active pull-up Qs.

Increasing the Speed of the TTL Gate

The speed of the TTL circuit can be increased by providing increased reverse base
drive for the saturating inverter and much larger active pull-up current capability.
This is accomplished in the MC 2103 circuit by reducing the value of R, and adding
an additional emitter follower to drive the active pull-up transistor, as shown in
Fig. 12-19. Here Q4 functions as the additional emitter follower. The value of
R, has been reduced by 40 percent, as has Ry, so that the requirement on Vg,
is still the same, but the reverse base drive for Q5 is increased. Note that it is not
necessary that Q¢ be completely cut off when Qj is saturated, nor is a diode required
in the collector circuit of Q5 in order to ensure cutoff of Q5. With Q, saturated,
R, will cause Qg to be slightly on, and the base-emitter voltage of Q5 will be

Vees = Vp — [Vo + Vegsan]l = — Veegan

and Q; is cut off.
The MC 2103 has a propagation delay of 6.0 ns and a power dissipation of
22 mW.
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FIGURE 12-19
The MC 2103 TTL circuit.

12-7 RESISTOR-TRANSISTOR LOGIC (RTL)

One of the simplest forms of integrated logic circuits is resistor-transistor logic
(RTL), the circuit for which is shown in Fig. 12-20. This circuit performs the NOR
operation: if any of the m inputs is in the high state, the transistor connected to that
input saturates and the output is low; while if all inputs are low, all m gate transistors
are cut off and the output is high. To see how the fan-out number and the resis-
tances Rz and R are related, we consider two cases.

Case 1 A4/l Q,, are cut off. This can only occur if the Q, connected to each input
is saturated with output voltage Vig,,,. Note that there are no offset diodes in
this circuit, s0 V¢ga,y) must be chosen small enough to ensure cutoff of the Q,,;
this will require some particular forced 8 to be used. Let this be 8.
The output of the test gate with all transistors cut off is easily seen to be
vey =V + (Vee — Vo)(Rp/n)
R¢ + Rg/n

Note that the logic 1 voltage depends on n.
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FIGURE 12-20
Resistor-transistor logic circuit.

Case 2 Qy is cut off and Q, is saturated. Now

1 = Veggay = Vo
If we assume that Q, is connected to a total of # gates, then for this case vep =v,.
The base current /g, is given by

_ (1/m)(Vee — V)

Bl RC + RB/n
The collector current of Q, for this case is
Vee = Vergan
Rc

If the transistor is to have v¢; = Vg, the collector and base currents must be
related by

Iey =

I, =ﬁ1’v131
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Combining the results of the two cases, we obtain

& — BvVee = Vo) — nlVee — VCE(sat)]
R¢ Vee — VCE(sat)

(12-13)

The above analysis assumes that all transistors are identical and have identical
base voltages when saturated. Since the load transistors Q, may be on different
chips, they will not necessarily be identical ; thus a current-hogging situation similar
to that encountered in TTL exists. Suppose that the maximum base-voltage varia-
tion among transistors is + AV,; the worst situation will be when one of the 0,
has largest base voltage and all others have smallest base voltage. Let vg,, =
VoL +AVy and wvg,, vprs, ..., Ug, = Vg, — AVy. Then Q,, will have the
smallest base current. The decrease of I, is easily found to be

—AVp[Rp + 2RAn — 1)]

Alg,, = 12-14
BL1 RB(RB + ch) ( )
Now to be sure that Q,, saturates, it is necessary that
(Ippy + AIBLl)ﬂ;V =Icp,
VCC _~VD VCC - VCE( t)
or wl—————= — Ar = — %) 12-15
Bl - M) = T (13

Inserting (12-14) in (12-15) and rearranging, we can solve for Ryz/R.; the
result is

Ry _ {ﬂ;v(Vcc —Vp+AVs) n}

R¢ 2[Vee = Vergsan) 2
L ” 4A V,B(2n - 2)By K
y [V v ][BN(VCC —Vp—AVp) '_1] et
cc CE(sat) Vcc == VcE(sat) 2

Exercise 12-15 Derive Eqgs. (12-14) and (12-16). If Rz =0 = AVy, what is
the maximum fan-out that can be obtained?

It should be noted that any reverse base drive for the saturating inverter must
flow through Rg;. As Ryis increased, the effects of AV, during saturation become
less important, but the reverse base current during turnoff is also decreased.

RTL Layout

The layout of the RTL circuit is very simple, owing to the particular configuration
of the transistors. Since all collectors are connected together, all gate transistors
can be placed in a single isolation region; both resistors can be put in a second
region, making a total of two isolation regions. Typical values for R and Ry are
640 and 450 Q, respectively. With such small-value resistors, little space will be
consumed by the circuit.
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FIGURE 12-21
RTL parasitics.

Parasitic capacitances for the RTL circuit are shown in Fig. 12-21.  With the
values given above for R-and Ry, and with V. = 3.0, the circuit has a propagation
delay of 12 ns and a power dissipation of 19 mW.

Exercise 12-16 By making use of both base and epitaxial resistors, show how
the RTL gate could be laid out in a single isolation region.

12-8 MERGED TRANSISTOR LOGIC (MTL)?

The logic circuits we have thus far described are fabricated having various combina-
tions of number of inputs and number of gates per chip. For example, the MC 408
is a quad two-input TTL and NAND gate. To implement a particular logic func-
tion, one selects the necessary integrated circuits and interconnects them on a
printed circuit board. If the logic system is quite complex, many packages will
be required. The obvious disadvantages of this procedure for large systems are:

I The total cost of the packages may be high.

2 The cost of assembling the system on the printed circuit board may be
high.

3 The interconnections on the printed circuit board contribute parasitics
which degrade performance.

4 There will probably be a significant number of unused inputs, since stan-
dard packages are being used for a special-purpose function. This means
that one is paying for considerable capability that is unused.
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To circumvent these disadvantages, it is clearly desirable to realize more complex
functions on a single chip. Instead of fabricating individual gates and flip-flops,
the next level of sophistication is to implement system building blocks such as shift
registers, decoders, etc., on a chip. But such large-scale integration (LSI) requires

1 Increase of the density of elements on a chip

2 Increase of chip size

3 Simplification of the processing to achieve the increased yield required by
increased chip size

4 Simplification of the basic circuits to reduce the complexity of the metal-
lization interconnections on the chip

It will quickly be realized that a major contributor to both the size of a
circuit and the complexity of the processing is the isolation problem. If a circuit
could be designed which required no isolation regions, the area consumed by isola-
tion diffusions (a significant amount) would be available for other devices. Further-
more, not only would the isolation diffusion be unnecessary, but with no isolation
junction there would be no need for an epitaxial layer or for buried layers. The
parasitic substrate capacitance would not exist, so circuit performance would be
improved. A circuit which required no isolation regions would of necessity be a
rather simple circuit, and therefore the space required and the complexity of the
interconnections would be low.

Merged transistor logic (MTL), also known as Integrated Injection Logic
(I*L), possesses all of the above properties. No isolation is used, so the fabrica-
tion requires only four masks. The circuit is quite similar to RTL, except that no
base resistors are used, and the gate transistors are operated in the inverted con-
nection. The basic cross section and circuit diagram for a two-input MTL NOR
gate are shown in Fig. 12-22.

Since all emitters are connected together in the circuit, a common » region
can be used for them. An n* diffusion is used for the emitters, and an n-type
substrate is used. The normal p diffusion is performed for base regions, and an n
diffusion is used for the collectors; thus the collectors are at the surface, in contrast
to the ordinary four-layer n-p-n. To avoid the need for resistors, lateral p-n-p
transistors are used as current sources to supply base current. As Fig. 12-22a
shows, the lateral p-n-p and the n-p-n transistors are merged, since they share com-
mon p regions; the base regions p, and p; of the n-p-n transistors are also the
collectors of the p-n-p transistor whose emitter is p,. (Although the regions are
separately numbered, it is clear that all n regions except n, are fabricated with a
single diffusion and all p regions are fabricated with a single diffusion.) It is im-
portant to note that since the collectors are at the surface, multiple collectors can
be made for the n-p-n transistors; this is not possible with the four-layer n-p-n as it is
conventionally employed. This property makes possible the implementation of the
NOT operation as well as the NOR, as is shown in Fig. 12-22b. Emitter current
I, for all the p-n-p transistors on the chip can be obtained by connecting all the
p-n-p emitters together and supplying them through a single resistor connected to a
positive supply voltage.
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(a) Cross section of an MTL gate; (b) circuit diagram,

A two-input MTL gate with drive and load gates is shown in Fig. 12-23,
The logic voltages ¢, and v, can easily be determined as follows.

Case 1 Qp, iscut off. 1f Qp, is cut off, I flows into the base of @, and Q, satu-
rates. Note that in this condition the collector current /-, is the sum of all the p-n-p

collector currents in the load gate transistors @, :

Iey =nl
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FIGURE 12-23
MTL gate with drive and load gates.

If both Qp, and Q,, are cut off, Q; and Q, both saturate and share this current
equally. The output voltage is

Ver = Versan = Vo

It is clear that Vg ,,, must be sufficiently low that all the Q, are cut off; thus we
expect that overdrive for Q; and Q, will be necessary.

Case 2 Both Qp, and Qp, are saturated. Now Q, and @, are cut off and
DCI ~ VD = Ul

while the logic swing is
v, =Vp— VCE(sat)

A current-hogging problem exists in this case. Note that no base resistors are
present to isolate the O, from one another. However, since all Q, are on the same
chip the only variation of the Vg, arises from the fact that the Q; may each have
different fan-out numbers and therefore different collector currents.

To see how serious the current-hogging problem is, we use the four-layer
model, omitting the layer corresponding to the substrate; the resulting equations




BASIC SATURATING LOGIC CIRCUITS 475

are the Ebers-Moll equations for the transistors. It is to be emphasized, however,
that I; = —I. and I, = I for the transistor used in the inverted connection, as in
the MTL circuit. We solve for ¢ to obtain

be =ka1n Ig+ 11 —oay)
q (I —ayap)l,

where ¢ is the base-to-ground voltage. Since ay is nearly unity, ¢¢ is a weak
function of I.. This indicates that current hogging is not a serious problem.
The forced B necessary to reduce the saturation voltage to ¢ gcary 1S

By = aI(Isz/Isl)eqd’sc(-n)/mkr —1
N = ay) + (1 = @)1, )edbEC e /mkT

Since there are no resistors involved in the circuit, the fan-out is easily calculated.
The base current of Q,, for example, is

Ig =1
and the collector current is
Icy =nl
To ensure saturation it is necessary that
Icy = Balp,
from which we obtain
n=py

Since By is always somewhat less than f,, this appears to severely limit the fan-out
capability of the circuit. However, mitigating circumstances exist. Since no
epitaxial layer is involved, and since breakdown voltage is not a consideration, the
n-type substrate can be much more heavily doped than in the epitaxial case. This
will have two effects. First, the injection efficiency from the substrate into the
base will increase, making o, larger. Second, the bulk resistance in the substrate
will be very low owing to the heavy doping and the thickness of the substrate com-
pared with the usual epitaxial-layer thickness. Therefore r¢,, will be much
lower than for the conventional epitaxial transistor; this means that for a given
VEcisay @ larger ¢pecan» and consequently a larger Sy, can be used.

Parasitics for the MTL gate are very low, involving only the collector-base
and emitter-base junction capacitances of O, and Q,. Typical propagation delays
are 12 ns for a gate with a power dissipation of 100 uW. A single gate circuit occu-
pies only 16 mils? with 0.30-mil lines, 0.15-mil spacing, and 0.20 x 0.20 mil contact
windows.

Although the logic swing for the gate of Fig. 12-23 is small, MTL circuits can
be made compatible with TTL circuits by connecting the output of the gate to a
resistor and 5-V power supply.
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12-9 TERMINAL CHARACTERIZATION OF LOGIC CIRCUITS*

Our discussion thus far has dealt with the details of operation of several logic cir-
cuits.  For purposes of measurement and for system design and specification, it is
convenient to develop a method of characterization which involves only the ter-
minal behavior. This is done in terms of the input-output voltage transfer charac-
teristic. To obtain some feeling for the transfer characteristic, we consider the
simple RTL gate with a single transistor, as shown in Fig. 12-24a. The collector
current as a function of v;, is plotted in Fig. 12-245 with the load line corresponding
to Rc. Figure 12-24c shows the RTL inverter driving a single load gate; this
load gate now causes the load line for the inverter to be nonlinear, as shown in
Fig. 12-24d.  When v;, is high, v,,, is low and Q, is cut off; no current flows in its
base circuit and the slope of the load line is determined by R.. As Uout Tis€S, Q5
turns on and base current flows to it; now the slope of the load line is determined by
Rpand Rc in parallel.  Figure 12-24d can now be used to construct a plot of v
versus vy, ; this is the transfer characteristic shown in Fig. 12-24e.

out

Properties of Transfer Characteristics

It will be noted that the circuit of Fig. 12-24¢ is an inverting circuit; this is mani-
fested in the transfer characteristic by the negative slope. Note also that the slope
of the transfer characteristic is dv,,,/dv;, which is the gain of the circuit. One can
see by inspection of Fig. 12-24e that this transfer characteristic has two points at
which the gain is —1.

In our discussion of transfer characteristics, we make the following assump-
tions:

I The logic circuit output is approximately a dependent voltage source; that
is, the output voltage is independent of the output current.

2 The transfer characteristic is obtained using one input, with all other in-
puts connected to v, for a NOR gate, or to v, for a NAND gate.

The first approximation is valid for circuits having an active pull-up, but poor for
such circuits as RTL.

The operating points of a logic circuit can be determined from the transfer
characteristic by making use of the constraint that the voltages v, and v, must be
the same for both input and output; that is, input and output levels must be com-
patible. Consider a general logic circuit which may be either inverting or non-
inverting, having a transfer characteristic v,,, = f(v,,). Now form the inverse
function v;, = g(v,,,). (To do this graphically, one merely interchanges the axes
on the transfer-function plot.) It is assumed that f(v;,) and 9(vo,) are single-
valued.

Next consider the functions f(v) and g(v); since g(v) is obtained from f(v)
by interchanging horizontal and vertical axes of the transfer characteristic, we see
that g(v) can be written as

9@) =1/ )]
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FIGURE 12-24

(@) RTL inverter; (b) vy, versus Ic; (¢) RTL inverter driving one load gate;

(d) vou, versus Ic; (e) transfer characteristic vo,, versus vj,.
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FIGURE 12-25
(a) Two identical logic circuits connected in cascade; (b) f(vou) and g(vou) for
the connection of (a), showing the operating points.

Note that g(v) could also be obtained by rotating f(v) about the 45° line, which is
also the unity-gain locus.

Next we let two identical circuits be connected as shown in Fig. 12-25a; the
circuit used can be either inverting or noninverting. Since we have constrained
input and output levels to be compatible, the following condition must obtain:

When v;, is either v, or vy, v, must equal v, , .

This restriction has important consequences as far as f(v) and g(v) are con-
cerned. Note that

Uoul =f(vin)
and since both circuits are identical

v, =f(voul)
It is also true that

Uin = g(voul)

and since it is required for compatibility that v, = v,,, we have

g(voul) :f(voul)
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Now let us plot f(v,,,) and g(v,,,) on the same set of axes as shown in Fig. 12-25b.
Then the possible operating points are the values of v,,, at which the two curves
intersect; these are at v, , v, and a third point which occurs on the 45° line because
of the quadrantal symmetry existing between fand g. This third point is not a per-
mitted operating point because it requires v;, to differ from both », and vo; that is,
it is not one of the two logic voltages.

Note that in the above procedure for obtaining the operating points, nothing
was postulated about any part of f being approximately horizontal. Most prac-
tical transfer characteristics, however, have two regions which are nearly horizontal,
asis the case in Fig. 12-24e. For such a case, it is not necessary to replot the entire
transfer characteristic to obtain the operating points; inspection shows that they
will lie at the intersections of f(v;,) with the lines v;, = Vguiiow) aNd Viy = Vourqni) -

Threshold Point

Next we replot v,,, =f(v;,) and draw a line between the operating points vg,, = Uy
and v,,, = v, as shown in Fig. 12-26a; this line will have a slope of — 1 for aninvert-
ing gate and + 1 for a noninverting gate. This fact is a result of the way g(v) was
obtained from f(v). Consider the inverting case. The slope of the line is

L _f©) = /@)
Uy — Vg
But since v, and v, are the operating points,

Sv) =1vg and S(ve) =11
Thus s=2_1-
Uy — U

The threshold point is defined as the third intersection of this line with f(v;,), and
is denoted r,. as shown in Fig. 12-26a.

Transition Width

As was previously noted, there are two points at which the slope of the transfer
characteristic is — I ; these are denoted v,, and v,o. The transition width v,, of
the transfer characteristic is defined as the change in input voltage required to change
the output from v,, 10 v,

Uy, é l Uin(vul) - vin(vuo)l

Since v;, = g(v,,,) this can also be written as
1n g out

vy = |g(vul) - g(vuo)l
For transfer characteristics with nearly horizontal sections, v,, is a measure of the
large-signal voltage gain of the circuit, since it essentially represents the minimum
input voltage change required to cause the output to change from one logic state to
the other.
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(@) Definition of various points of the transfer characteristic; (b) noise per-
formance.
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Noise Margin

The noise margin NM of the circuit is defined as the input voltage change required
to cause the output to change from an operating point to the nearest unity-gain
point. Note that the noise margins for the input in the 0 and 1 states may be dif-

ferent, depending upon the shape of the transfer characteristic. The notation used
1s

NM?° = noise margin with the input at v,
NM" = noise margin with the input at v,
From Fig. 12-26b these are seen to be
NM° = |vin(vu1) - vin(vl)l = |g(v;u) —g(vy)|
NM' = |v;,(10) — Vin(0p0) | = |9(v0) — 9(v,0) |

The noise margin is a measure of how much the input can deviate from the
operating point before further input changes are amplified by the circuit.

Noise Sensitivity

Noise sensitivity NS is the input voltage change required to cause the output voltage
to change from an operating point to the threshold point. Again, noise sensitivity
for v;, = vy may differ from that for v;, = v,. The notation used is

NS° = noise sensitivity with v;, = v,
NS' = noise sensitivity with v;, = v,
From Fig. 12-26b the noise sensitivities are seen to be
NS® = [vin(ve) — vinlvy)| = |g(v,) — g(v)|
NS' = |0ia(v0) — vin(0)| = |g(vo) — g(v))]

If v, = (v; + vy)/2, NS® = NS'. For this case the noise sensitivity is a measure of
how much change of input voltage can occur before it is no longer possible to cor-
rectly determine the output logic state.

Noise Immunity

The noise immunity N/ is defined as the ratio of noise sensitivity to logic swing:

NS°
NI® =
\vl i
N 1
NI! =_S
Uy

Since noise in logic circuits is usually proporticnal to the logic swing, noise im-
munity is often a better criterion for evaluating noise performance than is noise
sensitivity.
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12-10 COMPARISON OF SATURATING LOGIC CIRCUITS

The noise performance described in the previous section is based on the transfer
characteristic. Unfortunately, it is difficult to calculate the unity-gain points and
the threshold point analytically, and for a given circuit, recourse must generally be
made to measurement. However, comparison of the speed-power properties of
saturating logic circuits can be made by using the data available in the manufac-
turers’ specifications.

As we saw earlier in this chapter, the propagation delay of a circuit can often
be reduced by adding active pull-up transistors, by providing more reverse base
drive, etc. All of these measures, however, increase the power dissipation of the
circuit. Thus a useful figure of merit for a logic circuit is the product of power and
average propagation delay. Table 12-3 gives the fan-out, power, propagation
delay, and power-delay product for the various circuits discussed in this chapter.

Table 12-3 SPEED AND POWER CHARACTERISTICS FOR VARIOUS
SATURATING LOGIC CIRCUITS

Circuit n Pp(maxy> MW ip, ns Ppmaxyps pJ
MC 932, DTL 25 43 35 1500

MC 500, TTL 15 15 10 150

MC 2103, TTL 11 22 6 132

MC 505, AND-OR-INVERT 15 20 12 240

MC 903, RTL 5 19 12 233

MTL, NOR 15 0.1 12 1.2

PROBLEMS

12-1 In the calculation of ¢”, do not assume that when /s = 0 the collector voltage is
Vr. Do a two-part analysis in which ve(¢”) is calculated and used as the initial
condition for the second part. Calculate the total ¢”.

12-2 What logic operations do TTL and RTL perform if negative logic is used rather
than positive logic? What does the MC 505 perform for negative logic?

12-3 Calculate the substrate current of the multiple-emitter transistor of Fig. 12-14,

12-4 A possible DTL NOR circuit is shown in Fig. P12-4. Find v, and v,, and discuss
the operation of the circuit.

12-5 The circuit for the MC 660 is shown in Fig. P12-5. Find v, and v,.

12-6 Lay out an RTL gate with R = 640 Q and Rc =450 Q. Use 0.5-mil geometry,
estimate the parasitic capacitances, and estimate the times #p, ¢/, ¢,, and ¢”.

12-7 Suggest a circuit for performing AND-OR-INVERT in a DTL-type structure.
What v, and vo would your circuit have?

12-8 A noninverting logic circuit is to be used in a logic system. If it has transfer
characteristic 4 in Fig. P12-8, find the operating points. Repeat for transfer
characteristic B.

12-9 A logic circuit has the piecewise-linear transfer characteristic shown in Fig.
P12-9. Define and calculate the noise margins.
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12-10 Using the transistor model of Fig. 12-3b, calculate and sketch the transfer charac-
teristic of an RTL gate with Ry = 640 Q and Rc = 450 Q.

12-11 A two-input MTL gate is fabricated using 0.5-mil geometry. Estimate the
parasitic capacitances and the times 7, and ¢’
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NONSATURATING LOGIC CIRCUITS

In logic circuits employing a saturating inverter, storage time accounts for a con-
siderable portion of the propagation delay. This storage time results from the
excess minority carrier charge that is stored in the transistor during saturated
operation. As forward base drive is increased, for a fixed level of collector current
the forward bias of the collector junction increases. This causes the minority
carrier charge in both the base and collector regions to increase substantially above
the charge which would be required to maintain the same collector current were
the transistor in the active region.

In Fig. 13-1 are sketched the approximate minority carrier charge distribu-
tions for an idealized one-dimensicnal transistor. If the transistor is just-saturated,
that is, /5 = I/By, a minority carrier charge Q is stored in the base as shown in
Fig. 13-1a. Now if the base current is increased, the collector junction becomes
forward-biased. Little change occurs in the collector current, but a large amount
of excess charge is stored in both base and collector regions as shown in Fig. 13-1b.
In an integrated transistor, the collector region is much larger in extent than the base
region, and the impurity level in the collector is relatively low. Consequently the
total excess charge stored in the collector region may considerably exceed that in
the base region.




486 BASIC INTEGRATED CIRCUIT ENGINEERING

Depletion layers

+Vee
llc Base Collector

I — e
== (a)
_

>

Q

®)
FIGURE 13-1

(a) Stored minority carrier charge for just-saturated operation (/= 1I¢/Bx);
(b) excess charge (shaded areas) for I; > 1c//3~-

To turn off the transistor, it is necessary to remove all of the excess charge
before the transistor can enter the forward active region of operation. If the base
current is made zero, removal of the charge will occur by recombination; if reverse
base current is applied, charge can be removed by the reverse base current. The
amount of excess charge stored is a nonlinear function of the forward bias of the
collector junction, and does not become significant until the collector junction
voltage is several hundred millivolts. Forward voltages of this magnitude occur,
as we have seen, when large enough base current is used that the forced f is sig-
nificantly less than Sy .

If a saturating inverter is to be used, one of the following measures must be
taken if storage time is to be reduced.

I The circuit must be designed for i, = fiy. This means that Vg, will
be large. Moreover, it will not be possible to maintain 8y ~ 8y if varia-
tions of iy occur.

2 Reverse base drive comparable in magnitude to the forward base current
must be applied in order to remove the excess charge rapidly.

3 The circuit configuration must be modified to prevent saturation of the
transistor.
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Option 2 is undesirable since it is usually inconvenient to apply reverse base drive
in a logic circuit. We now consider modifications of the basic inverter circuit to
prevent saturation.

13-1 THE FEEDBACK CLAMP CIRCUIT

The simplest modification of the circuit is to employ diodes as shown in Fig. 13-2a
to prevent forward bias of the collector junction.” If both D, and D, have a for-
ward voltage V,,, the collector-base voltage will be zero, and the transistor is just-
saturated. For this condition,

]c =[}NIB

Applying Kirchhoff’s current law to collector and base terminals, we can also
write

Ie=1.+1,
and Iy =1, —1p
Combining these relations, we obtain .

Ie =+ Ii)ay

and 1y = M’
By +1
+ Vec
R¢
SBD

—
[a}

— (@) - (]

FIGURE 13-2
(a) Feedback clamp circuit to prevent saturation; (b) Schottky-barrier diode
clamp.
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Typical performance for an inverter with 1 2 3 4
SBD clamp (after Tarui et al.?). [, mA

Thus we see that as the input current I, is increased, most of I, flows through D,
to the collector rather than through D, to the base. D, serves only to provide an
offset voltage.

Unfortunately, D, will have excess minority carrier charge storage, and will
cause a storage time problem even though the transistor does not saturate. Some
improvement over the saturating inverter can be obtained by choosing a type a
diode configuration.

A Schottky-barrier diode (SBD) can be used to advantage in the feedback
clamp circuit.”*  Since minority carriers are not stored in the SBD, it has neg-
ligible storage time; furthermore the forward voltage of the SBD is typically 300 to
400 mV less than that of a silicon p-n junction diode. Therefore the offset diode
D, can be omitted. The collector junction is now forward-biased, but the forward
bias is sufficiently small that negligible excess charge is stored in the transistor.
Elimination of the offset diode has the further advantage that V cE(sary 1S NOW con-
siderably less than V. Typical performance for an inverter with SBD clamp is
shown in Fig. 13-3.
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FIGURE 13-4
Cross section of the inverter with SBD clamp.

With the omission of the offset diode, the inverter with SBD clamp is easily
fabricated, as is shown in the cross section of Fig. 13-4. Two collector contact
windows are used, but the n* contact diffusion is employed at only one. At the
other window, the metal for the SBD is first deposited to form the SBD in the
collector region. Metallization is then applied to connect the SBD to the base
contact; thus the increase of surface area resulting from the SBD is very small.

Feedback clamp circuits can be used not only to prevent storage time prob-
lems arising from saturation, but also to reduce delays caused by parasitic capaci-
tances at the base of the transistor.® If the transistor operation must change from
saturation to cutoff, the change of base voltage is several hundred millivolts, and
turn-on or turnoff delays result partly from the parasitic capacitance having to be
charged and discharged by this amount. If twe SBDs are employed, as shown in
Fig. 13-5, well-determined collector voltages can be maintained without the tran-
sistor being cut off.

FIGURE 13-5
Shunt-feedback Schottky-clamped in-
verter. —
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If I, > I./By, SBD, is forward-biased and the inverter is saturated with
Vcg =400 mV, as discussed before. Now if I, < I;/8y, SBD, is reverse-biased,
but SBD, is forward-biased. If a change Al,, causes SBD, to reverse-bias and
SBD, to forward-bias, the corresponding change of I is

Al

Al =
i By +1

This change of I will be accompanied by a change of Vi, of only a few millivolts.

At the output, V¢ is determined by the forward voltage of the SBDs and the
emitter junction voltage. Let V,, be the forward SBD voltage; the emitter junction
voltage is Vg~ V,,. For I, > I /By, we obtain

Vepr Vp — Vi = 400 mV
while for I;, < I, /By
Vee = Vp + V4~ 1100 mV

The voltage swing at the base of the transistor is typically less than 50 mV; thus
delays caused by parasitics at this point are minimized.

13-2 USE OF A TRANSISTOR TO CONTROL SATURATION?®

While the use of SBDs provides a very effective means of controlling saturation of
the inverter, it requires extra processing steps. If SBDs are being used elsewhere
in the circuit, then the extra processing steps are already being employed. In lieu
of SBDs it is possible to use a standard n-p-n bipolar transistor to control satura-
tion of the inverter, thus making the nonsaturating circuit completely compatible
with the standard process. This is done as shown in Fig. 13-6.

In this circuit, Ry, is several hundred ohms and v, is about 100 mV more posi-
tive than vp. During the turn-on transient of Q,, the emitter of Q, is reverse-
biased, and the only effect of Q, results from the small parasitic capacitance it
introduces in the base circuit of Q;. As long as v is larger than about 200 mV,
little current flows in Qp. Now as v, begins to fall below 200 mV, Q, begins to
turn on, and it applies negative feedback to the base of Q,, thus preventing further
saturation. If we define m to be the ratio of injected collector current of Q, without
0, to injected collector current with Q,, it can be shown that the storage time is
given approximately by

e
Ll — A+ | =
| wy wym(l —ap] I,

where wy is the alpha cutoff frequency in the normal mode of operation and w;, is
the alpha cutoff frequency in the inverted mode. Typically m is of the order of
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FIGURE 13-6
Use of a bipolar transistor to control
saturation of the inverter.

50, and the storage time of the inverter is reduced by a factor of 20 from that
without Q.

When this method of saturation control is used with TTL, the circuit can be
modified slightly, as shown in Fig. 13-7a. Here the base voltage for Q, is obtained
by the voltage divider R, and R,. Since Q, and Q, have common-collector con-

£

bo

€9

Qo

F el

/¢ : L 10,
€838, C li.

(a) (b)

FIGURE 13-7
(a) Saturation control of a TTL circuit; (b) layout of Qo, @2, R, R, (after
Wiedmann?).
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Turn-on and turnoff delays for the circuit of Fig. 13-7 (after Wiedmann?).

nections, both can be placed in a single isolation region. Resistors R, and R, can
be obtained by extending the base diffusion of Q,, as shown in Fig. 13-7b. Total
turn-on and turnoff delays for the TTL circuit are shown in Fig. 13-8. Note
that 7,¢e in Fig. 13-8 includes both storage time and turnoff transient. Since a
reduction of t, by a factor of about 20 has been accomplished, most of ¢, is
due to turnoff transient. This could be reduced by use of an active pull-up

transistor.
s

13-3 EMITTER-COUPLED LOGIC (ECL)®

If saturation of an inverter is to be prevented without the use of clamp circuits, some
means must be made available to accurately control the collector-base voltage.
Clearly a common-emitter configuration in which base current is the independent
variable cannot be used, because variations of By, which can be quite large, will
cause variations of the collector current, and hence the collector voltage. Although
the circuit may be designed not to saturate for one value of By, the variations nor-
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FIGURE 13-9

(a) Differential amplifier with multiple inputs; (b) equivalent circuit with first-
order transistor models; (¢) transfer characteristics.

mally encountered in 8y are sure to produce saturation. What is required is some
way to control the emitter current. The collector current is ay /g, and variations
of a will be at most 2 percent.

Consider the differential amplifier of Fig. 13-9a with one input connected to
a supply voltage — Vg and with multiple transistors, each having an input, forming
the other half of the differential amplifier. We analyze first the case with only a
single transistor on the left side, and we use a first-order model to represent the
transistors, as shown in Fig. 13-9b. Let us first plot the transfer characteristics
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Ve1(vin) and vy (v;,).  When v, is large and negative, the emitter junction of Q, is
reverse-biased, and all of the current /, flows in the emitter of Q5. The voltage vg
is

vg=—Vps—Vp
while ve; =0
and Uez = —aylo R
Now when v;, = — Vg the base voltages of O, and Qjp are equal, and the two

transistors each have emitter current /,/2. For this case

a1 Rey
Per =~ T2
aylo Rez
Pez =~ 2

As v,, becomes slightly more positive than — Vg, the emitter diode of Qg becomes
reverse-biased, and all of /, flows in the emitter of Q,. Now we have

ver = —aylo Rey

ve2 =0

As v;, is made more positive, no change in vq, occurs since O is cut off. No
change in v¢, occurs until v;, = v, at which point the collector junction of Q,
becomes forward-biased, that is, Q, saturates. Note that saturation occurs not
because the collector voltage decreases but because the base voltage increases.
Saturation clearly occurs when

Ui =0¢y = —aylo Rey

Further increases of v;, are accompanied by equal increases of vy, as is shown in
Fig. 13-9c¢.

An important aspect of the transfer characteristics of Fig. 13-9¢ is that as
long as

Ui, < —oy g Rey

both v, and v, depend on oy, not fy. We have therefore achieved the objective
of making the -collector voltage relatively independent of transistor parameter
variations. Note also that the circuit has both an inverting and a noninverting
transfer characteristic available.

Now if we consider the multiple input transistors, we see that if all but one of
the inputs is low, the transistors with low inputs will be cut off and the circuit be-
haves as described above. If more than one input is high and all high inputs are at
the same voltage, the emitters of those transistors equally share the current /.
But since all collectors are connected together, the current in Ry is still ay 7y; the
transfer characteristics do not change for multiple input transistors.
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Next we investigate the possibility of using the circuit to perform logic opera-
tions. We impose the following restrictions:

1 For high-speed operation, the circuit is to be constrained so that the
transistors never have a collector-base voltage less than zero; that is, they
never saturate.

2 For logic system use, the input and output levels must be compatible;
that is, v; must have the same value at input and output, as must v, .

Let vey(v;,) = f1(v;n) and v,(v;,) =fo(v;,). From the analysis of Chap. 12,
we know that if input and output are to be compatible, the operating points must be
those values of v;, which produce

* J1(0in) = g1(vcy)
and J2(v3) = g2(vc2)

This means that the operating points are the intersections of f(v;,) with f(v;,) rotated
about the unity-gain line. Inspection of Fig. 13-9¢ shows that for v, the inter-
sections occur only along that part of the transfer characteristic which is coincident
with the unity-gain line, that is, with Q, saturated. Similarly, for v, there is only
a single intersection, which occurs for v;, =0. We therefore conclude that in its
present form the circuit cannot meet the compatibility requirements necessary for
performing logic.

In order to make the circuit suitable for compatible logic operation, it is
necessary that the transfer characteristics be translated vertically in the v, versus v;,
plane. This is done by adding an offset voltage to the outputs, as shown in Fig.
13-10a. Here the emitter followers perform two functions: first, they provide an
offset of V|, with their emitter junctions; second, they provide current gain so that
the voltages v¢y and v¢, are isolated from any loads connected to the outputs.

If any input or combination of inputs is high, v, Will be low. Ifall inputs
are low, v(,,,,; will be high. Therefore if compatibility of input and output levels
obtains, v, represents the NOR operation. Similar reasoning shows that
Uour)2 Fepresents the OR operation. It is noteworthy that both OR and NOR
operations are obtained from this circuit without unduly increasing its complexity.

A surprising amount of information can be obtained about the operation
and design of the circuit by using the first-order transistor models employed in
Fig. 13-10h. We first assume that the emitter junctions of the emitter followers
are always forward-biased, and the offset voltage thus provided is V,,. We invoke
the following requirements for the design.

!/ When any input is v,, the transistor connected to that input is cut off.

2 When any input is v,, the transistor connected to that input is at the edge
of the saturation region; that is, the collector-base voltage is zero.

3 Input and output levels must be compatible.

We now calculate »; and v, subject to the above constraints.
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RCl% = RC2
’ Vo =
Vout1 +——O0 Va2 Vo< T Ves
(NOR) (OR)
R, R, o
— Ve — Ve
_V..
Vin
Qs Q, (o1 Qs
vg o
- Vtt
Io
(a) (b)

FIGURE 13-10

(a) ECL NOR-OR circuit with emitter followers providing offset; (b) relative
voltages for the circuit.

Case 1 All inputs are vy. If all inputs are v, all input transistors are cut off,
Then
vcr =0

and U(ou()l = - VD

Now if the circuit is to perform the NOR operation, when all inputs are v, the out-
put must be v;. Therefore

v =V, (13-1)

Case 2 Any input or combination of inputs is v,. If v, = v; and the transistors
are at the edge of saturation, then

Uy =14
and Vount =0y — Vp
Since the NOR operation is being performed, when v, = U1y Ugouyr Must be vy,
Thus we have

vo =0, — Vp (13-2)
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Combining (13-1) and (13-2), we find
ve = =2V,
The logic swing is
vy=|v,—ve|=Vp

We can easily see what relationship must exist among the supply voltage
Vg, the bias current, and the resistors Rq, and Rc,. Note that the logic swing
must be given by

vy =yl Rey
If v(gyyy2 is to be compatible with v, , the logic swing must also be

vy =oyloRea
and thus Rey =R,

“This is only true when a bias current source is used, as in Fig. 13-9a.
When all inputs are v,, in order for all input transistors to be cut off,

VE< UV, — Vp=uv, — Vp= =2V,
For this case, Q5 is on, and
—Vgg=vg+ Vp
or — Vg > =2V,

If any input is v, vg is
vp =0 — Vp=0v, -V
For Qp to be cut off,
—Vep<vg+ Vp
or —Ves< —Vp
Combining the results for the two cases, we have
—2Vp < —Vgp< =V, (13.3)

A convenient choice is

The relative voltages in the circuit are shown in Fig. 13-10b.

It should be noted that the configuration of the ECL circuit is such that the
current in the ground lead is constant, regardless of the state of the inputs and out-
puts. This means that noise generated by the change of state of the inputs and out-
puts will be much less severe in ECL than in, for example, TTL.
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Use of an Emitter Bias Resistor

The current source J, can be obtained by using a bias current-source circuit like that
described in Chap. 9, or simply by using a resistor Ry connected between vg and
—Vee. This has several effects on the behavior of the circuit:

I The transfer characteristic v¢, versus v;, is slightly altered.

2 Because the current in Rg changes as the input changes from v, to v;, in
order for the NOR and OR outputs to be compatible it is necessary that
R, and R, have unequal values.

3 The power supply and ground currents will no longer be constant as v;,
changes from v, to v,.

To establish the bias current /,, we select R so that the current in Ry is I,

when Qg is on and all other transistors are off. Then
Veg —Vas =V,
RE = EE BB D

IO

The logic swing at the OR output is

=ayloRc;, = oay(Vege —V Res
Vior = nIoRey = an(Veg —Vipp — VD)_
E
Note that v,g; depends on a ratio of resistors rather than absolute resistor values.

Now when @, is on and Qs off, if v;, = v, the current in Ry is

A Vo + Vi
Dl
Rg
Ve =2
= R,
and the logic swing at the NOR output is
R
Unor = on(Vgg — 2V)p) %
E

For compatibility v;yor = v10r; this will also ensure compatibility of both v, and
vo on NOR and OR sides. Combining the above results we find

Rea . Vee—2V
RCl VEE - VBB - VD
If —Vgp =@, + vy)/2 = —3V}, we obtain
Res _ Ves—2Vp
RCI VEE - % VD

When v;, is just slightly more positive than — Vg5, Qp is cut off and the
collector current of Q, is

(13-4)

Vee —Vp—V,
Ic1=anlo=qN( EE = D 85)
E
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FIGURE 13-11
Transfer characteristics with I, replaced by Rg.

As v;, increases so does vg, and the current in R increases correspondingly; thus
the transfer characteristic has slcpe —(R¢,/Rg), as shown in Fig. 13-11. Satura-
tion of Q, occurs when v;, = v,.

The change A7 of the power supply current is, if we ignore R,,

@, = Vp+Veg) = (=Vps— Vp + Vip)
Rg

Al =

for the case for which

— Vs =

ECL Design Considerations

In the design of the ECL circuit, dc fan-out and fan-in are not determining factors.
This is easily seen by considering the circuit of Fig. 13-10a. The base current of
Q, is Io(1 — ay); if n ECL circuits are connected to the output of a test gate, the
load current is nly(1 — ay). But change of current in R, or R, caused by this
load is only

Alg =nlo(1 — ay)(1 — ay)

If AI; £ 0.0lay I, , negligible change of v¢; or v, will result from this load; thus
n can be as large as

_0.018y
= oy
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For By = 100, n = 100 is the maximum fan-out. The parasitic capacitance of the
load gates is far more important in determining the fan-out. In order to obtain
high-speed operation, the fan-out must be much lower than the dc limit; typical
maximum fan-out is n = 15.

Our simple transistor model used in the analysis of the circuit does not include
anything which limits the fan-in.  As was the case for fan-out, parasitic capacitances
become the determining factor; a typical value is m = 12.

Our first-order analysis has indicated that the logic swing is determined by a
ratio of resistors, and that the logic voltages are determined by power supply voltages
and diode offset voltages. Clearly we do not have sufficient information to design
the circuit on the basis of logic voltages, fan-out, and fan-in; either speed con-
siderations or power-dissipation limitations or both must be invoked as well.
Speed considerations are dealt with later in this chapter by means of transient
analysis; power dissipation can easily be calculated.

| | |
| 1 }
| ' |
| : |
| :]

| l l
| o—— | |
| ' }
| 2kQ 2kQ : |
| ' = 300Q !
I - VEE - VEE I '
| | |
' = | - |
' Vor ] !
| r/l | 255kQ |
| | |
' 1.24 kQ | ‘
| ) | I
| | |
I —~52 | §2 kQ |
| | g |
] | I
| |
| | |
I [ I
| I |
I | i |
e ] 52 J

MC306 MC304

FIGURE 13-12
MC 306 three-input ECL gate with MC 304 bias driver.
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In practical circuits the logic swing is not made exactly V,,. Note that the
value of v, is not critical as long as v, < (v; — Vp); this will always ensure that the
NOR-side transistors are cut off when the input is v,. It is common practice to
use v, slightly less than v; ~ Vp, in order to allow for variations of v; and v, with
temperature. When this is done, R¢,/R¢; will differ slightly from that given in
(13-4). The MC 306 three-input ECL gate is shown in Fig. 13-12, together with
the MC 304 bias driver. Logic and supply voltages are

Ul = —0.750

vp = —1.55

b, = 0.800
VBB = —1.15
VEE S —520

The bias driver uses two diodes in a voltage divider to produce a temperature
coefficient for ¥y that maintains equal noise margins on OR and NOR outputs
as temperature varies.

13-4 NONLINEAR ANALYSIS OF THE ECL CIRCUIT

While the analysis with the first-order transistor model yields considerable informa-
tion regarding logic levels, it does not suffice for the determination of noise margin,
transition width, etc., because these depend on the detailed nature of the transfer
characteristic. For this a nonlinear analysis is necessary. Fortunately, since
the transistors do not saturate, the substrate p-n-p transistors are always cut off,
and contribute only parasitic capacitance. If we assume /5 to be negligible, the
four-layer-model equations become the Ebers-Moll equations for the three-layer

device:
Ll _ |1 —oy L (e2?=/mT — 1)
L] |—an 1 Isz(ewclm” -1
For the transistor with reverse-biased collector, these become
Ig = I (5™ — 1) + o, 1,
—Ic= —oy Isl(eq¢£/m"r -1)-1,
If we are only interested in the transfer characteristic in regions where I¢c > I,
and e??5/™T 3 |, we can make the approximation
Ic = oy I =T oy I
Now for simplicity, consider the case where a current source is used to obtain
I, , and where only a single input transistor is on, as shown in Fig. 13-13a. We

assume that the emitter followers have zero base current, and contribute only an
offset voltage V;,. From the circuit of Fig. 13-13, we note that

Gr1 =V, — Ug

G2 = —Vgp— vg
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RCl RCZ

tVc1 Ve

vml
llc1 Iczl
R, R

- VEE

(b)

FIGURE 13-13
(a) Circuit used in nonlinear analysis; (b) transfer characteristics I’ versus v’.
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Then the emitter currents are
IEl — ISqu(nln—uE)/ka
Ig; = Ineq(-vnn-vs)/ka
and these are related to the bias current by
Io=1Ig + Igz
Taking the ratio of emitter currents, we obtain
Iey = e¥vin+VBB)/mKT
IE2
from which
Io = Igy[] + e~ 9in+Voa)/miT)
= IEZ[l + eq(u.,d-Vg.;)/ka]
The collector currents are now easily obtained:

ay Io

ley =anlp = 1 + e Ot Van)/mkT (13-5)
an 1o
]C2 = oy 152 = 1+ eq(v|):+VBB)/ka (13'6)

In (13-5) and (13-6) note that:

1 When Uin = - VBB’ ICl = Icz = aN 10/2.
2 Odd-function symmetry exists about v;, = — V.
To take advantage of the symmetry, we define new variables
an 1o
2
I,é]Cl - ]m
V' Avi, + Vg

1, A

In terms of these variables, the transfer function is now as shown in Fig. 13-13b; it
can easily be expressed analytically as
21 1 — el av)/mkT qv’

= e~ In = I = e 200 3, 07

V=l —1, (13-7)

While the transfer characteristic we seek is actually v,,, versus v;,, it can be
obtained from (13-7) by recalling that
Vouw = —Ic1Rey — V' (13-8)
and v =0, + Vgs

It is not necessary to carry this out, however, since we can obtain most of the in-
formation we need from (13-7).
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Unity-gain, Points and Transition Width
To calculate the unity-gain points, we note that
avout= — R, 01¢, - _R a_lﬂa_l’ﬂ _ 6_1'
03, s, or o' ou,, “ov
Using the expression for I’, we obtain

anm . 2 qU’

v, 2mkT
Now the unity-gain points are those values of v’ for which 000 /00, = —1. Let
these be designated v,. Then we have

q
I —
Ctlm ST N

in

_ Ry L(92mkT)
cosh? (qu,/2mkT)

—1=

Solving for v; , we obtain the two unity-gain points v/, and Upot

2mkT LR
Vpy =~ = ”; cosh"’\/q—a’v o _ct (13-9)

e AmkT

The transition width v/, is

, 7 7 , 4ka - qa IORCI
V= |py — o] =20, = p cosh l\/:mT (13-10)

This can be expressed in terms of the logic swing v, by noting that v, = ay Iy Rey;
inserting this in (13-10) we obtain

qu,, qu,
h TP [ 9P
COSh AmkT \/ AmkT

Now we make the approximation that

’
cosh qu,, zleqvw’/‘tka

AmkT 2
2mkT . v,q
Th w R —— In—— 13-11
en vy, p n s ( )

This relationship illustrates the important fact that, because v; depends essentially
only on junction offset voltage and not on resistors or voltages in the circuit, the
transition width is independent of circuit parameters. At 300°K, the transition
width is

v, =178 mV
This means that a change of v;, from v;, = — V5 — 89.5 mV to Ui = — Vg + 89.5

mV suffices to cause the output to change from one unity-gain point to the other.
(Recall that the unity-gain points are not the operating points.)
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Noise Immunity

Because of the symmetry of the transfer characteristic, it can be shown that the
threshold point occurs at " =0. The symmetry also means that NI® = NI' A
NI, and that

]

~ =0.311

NI = —
2

Noise Margin

Again because of the symmetry of the transfer characteristic, NM° = NM* A NM
and
v, v, Vp v,

U,
NM =3 -tu=3-5=3"3 !

Effects of Fan-in on the Transfer Characteristic

The preceding analysis assumed that only one input transistor is involved in the
determination of the transfer characteristic. If m, input transistors have identical
base voltages, they will each share the current on the input side of the gate, and
each will have a lower base-emitter voltage than would a single transistor. This
fact will slightly alter the transfer characteristic, since now the effective I, is

Iil =1 let;(mn—vzz)/ka
m, £
which leads to
IE_I — mleq(v.nwu)/mkr
Ig,

As a result, the input voltage which produces the threshold voltage is now less than
Vgg, and is given by

kT
v,, = Vpp — ”'T Inm,  (13-12)

Exercise 13-1 Show that the input threshold voltage is given by (13-12).

13-5 FIRST-ORDER TRANSIENT ANALYSIS OF ECL
ECL Layout

Referring to Fig. 13-12, we can easily determine the number of isolation regions
required for the ECL circuit.  All resistors can be placed in a single isolation region,
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jus

gl
n— __OZE(
T

FIGURE 13-14
ECL parasitics.

and since the emitter followers also have their collectors connected to the most
positive supply voltage, these transistors can also share the resistor isolation region.
All input transistors have collectors connected together and can share a single isola-

tion region. A separate region is required for the OR-side transistor. The isola-
tion regions required are

Resistors and emitter followers: 1
Input transistors: 1
OR-side transistor: 1

3

Total:

If the bias driver is to be fabricated on the same chip, its resistors and emitter fol-
lower can share the isolation region with those of the ECL circuit, but two separate
regions are required for the diodes.

The parasitic capacitances accompanying the circuit are shown in Fig. 13-14.
Here all resistors are represented by pi-section lumped models, with half the total
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T

- VEE

FIGURE 13-15
Equivalent circuit for ECL parasitics.

capacitance attached toeachend. In the analysis of transient behavior, we linearize
all capacitances by using appropriate average values. Combining capacitances
where appropriate, we obtain the equivalent circuit of Fig. 13-15. The capaci-
tances in the equivalent circuit are

C,
C,=Cy+C, + Cs +—
B

(@«
Co=Cy+Cy +2Cs + —
N

Ce=CB+C6

In the first-order analysis of ECL, it was noted that R, R.,, and R, must
be chosen to give the speed-power compromise desired by the designer. The
speed of operation depends on the resistor values used, and the parasitic capaci-
tances in the circuit. Because the parasitic capacitances of the resistors depend upon
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the resistor area, the design of the circuit for a particular power-delay-time product
requires an iterative procedure which is best implemented by computer. For our
purposes, we therefore select reasonable values for the resistors, calculate the
capacitances, and use a first-order analysis to estimate the transient behavior. The
following values are chosen:

Rey =250 Q
Rc, =280 Q
Ry =1kQ
Ry =1.5kQ
Vep =52V
Veg =115V

A base diffusion sheet resistance of 200 Q per square is assumed. Resistors

Rcys Rez, and Rg are 1 mil wide while R, is 0.5 mil wide. The capacitance values
are

Cs = 0.8 pF
C, =03 pF
C; ~0.7 pF
Cs =~ 2.0 pF
Ce = 1.0 pF

For an epitaxial-layer thickness of 12 um, the substrate capacitance C, is approx-
imately 4.4 pF. However, since no transistors saturate, the parasitic substrate
p-n-p transistors are always cut off. Therefore it is not necessary to use a thick
epitaxial layer to reduce the current gain of the substrate p-n-p transistors. If a
5-um epitaxial layer is used, C; is reduced to approximately 3.2 pF.

For our analysis, we consider only a three-input ECL gate; note that since
Q5 is in an isolation region by itself, its substrate capacitance will be slightly larger
than C,/3:

Cy =13 pF

In order to obtain a tractable analysis, we make the following approxima-
tions:

1 Parasitic effects dominate transient behavior.

2 Emitter-follower transistors are never cut off,

3 The input transistors do not enter the forward active region of operation
until the emitter-base voltage is approximately Vp.

4 When the transistor is in the forward active region, the emitter-base volt-
age is approximately constant and equal to V.

The circuit to be analyzed for turn-on time is shown in Fig. 13-16. We denote by
np the fan-out of the drive gate, by m, the number of input transistors in the test
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O,

Load gates

Drive gate Test gate

FIGURE 13-16
Equivalent circuit for transient analysis.

gate, and by n; the fan-out of the test gate. From the above approximations it is
clear that the turn-on of @, will be made up of two distinct parts:

I A delay as Q, changes its operation from cutoff to the forward active
region

2 A turn-on transient as the collector voltage of Q, changes while @, is in
the forward active region

Turn-on Delay ¢,

The equivalent circuit which applies during the turn-on delay is shown in Fig.
13-17a. Since Qy is in the forward active region during the turn-on delay, little
change of the emitter voltage occurs. Therefore Cg can be neglected and Ce can
be assumed to be connected to ground. There will also be little change of v, until
Q, enters the forward active region of operation; therefore Cs can be assumed to bein
parallel with Cs. Finally, with the emitter followers always in the active region,
R, will have negligible effect in comparison with R¢;. By making use of these
approximations we have reduced the equivalent circuit to a first-order network.
Focusing attention on the base of Q;, we see that the time constant is

R

S

B

where Ca=BnCa+ (np +m)(Cs + C)

T =
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FIGURE 13-17

(a) Equivalent circuit for turn-on delay; (b) equivalent circuit for turn-on
transient,

The initial and final values of v,, are known from the dc analysis we have
already performed. Since v,, is connected to the output of the drive gate, the initial
value is vy, and the final value is »,. It will be recalled that the circuit was designed
so that Vg is the average of v; and vy; when v,, = Vgp both O, and O have equal
emitter-base voltages and the value is approximately V,,. We may therefore con-
sider Q, to enter the active region when v,, ~ Vgg. The approximate expression
for v,,(t) during the turn-on delay is

Up1 (1) =0y + (g — vy)e /™
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The turn-on delay is found by setting v,,(tp;) = Vag:

tDl - Tl ln 2
For the capacitance values previously calculated and for m =3, n, = 15, 8y = 50,
we obtain

tps ® 1.2 ns

Turn-on Transient ¢’

For tractability of analysis, we make the approximation that once Q, enters the
forward active region of operation, Q5 quickly cuts off and has no further in-
fluence on the behavior of the circuit. During the ensuing transient, the equivalent
circuit is as shown in Fig. 13-17b; here Cgz = Cyz + mCg. Approximating the
circuit of Fig. 13-17b by a first-order network and focusing attention on v,;, we
find the time constant to be

’ ~ RClC,
By
C R
where C'=fyC, + Tz +ny C5(1 + _C_‘)
ﬂN RE

For the values previously used, we obtain
7'~ 1.7ns
The transient time of the output voltage of the drive gate is
t' =227 =3.7ns

Fall Time of the Output

It will be noted that the transient time of the output of the drive gate is also the
rise time of the emitter voltage of Q, and Q5. The fall time of the collector voltage
vey, and hence the output voltage v,,,, depends upon both the rise time of the
emitter voltage and the collector circuit of Q,. The circuit can no longer be
reduced to a first-order equivalent circuit. For simplicity, however, we treat the
collector circuit separately, and then combine the results of emitter and collector
circuits to obtain an estimate of the fall time. The collector of Q, has in parallel
with Rc, an equivalent capacitance C” consisting of all parasitic capacitances of the
load gates reflected through the emitter follower. Thus

n(Cs + .Cs_)
Bn

We combine the effects of the collector circuit and the rise of the emitter voltage by
using Elmore’s method, which yields the fall time ¢, :

tflz o (2.2‘!?')2 + (2.21?")2
where 1" = Rc;C" = 1.05 ns

C'=C,+
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For the values previously calculated, we find
t;y ®4.4ns
The turn-on time for the collector voltage of Q, is

ton &3 tDl + tj'l = 5.6 ns

Turnoff Transient 7,

The turnoff time for the collector voltage of @, is the same as the rise time for the
output voltage of Qp,, since all gates are assumed to be identical. Thus we have

toff = tDl + tl = 4.9 ns
If we define the average propagation delay tp by

_ fon + torf
DS

we obtain for the ECL circuit we have analyzed
tp & 52ns

The geometry we have used in laying out the circuit is rather large, and it would be
possible to reduce the size of the circuit by using 4-mil-wide lines for R E> Rey, and
Rc;, and 0.25-mil lines for Ry. The size of the transistors could also be reduced,
and the corresponding decrease of all parasitic capacitances would lead to a reduc-
tion of the average propagation delay. It should be borne in mind, however, thata
great many simplifying approximations were made in the transient analysis, which
is at best crude. It is interesting to note, however, that the results of the analysis
agree reasonably well with the values specified for the MC 1007 ECL circuit. This
circuit uses Rey =290 Q, R, =1.18kQ, Vee =52, Vg = 1.175, and has an aver-
age propagation delay of 9 ns, with a fan-out of 15. With a fan-out of 1, the
average propagation delay of the MC 1007 circuit is 4 ns.

PROBLEMS

13-1 In the circuits of Fig. P13-1, the current /, is made zero at t=0. Calculate the
time elapsed until the collector voltage begins to change.

13-2  Construct the transfer characteristic for the circuit of Fig. 13-10a; use this to find
the operating points v, and v,.

13-3  The emitter-follower outputs of the ECL gates are replaced by Darlington pairs.
Find v, and v,.

13-4 Design an ECL circuit using a resistor R; instead of a current source, and impose
the restriction that the collector junction of the input transistors is never reverse-
biased by less than 100 mV. Calculate v, and v,.

13-5 Design an ECL circuit with a logic swing greater than 6 V, without adding extra
processing steps. (Hint: Use the breakdown of an emitter junction.)
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13-6 Plot the transfer characteristic obtained from a nonlinear analysis of ECL; use it

to graphically determine the operating points.

13-7 Calculate and plot the input resistance of the ECL gate for v < vin < v4.
13-8 Use electrothermal models to calculate the temperature coefficient of Vjp in the

bias driver.
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BASIC MOS LOGIC CIRCUITS

The MOSFET plays an important role in integrated logic circuits, particularly in
large-scale integration (LSI). This is because the MOSFET can be made with
very small geometry, and therefore large device densities can be realized. Process-
ing technology has advanced to a degree that makes possible high-yield production
of LSI chips containing thousands of devices. The combination of high-density
circuits and high-yield production has been responsible for the emergence of such
diverse items as large-scale random-access memories, READ-only memories
sophisticated but low-cost electronic calculators, and electronic wristwatches.

The inverter circuit is always a basic part of logic circuits, as we saw in
Chap. 12. In this chapter we consider inverter circuits of several types, and we
investigate the use of the inverter in static and dynamic logic circuits.

>

141 MOS INVERTERS!:2

Before we begin a detailed consideration of the inverter, we first review the static
characteristics of the MOSFET, and we focus attention on enhancement-mode
devices. It will be recalled from Chap 6 that p-channel enhancement-mode devices
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FIGURE 14-1
p-channel and n-channel enhancement-mode MOSFETs.

are made by starting with n-type material, while n-channel devices are made by
starting with p-type material, as shown in Fig. 14-1. If we define polarities as
shown in Fig. 14-2a, the idealized IV characteristics for the MOSFET will be as
shown in Fig. 14-2b. It is important to note that all voltages are measured relative
to the source; in the curves of Fig. 14-2b, V; is the threshold voltage derived in
Chap. 6. For the polarities shown in Fig. 14-2a, V; will be positive for both
n-channel and p-channel enhancement-mode devices. The important aspects of
device behavior can be summarized as follows:

] No inversion channel forms unless V; > Vy; therefore I, is zero for all
Ve < Vr.

2 For V; > Vr, an inversion channel extends between source and drain
for all ¥}, such that V; — ¥, > V. For these voltages the device behaves,
between source and drain terminals, as a nonlinear resistor, and I, is given by

zZ V2
b=uEC|We-VVo-22]| a4

where yu = majority carrier mobility
Ko g
Co= 4
d, = gate oxide thickness
Z = channel width
L = channel length
This region of operation is called the nonsaturated or triode region.
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FIGURE 14-2
(@) Definition of polarities for MOSFETs; (b) IV characteristics.

3 If Vg > Vy, but ¥ is large enough that ¥; — V, < V., an inversion
channel will form, but it will not extend all the way to the drain diffusion.
The channel current is now independent of ¥}, and is given by

ZC
Iy=p==(Ve—Vp? (142
L 2

For this condition, called saturation, one may think of the inversion channel
as being pinched-off at the drain end. For any given ¥, the drain voltage
Vps at which saturation occurs is that for which

VG - VDS = VT
or VDS = VG - VT (14‘3)

and the drain current I at the edge of saturation is

Z C,
Is=pn==Vs—Vp? (144
L 2
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(a) Diffused resistor load; (b) saturated MOSFET load; (c¢) nonsaturated
MOSFET load.




518 BASIC INTEGRATED CIRCUIT ENGINEERING

Therefore the locus of the saturation line in the I, — Vp plane is

ZC,
Ips=pu——1V,2 4-
ps = H ) Vb (14-5)
4 There is negligible dc gate current for both saturated and nonsaturated
operation.

An inverter circuit can be formed by using a MOSFET with a diffused-
resistor load, as shown in Fig. 14-3a. However, it will be recalled that to keep
the area of the MOSFET small, Z and L will be small, with typical Z[L ratios being
about 10. Typical values of drain current will be tens of microamperes. For
values of Vp, of 5to 15V, it can be seen that large-value resistors would be re-
quired; this fact nullifies the advantages gained from the small geometry and high
density of the active devices. Therefore, diffused resistors are not used, but rather
an active device is used as a load. The load device can be operated in the satu-
rated mode, as shown in Fig. 14-3b, or in the nonsaturated mode, as shown in
Fig. 14-3c; in the latter case it is necessary that

Vee = VrZ Vop

to ensure nonsaturated operation. The circuit of Fig. 14-3b has the advantage
that only a single power supply is required; however, it should be noted that in
the circuit of Fig. 14-3¢ no dc current flows in the V¢ supply. As we shall later
see, for a given Vp, the logic swing is larger for the circuit of Fig. 14-3c.

142 THE INVERTER WITH SATURATED LOAD
When the MOSFET is operated with gate connected to drain,
Ve="Vp

and we see that there can be no inversion at the drain end of the channel. More-
over, no drain current can flow unless ¥, > V;. Stated another way, for very
small values of I, there will be an offset of V', between source and drain. For all
Vp > Vr, drain current will flow, and the device will be in the saturated mode.
The drain current for Vg =V, is sketched superimposed on the IV,
characteristics in Fig. 14-4a. When the device is used as a load, the gate-source
voltage is Vg = Vpp — v,,,, and the Ipv,, characteristic is as shown in Fig.
14-4b. It is convenient to define a conduction parameter k, for the load device as

kA ﬂL(ZL/ZLL)COL

The drain current can be written in terms of this parameter as

Iy =k (Vs — VT)2
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(a) IV characteristic for the case Vg = Vp; (b) Ipv.u characteristic for the
load device.

for a saturated device; for the circuit of Fig. 14-4b the drain current becomes
Iy =k (Vpp — Vour — Vi)?

When the driver transistor is included in the inverter circuit, the character-
istic of Fig. 14-4b becomes a load line for the driver; the result is shown in Fig.
14-5. Since the source-substrate voltage is different for driver and load devices,
the threshold voltages will be slightly different, as was discussed in Sec. 6-4. How-
ever, for simplicity we assume equal threshold voltages for load and driver
transistors. Since both devices are made with the same oxide thickness and with
the same substrate material, they will have equal mobility and equal C,; therefore
the conduction parameters for load and driver devices differ only if the Z/L ratios
differ. In Fig. 14-5, the drain current is not normalized to the conduction factor.
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FIGURE 14-5
Load lines of load transistor on Ipo,,, characteristic of the driver transistor.

It can be seen qualitatively that as k; increases, the inverter performance is de-
graded because the output voltage when the driver is on is increased, thus reducing
the logic swing. We shall later see that the ratio of conduction factors of the driver

and load devices is important in determining the minimum output voltage; this
ratio is

kp

R kL
For typical inverters, By is of the order of 25. The surface geometry for the invert-
er is shown in Fig. 14-6; it will be noted that to achieve high Sz, the channel of
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Layout of the inverter.

the load resistor must be long and narrow and that of the driver short and wide.
It is interesting to calculate the §r which would be obtained for two devices whose
channels use the same amount of surface area. If we assume that the minimum
line width is used for Z, and Lj,, so that L, =Z,, fiz is given by

ZDLL ZDLL

Pr= Z,Lp Lp

But for both areas to be equal, Z,L, = Z, L, , from which we find

Inverter Transfer Function

Since the inverter is to be used in logic circuits, we are interested in its transfer
function

Uout(vin)
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To obtain the transfer function, we first note qualitatively several important facts:

I Drain currents are equal in driver and load.

2 As the drain current becomes very small, it can be seen from Fig. 14-5
that regardless of the value of fg, v,, — Vpp — Vy. That v, does not
reach the supply voltage is a consequence of the offset occurring in the
Ip V) characteristic of the load transistor, as previously discussed.

3 For small v;,, both devices operate in the saturation region.

4 For good inverter performance, when v,, is large the driver should oper-
ate in the nonsaturated region.

The transfer function can be obtained quantitatively by equating drain
currents and solving for v,,,(v;,). For the load transistor,

Ve =Vop = ou=Vp
and Ip =k (Vpp — Voue — Vr)? (14-6)
while for the driver, when it is saturated,

Ve =viq
Vp= Dout
and Ip = kp(v;, — V)2 (14-7)
Combining (14-6) and (14-7), we obtain
kD 1/2
= = () @V Vo=V (14

Equation (14-8) applies only for v;, = V., since that restriction was implicit in
(14-7). As long as both devices are saturated, (14-8) shows that the transfer
function is linear; its slope is

%= _(@)1/2 - _BRI/Z

dv;, k,
It is interesting to note that for equal-area devices, as previously discussed
dvout - _ZD
dvin LD

Asv;, is further increased, the load transistor remains saturated but the driver
enters the nonsaturated region; this occurs when

Vp=Vs— Vy
that is, when

Dout = Vin — V'
Inserting this in (14-8) and solving, we find

VDD - VT
Vip = V. + — 14‘9
irger ()
Vep — V.
and Vout = T (14-10)

1+ (Br)'?
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Inverter transfer function (after Penney et al.').

For all v;, larger than that given by (14-9) the driver is nonsaturated and its
drain current is given by

Iy =kp2(Ve = Vi)Vp — VDZ]
= kp[2(0ia = V1)0ouc = ouc’] (14-11)
Combining (14-11) and (14-6), we obtain
Oou?(1 + BR) = Voudl2Viy + 2(0in — VDI + Vi =0 (14-12)

where Vy A Vpp — Vr.
Equation (14-12) can be solved for v,,(v;,); the transfer function is plotted in
Fig. 14-7.

Exercise 14-1 Derive Eq. (14-9).

Exercise 14-2 Solve Eq. (14-12) and obtain v, (v;,) for the case where the
driver is not saturated.
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(a) Inverter circuit for Example 14A ; (b) transfer function and operating points,

Operating Points

The operating points can be determined by assuming the test inverter to be driven
by an identical inverter. When the input signal is small, the drive transistor of
the test inverter is cut off, and the output voltage is

Uous= Vpp— Vr (14-13)

This will be the case for any input voltage as long as the restriction v;n < V7 holds.
When the input voltage of the test inverter is Vp, — ¥y, the drive transistor

is assumed to be nonsaturated; the output voltage is then obtained by substituting
Vin = Vpp — Vrin (14-12) and solving for v,,,. The result is the second operating
point. An alternate method for finding operating points graphically is to plot

Uout(Vin) and v;,(v,,,) on the same set of axes as discussed in Chap. 12; the inter-
sections are then the operating points.

EXAMPLE 14A Calculation of Operating Points. Suppose an inverter is
fabricated with n-channel enhancement-mode devices having V; =2V, and

Br = 25. The supply voltage is V,, = 7V. The circuit is shown in Fig. 14-8a.
If it is assumed that positive logic is used, the logic 1 voltage is

vy=Vy=Vpp—Vpr=5V
To find the zero-state voltage v, , we let v;, = 5 in (14-12):
2605y, 2 — 16004, + 25 =10
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Solving for v,,, we obtain
Voue = 0.16 VA v,
The logic swing is
v, = |v, —vy| =484V

The operating points are shown in Fig. 14-8b; the slope of the transfer character-
istic in the linear region is —(8g)!/? = —5. i

Unity-gain Points and Noise Margin

The idealized transfer characteristic has no unity-gain point when both devices are
saturated. When the driver is nonsaturated, the unity-gain point can be found by
solving (14-12) for v;, , taking dv;,/dv,,, , setting this result equal to — 1, and solving
for v,,, and v;,. The noise margin NM was defined in Chap. 12 as the input
voltage change required to cause the output voltage to change from an operating
point to the nearest unity-gain point. Since the noise margins may differ for the
two operating points, the notation used is

NM?® = noise margin with input at v,
NM?' = noise margin with input at v,

Because the inverter has no unity-gain point when v,, is low, we define the noise
margin for this case as the input voltage difference between the operating point
and the point at which the output voltage begins to change.

EXAMPLE 14B  Calculation of Noise Margins. We consider again the inverter
with the values of Example 14A. For that case, (14-12) becomes

 Vgu® + 346054, + 0.96

= 1.930,,, (14-14)
from which we find
dv .
dv:, =0.521 - f:g
Setting dv,,/dv,,, = — | and solving for v,,,, we obtain
Vo = 1.04 VY
Inserting this result in (14-14), we get
Via =283V

We next calculate
NM'=5-283=217V
From Fig. 14-8b we see that
NM®=2-0.16=1.84V i
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FIGURE 14-9
The inverter with nonsaturated load.

14-3 THE INVERTER WITH NONSATURATED LOAD

If two supply voltages Vi and V), are used as shown in Fig. 14-9 the load tran-
sistor can be made to operate always in the nonsaturation region, provided that
Ve — Vop > Vr

This configuration has the advantage that for v;, = 0, v,,, = Vpp since there is no
offset in the load transistor characteristic; this means that for a given V,,, the
logic swing will be larger for the nonsaturated load inverter than for the saturated
load inverter. Because the use of a second supply voltage introduces another
variable, the analysis becomes rather cumbersome. For simplicity we consider
the specific case for which

Ve =2V =Vpp
The current in the load is
Ip = ki [2(Ve6 — Vo = VD) (Vop = Vou) = (Vpp — Vour)?]
=k 2(Vpp = Vour + V1) (Vpp = Vout) = (Vpp — 060071 (14-15)
For small v;, — V' the driver is saturated and its current is
Ip = kp(vin — V7)? (14-16)
We now make a change of variables
Vout & Vpp — Vo
vin A Vi — Vr
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Substituting these in (14-15) and (14-16) and combining the results, we obtain
Dou” + 2V 050, — Br¥i =0
from which we find
Vou = — V1 + (V1? + Broi, )2 (14-17)
The unity-gain point occurs where dv_, /dv;, = 1; this occurs for
Via= Vr[Br(Br — DI7'*  (14-18)
The input voltage for this case is
Vin=Vr+ Ve[BaBr — D172 =V (14-19)
As v;, =V, the driver becomes nonsaturated and the driver current is
Ip = kp[2(vin = Vr)Wou) — Vou’]  (14-20)
Combining (14-20) and (14-15), we get
Dou” + 2V 7 0gu = Br[200(Vop = v0u) — (Vpp — 04,071 (14-21)

Equation (14-21) can be solved for v,,,(v;,) and from the solution the second unity-
gain point can be determined. The operating points and noise margins can be
determined by procedures similar to those used for the saturated load inverter.

The shape of the transfer characteristic for the unsaturated load will be similar
to that for the saturated load, except that the logic swing of the former will be
approximately V; larger than that of the latter.

144 THE INVERTER WITH DEPLETION-MODE LOAD

The larger logic swing of the nonsaturated load inverter can be obtained without
the use of an extra supply voltage if a depletion-mode MOSFET is used as a load.
The depletion-mode device has an inversion channel with V; =0, and its IV
characteristics are as shown in Fig. 14-10. Here the pinchoff voltage V; is the
gate-source voltage required to pinch off the inversion channel; its sign will be
opposite that of the threshold voltage. The inversion channel will pinch off at the
drain end when Vj = V¢, where

Vos=Ve—Vr
The drain current /¢ for this drain voltage is
Ips = k[2(Vps — Vr)Vps — VDSZ]
Thus the locus of the saturation drain current in the I, V), plane is

IDS=kVDZ
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The depletion-mode MOSFET.

It will be noted that if gate and drain are connected together, the inversion
channel cannot pinch off at the drain; for this connection the device is always
operating in the nonsaturated mode. Its current is

ID = k[z(VD - VT)VD - VDZ]
=k(Vp2 =2V, Vy) (14-22)

The depletion-mode device can be used as a load; its IV characteristic is as
shown in Fig. 14-11. It is important to note that exrra processing steps are re-
quired if depletion devices are to be used. For example, if both enhancement and
depletion p-channel devices are to be used in an inverter, the net impurity concen-
tration at the surface of the n material will have to be lower for the depletion
device than for the enhancement device, unless different gate metals are being
used. This is usually accomplished by using ion implantation for the channel of
one type of device. lon implantation enables the close control of the impurity
concentration; such control is essential if reasonable tolerances are to be maintained
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1V characteristic of the depletion device as a load.

on threshold and pinchoff voltages. Since the two types of devices have different
impurity concentrations in their channels, the pinchoff voltage and threshold
voltage will not necessarily have the same magnitude.

EXAMPLE 14C  Calculation of the Depletion-load IV Characteristic. Consider
an n-channel depletion-mode device with a pinchoff voltage ¥, = —3.0 V. The
Ipv,,, characteristic for this device with gate and drain connected is

Ip = k[Vous® — 0om(2Vpp — 2V1) + Vpop(Vop — 2Vl
= kfvow® — 200u(Vop + 3) + Voo(Vop + 6)] 1

Transfer Characteristic

The transfer characteristic for the inverter with depletion load is calculated in the
same manner as for the other inverters, except that it is now necessary to distinguish
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between the threshold voltage of the driver and the pinchoff voltage of the load.
For the load device,

IL = kL[z(VG - VTL) VD - VDZ]

=k [2(Vpp — Vous — Vr)(Vop — Vou) — Vpp — vout)z] (14-23)
while for the driver in saturation

Iy = kp(v;, — VTD)2 (14-24)
Changing variables to

Vout = Vpp — Vout
and Vin = 0is — Vrp
we combine (14-23) and (14-24) and solve to obtain
—Vgu = — Ve + (Ve + Brtf,D)Y? (14-25)
When the driver becomes nonsaturated,

Ip = kp[2(vi — Vrp) (o) — voutZ] (14-26)
The transfer function in this region is again found by combining (14-26) and

(14-23).  As can be seen from the above results, its shape will be similar to that of
the nonsaturated load inverter.

145 THE COMPLEMENTARY INVERTER (CMOS)

In the inverter circuits we have thus far discussed, both transistors were either
p-channel or n-channel devices. Early MOS logic circuits were of the p-channel
enhancement-mode type, because p-channel devices were most easily fabricated.
As the processing technology developed, such processes as ion implantation and
silicon-gate technology made possible high-yield production of n-channel devices,
and of both enhancement- and depletion-mode devices on the same chip. Further
advances have made possible the fabrication of low-threshold n-channel and
p-channel enhancement-mode devices on the same chip. With such complemen-
tary devices available, it is possible to design logic circuits in which the dc power
dissipation is zero; power is dissipated only when switching occurs. Comple-
mentary MOS logic circuits are designated CMOS or COS/MOS circuits.

In order to fabricate both n- and p-channel devices on the same chip, some
means must be provided for isolation; this is done by using an n-type substrate
and providing a p-type diffusion for the n-channel devices, as shown in F ig. 14-12a.
The p-channel device is to be used as a load, with n substrate and source connected
to Vpp; in this configuration it has the IV characteristic shown in Fig. 14-125.
The inverter is formed by connecting the p-channel load device and the n-channel
driver as shown in Fig. 14-13a. To verify inverter operation, we see that with
Via = 0, the n-channel device is cut off, and 7, =0. But the gate voltage for the
p-channel load is V; = Vpp; if Vi, > V7, the p-channel load will have an inver-
sion channel. With I, = 0, the output will be vy, = + Vpp.
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(a) Cross section of the CMOS chip; (b) IV characteristic of the p-channel
device used as a load.

If v;, = + Vpp, the load device is cut off, and I, =0, but if ¥V, > V[, the
driver has an inversion channel. With I, =0, the output will be v,,, =0. The
input and output voltages are seen to be compatible, and the circuit performs
logic inversion. For positive logic, v, = Vpp and v, =0. Since I, = 0 both for
Voue = Uy and vy, = vy, No dc power is dissipated in either state.

Transfer Characteristic

To calculate the transfer characteristic, we assume for simplicity that
Veie=Vmp=Vr

For small v;,,, the driver is cut off and the load is nonsaturated. As v,, increases,

no I, flows until v;, = V1, so there will be no change of v,,,, and v,,, = Vpp.

For v,, slightly larger than ¥, I, begins to flow, the load is nonsaturated, and the

driver is saturated. The output voltage begins to decrease. As v,, continues to
increase, I, increases because Vg, for the driver is increasing; however, Vg, for the
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p-channel device, v,, = + Vpp

®

FIGURE 14-13
(a) The CMOS inverter; () n-channel and p-channel IV characteristics.

load is decreasing and the load saturates. At this point both devices are saturated;
if the devices were ideal, dv,, /dv;, would be infinite.

The salient features of the transfer characteristic are shown in Fig. 14-14;
the output voltages at which saturation of either device occurs are easily determined
as follows. The load device will become saturated when

Vpp =
that is, for Vbp = Vour = Vpp — Vin — V1
which yields
Uout — Vin = VT (14'27)
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FIGURE 14-14

(a) Definition of polarities for the CMOS inverter; (b) transfer characteristic
fOl' V1L= V-rp, kz,=kn-
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The driver will be saturated if

or Uout = Vjn — VT
If both devices are saturated, the drain current is
I, = kL(VGp - Vr)2
=k (Vpp — Vin — VT)2 (14-29)
But the drain current must also be
ID = kD(VGn - VT)2
= kp(viy — VT)2 (14-30)

If we assume for simplicity that the devices are truly complementary, then k; = kp;
combining (14-29) and (14-30) we obtain

VDD
in = —— 14-31
va =22 (1431)
If k # k;,, the result is
VDD _ VT(I N BR)

Vin =
{+vVBa  1+/bn

We can now substitute (14-31) in (14-27) and (14-28) to obtain the output
voltages at which each device saturates; the results are

(14-32)

VDD
Voyu=— + V.
out 2 T
when the load saturates, and
VDD
Uou - T V
t 2 T

when the driver saturates.

When the input voltage reaches Vp,, — Vi, Vg, < V7 and no inversion chan-
nel exists in the load. The drain current is zero and no further change of the
output voltage can occur.

Exercise 14-3 Derive Eq. (14-32).

Exercise 14-4 Find the two values of v,,, for which load and driver saturate
if kL # kD .

The transfer characteristic is symmetrical about v;, = Vpp/2 fork, = kp A k,
so it is necessary only to consider the case for which the load is nonsaturated and
the driver is saturated. For the driver,

I, = k(VGn - VT)2
= k(v;, — V1)? (14-33)
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and for the load

ID = k[2(VGp - VT)(VDp) - (VDp)2]
=k[2(Vpp — vin — Ve)(Vop — Vour) — (Vpp — vou!)2] (14-34)

Combining (14-33) and (14-34) and solving, we obtain
Vout = Vin + Vr + [(010 + V2)2 + Vipp? — 20, Vpp — 2Vpp Vr — (0ia — V)12

(14-35)
The unity-gain point can be found from (14-35) in the usual manner by
setting dv,, /dv;, = — 1 and solving for v,,, and v;,:
Vi 3Vop
gy

EXAMPLE 14D Calculation of Noise Margin. Consider a CMOS inverter
with Vp, =5, V3 =10, and k; = k,. From (14-35), the transfer characteristic
is given by
Vout = 1+ Uin + (15 - 6l)in)l/2
The unity-gain point occurs at
15-2

in = =213
vm 6

The noise margin is therefore seen to be
NM° =213V
By symmetry, NM' =~ 2.13 V. il

14-6 POWER DISSIPATION

We have already seen that the dec power dissipation of the CMOS inverter is zero.
For the other inverter configurations, however, maximum 7, flows when the driver
transistor has maximum V. For this condition, the driver drain voltage is nearly
zero, but the load has maximum ¥}, and therefore maximum power dissipation.
The power dissipation for this case is easily calculated.

Inverter with Saturated Load
For the inverter with saturated load, the conditions are:

1 Load transistor saturated
2 0o, =0
3 vin=Vpp—Vr
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For the load transistor, V3 = Vp = Vp,. The drain current is
Ip =k (Vpp — Vp)?
and the power is

P= VDDID = kL VDD(VDD - Vr)2

Inverter with Nonsaturated Load
For this inverter, the conditions are:

1 Load transistor nonsaturated
2 0o ®0
3 v,,="Vpp

For the load transistor, V¢ = V46 and V, = V. The drain current is
Ip= ki [2(Vee — V)(Vop) — Vo'l
and the power is
P=Vpplp=k, VDD2[2( Vée — V1) — Vool

Inverter with Depletion Load
For this case, the conditions are:

1 Load transistor nonsaturated
2 0., =0
3 v.=Vpp

The load transistor has Vi = Vp, and ¥V, = V,;,, and the drain current is
Iy =k [2(Vpp — V1)Vpp — VDDZ]
and the power is
P=IVpp= kL(VDD3 -2V VDDZ)

147 INVERTER TRANSIENT RESPONSE

In MOS logic circuits, inverters will be driving other MOS transistors, and the
output current will be almost entirely capacitive, as shown in Fig. 14-15. 1If it is
assumed that the input driving waveform is a step function, the turn-on and turnoff
times can be calculated by solving the nonlinear differential equations which apply
during each interval. Detailed solutions for the transient times are given in the
literature. For our purposes, however, the detailed solution is too cumbersome.
We wish to obtain only an estimate of the times; we do not require the details of
the waveforms. To obtain an estimate we make many approximations at the
outset, and we use an “average current” method. The method is illustrated by
two examples.
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FIGURE 14-15
Saturated-load inverter driving a capacitance.

The Inverter with Saturated Load

To estimate topp and 1oy for the circuit of Fig. 14-15, we make the following approxi-
mations:

I When the output is in the high state, the voltages are v,,, = Vpp — V4 =
Vy and v;, = 0.
2 When the output is in the low state, the voltages are v,,, & 0O and v;, = V.
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Next we calculate the average capacitor currents which flow as the output changes
from low state to high state, and vice versa. These currents are

Vu ; d
Lorry & Jo™ fecore)(Poud) oo forv,, =0 (14-36)

I:),H dvout
and
Io (ON)(v D) Aoy,
IC(ON) CIVH dl‘:u o fOl’ Ui, = VH (14‘37)
0 out
We then use these average currents to estimate top and oy as follows:
g OFF o
CVy
lorr
c(OFF)
CVy
c(ON)

Consider first the case for which the input changes from high state to low
state, causing the output to change from 0 to V. For ¢t > 0, the driver will be
cut off, and the current iC(OFF, consists entirely of the load transistor drain current.
Since the load transistor is always saturated, the current /. oFF) 1s easily found to be

Vu

1
Ic(OFF) = V. -’.o ki(Vpp = Vour — V'I‘)Z Aoy
H

e
C7 R J. kL( VH - vout)2 dvout
0

k
= ?L Vi? (14-38)
The estimate of ¢y is then
CVy 3C
topp X —— = (14-39)
oFF Ic(OFF) kp Vi

Next consider the case for which the input changes from 0 to V. The
driver is now turned on; it will be saturated until v,,, drops to ¥V, — V., after
which it will remain nonsaturated. The average driver drain current is

IVH . kp( Vi — VT) dvy,, + _[VH Vo kpl2( Vi — Vi)our — voutZ] dvout

<ID> VH dv

out

k(¥ V)( V’) (14-40)
= Kpl H T. 3VH =
The average capacitor current during turn-on is

c(ON) <ID> <IL>
where </, is the average load transistor drain current; note that <I,) is given
by (14-38). Combining (14-38) and (14-40), we obtain
3CVy Va

fon = - [(2 + )(VH — Vy)? - ﬁ] (14-41)
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Reasoning intuitively, we see that because k, is usually much less than &k,
much less average capacitor current is available during foer than during tgy;
therefore we expect the former to be larger.

EXAMPLE 14E Calculation of toy and topp . Consider an inverter with Vi, =7,
Vr=2, Bg =25. For thiscase Vy=5and Vg — V; =3. The times are
C

fon % 0.728 =

C
t ~ 0.60 —
OFF kL

The ratio fopg/ton 1S

fore _ 0.824p, 1
ton

The CMOS Inverter

The CMOS inverter driving a capacitor is shown in Fig. 14-16. If both transistors
have identical V; and kp, foy and topg Will be identical since only one device is
conducting current during each interval. If we consider toy, the p-channel tran-
sistor is cut off, and the n-channel transistor is saturated until v,,, drops to V,, —
V;, after which it remains nonsaturated. The average capacitor current is

I o _‘.l‘;gg_vr kD(VDD - I/T)2 dvout + _‘-?’DD—VT kD[z(VDD - VT)vou( - voutZ] dvout
c(ON) — 0 dU
1 4575 out
kD 2I/DD VT
=2 (Vpp — V)2 (5R2 + 1
2 Won = Vo2 (522 + 1)

The turn-on time is then estimated by
3CVppt
N = o Von — Vo)
Voo — V)" (2Vpp + V1)

(14-42)

EXAMPLE 14F Calculation of toy. 1If we consider the devices to have Vi =2
as in Example 14E, and if we choose V', = 5 so that the CMOS inverter will have
approximately the same logic swing as that of Example 14E, we find

C
ton = 0.695 —
ON P
If the supply voltage is increased to V', = 10, we obtain
C
fon = 0.169 = 1

D
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FIGURE 14-16
CMOS inverter driving a capacitance.
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EXAMPLE 14G Calculation of toy Using the Exact Solution. When the tran-
sistor is in the nonsaturated region, the nonlinear differential equation to be
solved is

Cdy,,
Tt = _k[2( VDD - VT)Uout - Uoutzl
3
Rearranging terms and using a partial fraction expansion, we can rewrite this as
k —dv dv
2 V _ V s dt — out out
( P T) C Usut Uout — 2( VDD - VT)

Integrating and solving for the time ¢, elapsed as v,,, changes from ¥V, — Vi to
0.1V pp, we find
_ C n 1.9V, — Vr
2k(Vpp — V1) 0.1Vpp
The total 0 to 90 percent turn-on time is ¢, plus the time elapsed as v,,, changes

from Vpp to Vpp — Vi, that is, the time ¢, during which the transistor is in the
saturated region. This latter time is

4L

CVy
lo=————0
k(Vpp — V1)

and the total turn-on time is

VDD - VT 1'9VDD - 2VT
fon = tt=——m V. 1
oN= ot = Voo — Vo ( Y] . )
For Vpp =5 and V; =2, we obtain
C
tony = 0.622 —
ON k
while for ¥Vpp = 10 and V; = 2, we find
C
ton = 0.201 —
ON k
These results, when compared with those of Example 14F, indicate that the average
current method gives a reasonable estimate for 7oy . I

CMOS Inverter Power

Although the dc power dissipation of the CMOS inverter is zero, the transient
power is not. For a capacitive output load, the energy stored in the capacitor
during each half cycle of the input is CVpp?/2. The energy stored in the capacitor
during one complete cycle divided by the period of the input is the average power
dissipated in the inverter:

P=CVpp*f

where f is the input frequency.
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148 LOGIC CIRCUITS*

Protection

MOS inverters and logic circuits are highly susceptible to damage from static
charge. Because the device area is so small, the gate capacitance is very small,
with the result that a small static charge produces a large voltage. The breakdown
voltage of the thin gate oxide is of the order of 40 V. If sufficient static charge is
present to develop a voltage in excess of the breakdown voltage, the thin oxide
can rupture and cause a gate-channel short, destroying the usefulness of the
device. Mere handling of the circuits during packing and unpacking for shipment
can generate sufficient static charge to destroy the devices, as can voltage transients
occurring during operation. In order to avoid this problem, some form of pro-
tective circuit is included on the chip. An example of this is the use of a
protection diode on all gates which are connected to signal input pads on the chip,
as shown in Fig. 14-17a. For CMOS circuits, protection diodes can easily be
fabricated by using the p diffusion for n-channel devices, the n-channel source
diffusion, and the p-channel source diffusion, as shown in Fig. 14-17b. If the
gate voltage rises due to some undesired transient, the diode becomes forward-
biased when the gate voltage reaches V,,, and prevents further increase of the
gate voltage. The diode is designed to have a breakdown voltage of about 30 v,
this limits negative gate voltages to a maximum magnitude of Voo — 30.

Static Logic Circuits

Static logic circuits of NAND and NOR type can easily be implemented by modi-
fying the basic inverter to allow more than a single input. We illustrate the method
with the n-channel inverter with saturated load ; extension of the methods to p-chan-
nel inverters and other types of load is obvious.

If additional driver transistors are added in series, as shown in Fig. 14-18a,
no drain current can flow unless all drivers have their gates at the high-state voltage,
which is V,, — V7 for the saturated load inverter. If any gate is at the low-state
voltage, that device will be cut off, preventing the flow of drain current; the output
will therefore be high. When all gates are high, all driver transistors are on;
drain current flows, causing the output to be low. We see that the circuit performs
the NAND operation for positive logic and the NOR operation for negative logic.

In our earlier discussion of the inverter using two devices of the same channel
type, we saw that it was necessary to maintain a f; of about 25 in order to have a
reasonable transfer characteristic with an acceptable low-state output voltage.
In the circuit of Fig. 14-18a, it is clear that if the same driver transistors are used
as in the inverter, the low-state output voltage with » series driver transistors will
be approximately 7 times that of the inverter. If the inverter driver has a conduc-
tion factor kp, it will be necessary for each series driver of the logic circuit to have
a conduction factor nkj, in order to keep the low-state voltage of the circuit the
same as that for the inverter, that is, to maintain the same effective f3; for the logic
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FIGURE 14-17
(¢) CMOS inverter with input protection diode; (b) fabrication of the protec-
tion diode.

circuit as for the inverter. Since there are n series drivers each with conduction
factor nkp, the channel area of the drivers is n” times the channel area of the
inverter driver.

If drivers are added in parallel with the inverter driver, each with its own
input, as shown in Fig. 14-18b, any one driver in the on condition will cause the
output to be low. Only if all inputs are low will the output be high. The circuit
therefore performs the NOR operation for positive logic and the NAND operation
for negative logic. Note that for this circuit each driver transistor need only have
the same &, as the original inverter driver for the circuit to have the same effective
Pr as the inverter.
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FIGURE 14-18

(@) Use of series driver transistors to perform NAND for positive logic and
NOR for negative logic. (b) Use of parallel driver transistors to perform NOR
for positive logic and NAND for negative logic. (c) Combination of series and
parallel driver transistors.
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The basic inverter circuit can be modified to perform more complex functions
by using both series and parallel drivers; an example is shown in Fig. 14-18c.

Exercise 14-5 Suppose that a fabrication process has minimum line width
W. Compare the total channel area of the circuit of Fig. 14-18a with that
of Fig. 14-18b if both circuits are to have an effective fp = 25.

Exercise 14-6 What logic operation is performed by the circuit of Fig.
14-18c¢ for positive logic? What is performed for negative logic?

Exercise 14-7 For the circumstances of Exercise 14-5, what is the total
channel area of the circuit of Fig. 14-18¢?

The basic CMOS inverter can also be modified to perform logic operations.®
Since both driver and ‘““load” transistors must be supplied with gate signals, it is
necessary that additional transistors always be added in pairs. In the circuit of
Fig. 14-19q, if X, is high and X, is low, Q, is on, and the gate voltage of Q, is of
the proper value to turn Q, on. However, Q, is off; since Q5 and @, are in series,
no drain current flows in either. Therefore the output is low. The output can
be high only if both X, and X, are low; then Q; and Q, are both on. Although
Qs and Q, are in series, no dc drain current flows in them when they are on, so it
is not necessary to increase their conduction factors, as was required in all-p-
channel or all-n-channel circuits. All devices can have the same k;, as those of
the basic inverter. The MC 14001AL quad two-input NOR circuit is shown in
Fig. 14-19b.

The NAND operation is performed by the circuit of Fig. 14-20a; again it is
necessary that each input connect to both n- and p-channel devices. If X, is high
and X, is low, Q, is off but Q, is on and the output is high. @, also has sufficient
gate voltage to turn it on, but it is prevented from turning on since it is n series
with Q,, which is off. The output can be low only if both @, and Q, are on; for
this condition Q5 and @, are both off. The circuit therefore performs the NAND
operation. A quad two-input NAND circuit, the MC 14011AL, is shown in
Fig. 14-205.

More complex operations can be performed by combinations of transistors;
from the above it can be seen that when n-channel devices are used in series, each
must have its gate connected to the gate of a parallel-connected p-channel device,
and vice versa. An example of a more complex circuit is the MC 14507AL
EXCLUSIVE-OR circuit shown in Fig. 14-21.

The AND-OR-INVERT operation is performed by the circuit of Fig. 14-22.
This circuit is formed by connecting an inverter with two complementary pair
transistors, all of which are contained in the MC 14007AL.

Exercise 14-8 Verify that the circuit of Fig. 14-21 performs the operation
Y=AB + BA.
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(@) CMOS circuit performs NOR for positive logic; (b) the MC 14001AL quad
two-input NOR circuit.
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(@) CMOS NAND circuit for positive logic; (b)) the MC 14011AL quad two-

input NAND circuit.
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(1/4 of device shown, but all pin numbers indicated)
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FIGURE 14-21
The MC 14507AL EXCLUSIVE-OR circuit.
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FIGURE 14-22
AND-OR-INVERT using the MC
14007AL
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FIGURE 14-23
(a) Basic transmission circuit; (b) modified circuit for low resistance.

Transmission Circuit

With CMOS circuits it is possible to fabricate a transmission circuit, useful in
both digital and analog applications. The basic transmission circuit is shown in
Fig. 14-23a, together with its symbol. This circuit performs a function similar
to that of the well-known diode bridge. If Vg, = Vg5 and Vg, = Vpp, both
transistors are on. The input voltage v;, (Which must be between Vg and Vop)
is then connected to the output through the parallel on resistance of the channels
of the two transistors. As v,, approaches Vp,, the n-channel device cuts off but
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the p-channel device remains nonsaturated; as v;, approaches Vg, the p-channel
device cuts off but the n-channel device remains nonsaturated. Therefore there
is always a nonsaturated transistor between input and output. Moreover, no
offset voltage exists when the output current is zero.

If Vg, =Vyp and Vg, = Vg, both transistors are off, and the resistance
between v;, and v,,, is of the order of 10° Q.

A modified transmission circuit with low on-resistance is shown in Fig.
14-23b. When Vg, is low and V, is high, the circuit is enabled; as v;, increases,
Q, is driven toward the saturation mode, with a corresponding decrease of its
source-drain conductance. But this effect is offset by coupling the input through
Q; to the substrate of Q,, forcing the substrate to act as a second gate. The
increase of v;, at the substrate of Q, causes an increase of the channel conductance
of Q,. When Vg, is high and Vg, is low, Q, is cut off, as are @, and Q,. Itis
possible to make use of the n-channel device substrate in a CMOS circuit because
this substrate is a p diffusion into the n-type wafer. Therefore each n-channel
substrate is isolated from every other device. The substrate of the p-channel
device cannot be used in this manner because the n wafer is the substrate for all
p-channel devices.

Dynamic Logic

We have seen that static logic circuits which use devices having a single channel
type have two disadvantages:

1 The dc power dissipation is not zero.
2 Load and driver devices must have different conduction factors.

Both disadvantages can be overcome by using a ratioless dynamic circuit in
which timing signals function as power supplies, and equal conduction factors are
used. A 1-bit delay circuit of this type is shown in Fig. 14-244; although p-channel
devices are used in this example, the same methods apply to n-channel devices.
The timing diagram is shown in Fig. 14-24b. If v,, goes from high to low state
at t = 0, when the ¢, clock is low, Q,, O, , and Q, turn on and drive C, low. This
causes C, to be driven low also. Q,, Qs, and Qg4 are off because the ¢, clock
is off. The ¢, clock turns off before the ¢, clock turns on, so the information
regarding the state of v;, is stored on C, and C,. When the ¢, clock appears,
Q4, 05, and Q¢ turn on; this drives C, and C; high and also drives v,,, high.
Thus v,,, is the complement of v;,, delayed by 1-bit time. When the ¢, clock
turns off, the output remains high since Q5 and Q are cut off and C, retains its
charge.

The use of two clock phases permits the input voltage to change without
destroying the information at the output, since input information changes with the
¢, clock but the change is not coupled to the output circuit until the ¢, clock
appears. All capacitors in the circuit are not lumped capacitors but rather
are the capacitances of the MOS transistors.
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(a) One-bit-time-delay ratioless two-phase circuit; (b) timing diagram (after
Penney et al.'),
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FIGURE 14-25
Two-phase ratioless AND-OR-INVERT circuit.

More complex logic operations can be performed by adding more transistors
to the ratioless configuration; for example, an AND-OR-INVERT circuit for
negative logic is shown in Fig. 14-25. Here the input information is sampled by
the ¢, clock; the output is then available at the end of the ¢, clock period. It
would be transferred to the next circuit by a clock of different phase.

PROBLEMS

14-1 Show that the inverter of Fig. 14-3b with S8x =1 is of little value. Do this by
calculating the operating points and the logic swing.

14-2  If the inverter of Example 14A is operated with Vpp = 12, calculate the operating
points and the noise margin.

14-3 Calculate the operating points, unity-gain points, and noise margins for an
n-channel inverter with nonsaturated load if Vpp = 5, Vr=2, Ve =9, Br=25.

14-¢ Calculate the operating points, unity-gain points, and noise margins for an n-
channel depletion-load inverter with Vyp = 2.0, ¥y, = —2.0, Vop =35, Br=25.
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A CMOS inverter has complementary transistors with ¥Vr=1.0. If Bx=1 and
Voo = 15, calculate the transfer characteristic, the unity-gain points, and the
noise margin.

A CMOS inverter has Br=5, Vr.=2.0V, and ¥Vrp=1.0 V. Calculate the
transfer characteristic, the unity-gain points, and the npise margins.

Estimate ton and fopr for the nonsaturated load inverter and the depletion-load
inverter. Assume Vpp =15, V1 =2 for both cases. Repeat for Vpp, = 10.

Lay out the circuits of Fig. 14-18 for Sz = 25, and minimum line width and spacing
of 0.2 mil. Assume 0.2-mil registration clearances.

For the circuit of Fig. 14-18a, suppose that the series driver transistors all have the
same kp as the original inverter driver. Assume that the bottom two transistors
have high inputs. Find the transfer function v...(vin) Where v;, is the gate voltage
of the top transistor.
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APPLICATIONS OF DIGITAL INTEGRATED
CIRCUITS

In the preceding three chapters, we saw how circuits can be designed to perform
various logic functions. In this chapter we consider briefly and qualitatively some
representative applications of these circuits. We begin with ways of forming
more complex logic functions by the wired-function method, and we then consider
adders, flip-flops, shift registers, and memories.

15-1 WIRED LOGIC FUNCTIONS

In Chaps. 12 through 14 we dealt with the design of individual logic circuits such
as NAND, NOR, AND-OR-INVERT, etc., and we described some commercially
available circuit packages. Some of these packages contained several circuits on
one chip, such as a quad two-input NOR, etc. It seldom occurs that the user of
integrated circuits is also the designer of the circuits themselves; the user is there-
fore forced to accept available packages and build his system from them. The
effectiveness of certain logic circuits can sometimes be increased by wiring together
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Simple DTL circuits with outputs wired together.

their outputs. Consider, for example, the DTL circuits shown in Fig. 15-1.  Here
the output Y can be 1 only if both @, and Q, are cut off; that is,

Y = X, X, Xy X X5 X

For this circuit, wiring the outputs together has the effect of extending the number
of inputs of a single gate. No electrical problems occur in this case.

Care must be used in employing the wired-function method, because electrical
problems arise for certain circuits. Consider, for example, the case of Fig. 15-2a,
in which two DTL gates with active pull-up have their outputs wired together.
Suppose X, = X, = X3 =1, but X, =0. @, will be saturated, and Q,, Q5, and
0, will be cut off. However, with Q, saturated, the emitter of active pull-up Qs
is forward-biased. A large current will therefore flow in Qs this is not a transient
current but a static current which can be large enough to cause several unwanted
effects. It may cause Q, to unsaturate, giving an erroneous output, and it may
cause destruction of some devices. Even if no devices are destroyed, the increased
power supply current may cause a malfunction. Therefore, wiring of outputs
should not be used if active pull-up devices are present.

In certain MOS circuits, wiring of outputs must also be avoided. Consider
the CMOS circuit of Fig. 15-2b, in which two inverters have outputs wired together.
Suppose X; =0 and X, = 1; then @, and Q; are off, but @, and Q, areon. A
large current will now flow between @, and Q,. In general, CMOS circuit
outputs cannot be wired together because in each circuit there is always one output
transistor on, regardless of the state of the logic. This disadvantage can be over-
come by use of the transmission gate, as shown in Fig. 15-2¢; here the inverter can
be disconnected from its load by applying the disable signal D, which causes the
transmission gate to cut off. Circuits using the transmission gate in this manner
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are called three-state logic circuits, since the transmission gate effectively provides
a third state.!

Exercise 15-1 A DTL circuit with no active pull-up performs AND-OR-
INVERT with each AND having three inputs. Its output is wired to the
output of a standard three-input DTL NAND circuit having no active pull-up.
What logic function is obtained at the output?

Exercise 15-2 Can ECL gates have their outputs wired together? If so,
what function is obtained where the OR output of a three-input gate is
wired to the NOR output of another three-input gate?

15-2 ADDERS

A basic building block for the arithmetic unit of a digital computer is the adder.
We consider for simplicity only the serial adder, which performs addition in much
the same manner as a human does, except binary rather than decimal numbers
are used. To add two numbers, the least significant digits are added, producing
a sum and a carry. The next digits are added, and their sum is added to the
previous carry, producing another sum and carry. This sequence is continued
until all digits have been added. Clearly there are three inputs: the digit 4 from
the first number, the digit B from the second number, and the carry C from the
previous sum. The outputs are the sum Qg and the carry Q.. Logic for the
adder can be written in several forms; one form is

c=AB+ (4 + B)C
Qs =04+ B+ C)+ ABC

In Chap. 14, we saw how various static logic functions could be formed with
MOS devices. The sum and carry functions above for the adder can be performed
with MOS devices; the logic diagram is shown in Fig. 15-3a. Implementation of
the adder with #-channel enhancement-mode drivers and n-channel enhancement-
mode saturated load transistors is shown in Fig. 15-3b; here for simplicity the
substrate connections are not shown.? The number shown with each transistor is
the Z/L ratio. This particular circuit uses 18 transistors and does not require
the complement of any of the input variables.

Exercise 15-3 Make up a truth table for an adder with inputs 4, B, carry
C, sum Qg, and output carry Q.. Show that the circuit of Fig. 15-3b
performs addition.

The adder can also be implemented with a combination of NAND, AND,
and EXCLUSIVE-OR gates. This is done in the MC 4326F TTL circuit by using
the logic diagram shown in Fig. 15-4a. The ecircuit diagram is shown in Fig.
15-4b. This circuit provides an illustration of the use of AND-OR-INVERT
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(a) Adder using NAND and EXCLUSIVE-OR gates; (b) circuit diagram of

the MC 4326F TTL adder.
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circuitry, as well as the operations mentioned above; logic signals are also obtained
from intermediate points in the TTL circuits. Q;, Q,, and Q, provide a two-
output inverter for C;,, while Q,, Qs, Q¢, and @, perform inversion and then
AND of 4 and B. The OR-INVERT function is performed by Q,, through Q.
EXCLUSIVE-OR is performed by Qg and Q,, and by Q,;, and Q,;; and Q,,
through @, form an inverter with active pull-up, using techniques common to
MC 3100 series TTL circuits.

Exercise 15-4 Using the logic diagram of Fig. 15-4a, write the equation for
Qs and Cout .

15-3 FLIP-FLOPS

Flip-flops are basic 1-bit binary memory circuits; they are formed by cross-cou-
pling appropriate logic circuits so that positive feedback exists betwen output and
input. This positive feedback causes the circuit to “latch” in a particular state
until a sufficiently strong forcing function is applied to cause a change of states.
The use of two NOR circuits to form a flip-flop is shown in Fig. 15-5g; imple-
mentation of the circuit with a-channel enhancement-mode drivers and n-channel
saturated load MOS transistors is shown in Fig. 15-5b. This particular flip-flop
is called a set-reset or RS flip-flop. If Ris 1, Q changes to 1; it can only be changed
to 0if Sis 1. If both R and S change to 0, Q remains in its former state. The
RS flip-flop has the disadvantage that the output is undetermined if both R and S
are 1; for this case the state of Q will be determined by noise, circuit unbalances,
etc. The RS flip-flop can also be made in CMOS form as shown in Fig. 15-5c¢.

Exercise 15-5 For the circuit of Fig. 15-5b, verify that if R and S are both 0,
when R changes to 1 O becomes 1 and remains 1 when R changes to 0.

Exercise 15-6 Repeat Exercise 15-5 for the circuit of Fig. 15-5c¢.

Other types of flip-flops can be made by incorporating logic circuits in the
feedback paths. The toggle, or 7, flip-flop is so arranged as to change its state
each time a trigger pulse T appears. This flip-flop can be formed from AND and
NOR gates, as shown in Fig. 15-6a; the circuit of Fig. 15-6b shows a T flip-flop
using n-channel drivers with n-channel saturated load devices.

The problem of undetermined outputs for the case R=1 and S =1 in the
RS flip-flop can be overcome by self-gating the flip-flop in such a way that the
change of state occurs when both inputs are 1; that is, the circuit functions as an
RS flip-flop except for R = § = 1, when it performs as a T flip-flop. Such a flip-
flop is called a JK flip-flop, and its logic inputs are designated J and K instead of
R and S. The MC 14027 circuit is a CMOS dual flip-flop which has provisions
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(@) Basic toggle flip-flop using AND and NOR gates; (b) T flip-flop using n-channel
MOS driver transistors with saturated load transistors (after Carr and Mize?).

for J, K, R, S, and clock inputs; thus it can be operated as a clocked JX or clocked
RS flip-flop. The logic diagram is shown in Fig. 15-7a, and the circuit is shown in
Fig. 15-7b. Note the use of the CMOS transmission gates, labeled 7G in Fig.
15-7a.

Master-slave Flip-flops®

In high-speed clocked logic systems, timing problems can arise in the triggering of
flip-flops. This is because logic functions may change state so rapidly that the
logic controlling a flip-flop actually changes state while the clock pulse is still
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FIGURE 15-7
(a) Logic diagram of a CMOS JK flip-flop; (b) circuit diagram of the MC 14027.

present. This would cause the flip-flop to try to change state more than once
during each clock pulse. In discrete-component circuits, capacitors can be used
to provide the delays required to ensure that this does not happen. In integrated
circuits, a master-slave arrangement, which is really two sequenced flip-flops, is
used to prevent more than one change of state from occurring during each clock
pulse. A basic master-slave RS flip-flop logic diagram is shown in Fig. 15-8a;
the timing diagram is shown in Fig. 15-85. Suppose that initially Q and A4 are 0,
asare Rand §. Let Schange to 1; at the appearance of the clock pulse, the master
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(a) Basic RS master-slave flip-flop; (b) timing diagram.

changes state and 4 becomes 1. No change occurs in the state of the slave since
Cis 0. When C is removed, no change of the master occurs, but now C is 1 so
the slave changes state and Q is 1. Note that the only outputs from the flip-flop
are the slave outputs Q and Q. In a logic network, the R and S signals would be
formed from functions involving only slave outputs. Therefore, although the
master units will change state at the appearance of the clock, the R and S inputs
cannot change until the clock returns to 0. By this time the information in the
master has been transferred into the slave, so a change of R and S is now unimpor-
tant. It is obvious that the master-slave flip-flop is really a two-phase flip-flop;
by phase-sequencing the transfer of information one avoids the ambiguity occur-
ring in a single-phase flip-flop.
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(a) Realization of the D flip-flop with an RS flip-flop and an inverter; (b) the
MC 1022 master-slave D flip-flop.

Although we have illustrated the master-slave principle with the RS flip-flop,
other types can be implemented. A delay, or D, flip-flop is one in which the Q
output follows a single input by 1-bit time delay. Such a flip-flop can be realized
from an RS flip-flop as shown in Fig. 15-9a. The MC 1022 is a type D flip-flop
made from ECL-type gates; the circuit is shown in Fig. 15-95. This circuit has
provisions for two D inputs as well as two R and two § inputs, permitting use of
the flip-flop in either the RS or D mode. The cross-coupled portions comprising
master and slave units are easily identified in the circuit diagram.

Master-slave flip-flops can, of course, be realized with MOS circuits; the
logic diagram for a type D flip-flop using CMOS circuits is shown in Fig. 15-10.
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The CMOS type D master-slave flip-flop.

Exercise 15-7 Using the logic diagram of Fig. 15-10, draw the circuit

diagram for the CMOS flip-flop.

Exercise 15-8 Explain why it is necessary to use transmission gates in the

flip-flop of Fig. 15-10.

15-4 Shift Registers

A shift register can be regarded as a cascade of 1-bit-time-delay memory stages in
which the input of each stage is controlled by the output of the preceding stage.
Shift registers have many uses, among which are serial-to-parallel converters and

circulating memories.

Perhaps the largest use for shift registers is in hand calcu-

lators; here the operator is performing calculations in real time, and since human
response is slow, the time limitations of serial computation in the calculator are

relatively unimportant.
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FIGURE 15-11
Basic shift-register structure.

A shift register can be constructed from gates and flip-flops, as shown in
Fig. 15-11. If input information is entered into the first stage one bit at a time,
after n bit times the n bits of input are stored in the register. Parallel readout can
be accomplished by sampling all outputs simultaneously after the n bits have been
stored.

A circulating memory can be made by feeding the output of the last stage
back to the input through appropriate gates. If a control signal is provided to
gate the input data, a digital word can be shifted into the register. The control
signal can then disable the input gates and enable the feedback gates. The word
in the register will be continually circulated in the register until the control signal
allows new information to be entered.

Exercise 15-9 Show a block diagram for a 4-bit circulating register.

The MC 4012L circuit is a 4-bit shift register on a single chip. It can accom-
modate either serial or paralle]l input information, determined by a mode-control
signal; the block diagram is shown in Fig. 15-12a. When the mode control is 1,
the parallel input signals D, are entered into the register at the time of the strobe
signal. For serial operation with right shift, the mode control is set to 0, and input
data at Dy is transferred into the register at the time of the clock signal. The
MC 4012L uses TTL circuits; the circuit diagram for input gating and a typical
flip-flop is shown in Fig. 15-125.

Shift registers of the type described above are called static shift registers
because the information stored in the register remains as long as power supply
voltage is applied.

Shift registers are ideally suited for MOS implementation. Because of the
small size of MOS devices, many shift-register stages can be realized on one chip.
A static shift register using CMOS circuits can be realized by employing type D
master-slave flip-flops; the MC 14015 is a 4-bit register of this type. The circuit
for a single stage, together with appropriate buffer circuits, is shown in Fig. 15-13.
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(a) Block diagram of the MC 401 2L shift register; (b)) MC 4012L circuit diagram.
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FIGURE 15-14
(a) Dynamic ratioless shift register; (b) timing diagram (after Carr and Mize?).

In Chap. 14, we saw that a dynamic ratioless circuit could be made of MOS
devices all having the same channel type, and that 1-bit delay could be obtained by
using the device capacitances for storage. A dynamic shift register can be made
by cascading these dynamic ratioless circuits, as shown in Fig. 15-14a; here all
devices are p-channel enhancement-mode devices with equal Z/L ratios. The
timing diagram is shown in Fig. 15-14b.

15-5 MEMORIES*?

READ-only memories (ROM) are memories in which writing is not part of the
normal memory cycle. A fixed program is stored in the memory and only the
READ operation is performed; typical examples of applications of the ROM are
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Wired program MOS ROM (after Carr and Mize?).

the storage of programs for trigonometric function calculation in hand calculators,
and algorithms for polar to rectangular coordinate transformation. Special-
purpose computers, such as hand calculators, make extensive use of ROMs.

There are two basic types of ROM: the wired-program ROM and the elec-
trically alterable ROM. A wired-program ROM can be made from MOS devices
as shown in Fig. 15-15;® here an array of devices is laid out, but thin oxide and gate
metal are used only at those device locations where a 1 is to be stored. In Fig.
15-15, only the devices with a gate electrode shown have thin gate oxide and gate
metal; thus only those devices can have an inversion channel. In Fig. 15-15,
current will flow in column select line 2 when column 2 and row 3 are selected, but
not when column 2 and row 2 are selected. Wired-program ROMs can be made
with CMOS devices also; such a memory is the MC 14524AL. Since the program
cannot be altered after fabrication, the user must provide appropriate program
information when ordering the memory.

Electrically alterable ROMs can be fabricated so that special signals, quite
different from the logic signals, are used to program the memory. In this case,
the method must ensure that the conditions established by the programming
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FIGURE 15-16
(a) MNOS ROM cell; (b)) FAMOS ROM cell.

signals will remain when power is removed. One method of electrically program-
ming an MOS ROM is to use the MNOS device structure of Fig. 15-16a, and
apply a large positive voltage between gate and substrate. Tunneling occurs,
causing a negative charge Qgs to appear at the Si3N,-SiO, interface; this Qgq
produces a low-threshold MOS device. If a large negative voltage is applied, a
positive Qg is induced at the interface; this produces a high-threshold MOS
device. In this manner | or O can be programmed at the desired locations. The
interface charge remains when power is removed.

A second method is to use a floating-gate avalanche-injection MOS device
(FAMOS), as shown in Fig. 15-165.”7 Here no contact is made to the floating
silicon gate. A junction voltage of —30 V applied between drain and source
causes avalanche breakdown at the drain and the injection of high-energy electrons
from the surface of the avalanche region to the floating silicon gate. Since the
gate is floating, this electron current through the oxide causes a negative charge
to accumulate on the gate, which in turn produces an inversion channel at the
silicon surface. Once the applied voltage is removed, no path exists for discharge
of the accumulated charge. The memory can be programmed by applying the
avalanche bias through the READ-select lines; the program can be erased by
ultraviolet light.
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Bistable CMOS circuit for static RAM cell (after Carr and Mize?).

Random-access Memories

A random-access memory (RAM} is one in which the normal memory cycle includes
both READ and WRITE operations, with electronic access to any cell in the
memory. A typical RAM organization consists of a set of X and Y select lines
in which the X lines, for example, are used to select the desired word, and the Y
lines are used to select the bit. As was the case with shift registers, RAMs can be
either bipolar or MOS, and either static or dynamic. A static RAM retains the
information written as long as power is applied. Dynamic RAMs generally use
some form of capacitor storage, so it is necessary to “‘refresh’ the memory content
if storage longer than a few milliseconds is required; therefore a dynamic memory
cycle will include REFRESH as well as READ and WRITE operations.

For a static RAM, each cell can be made as a bistable circuit. A representa-
tive example of such a memory cell is the CMOS circuit of Fig. 15-17 which uses a
cross-coupled CMOS inverter with two n-channel transistors for word and bit
selection. The MCM 14505 64-bit memory uses a cell similar to that of Fig. 15-17,
but p-channel devices are used for selection; a block diagram for the MCM 14505
is shown in Fig. 15-18.

Bipolar devices can also be used to form a bistable memory cell; Fig. 15-19a
shows an emitter-coupled cell, which will be recognized as a conventional Eccles-
Jordan flip-flop configuration using multiple-emitter transistors.® In standby
operation, the emitter current of the ON transistor is carried by the word line,
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i
.

Block diagram of the MCM 14505 64-bit static CMOS RAM.

which has a reference level of +0.3 V. When the word line is raised to +3.0 to
READ, standby current is transferred to the other emitter of the ON transistor
and flows in that bit line, where it is detected by the sense amplifier. To WRITE,
the bit line of the ON transistor is raised to +3.0, while the word line is high.
When the word line is lowered, the cell regeneratively switches to its other state.

In this cell, the READ current is limited by the power supply and resistor
values, and the switching speed is limited by the regeneration speed. An im-
provement of READ current and switching speed can be achieved with the cell
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FIGURE 15-19
(a) An emitter-coupled bipolar cell; (b) a cell coupled by Schottky-barrier diodes.

of Fig. 15-19b, in which Schottky-barrier diodes are used for coupling. Here
the word line is normally at +2.5 V and the bit lines are at +1.6 V. During the
READ operation, the word-line voltage is lowered to +0.3, forward-biasing the
diode connected to the ON transistor. The current flow in the corresponding bit
line is determined by the 1.2-k€ resistor rather than by the power supply voltage
and the 20-kQ resistor. To WRITE, the appropriate bit line is raised to 2.8 V and
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FIGURE 15-20
The MC 5484L 16-bit scratch-pad memory,

the word line is lowered to +0.3 V. The voltage produced at the base of the
OFF transistor is sufficient to turn that transistor on. Regeneration is not necessary
to switch the cell, since sufficient overdrive can be supplied by the drivers to cause
the cell to switch to its correct state.

An emitter-coupled cell is used in the MC 5484L 16-bit scratch-pad memory,
shown in Fig. 15-20. In this memory, an XY selection method is used; to READ,
the X and Y select lines which are normally less than +0.25 are raised to +0.8.
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FIGURE 15-21
(a) I2)L memory cell; (b)) READ operation; (¢) WRITE operation (after

Wiedmann?).

In a cell receiving both X and Y signals, the cell standby current is transferred to
the emitter of the ON transistor and thence into the appropriate side of the
sense amplifier. If only one of the X or Y signals is present, the current flows in
the emitter of the line not selected, and is prevented from reaching the sense
amplifier. To WRITE, the X and Y signals are applied, and a “WRITE 1 or
“WRITE 0 signal is also applied. The WRITE inverter then overrides the sense
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amplifier and produces sufficient emitter current in the cell emitter to cause the
cell to assume the desired state. The memory has a cycle time of less than 100 ns.

In Chap. 12, we investigated integrated injection logic circuits and found them
to have a very good speed-power product and to use small area on the chip.
Memory circuits can also be realized in injection logic form; a basic bistable 1L
memory cell is shown in Fig. 15-21a.> This cell is a complementary flip-flop in
which n-p-n transistors 7; and T, are switching transistors, and p-n-p transistors
T; and T, act as loads. Coupling from the READ-WRITE bit lines is provided
by Ts and T .

The cross section of the cell is sketched in Fig. 15-21b; here the N, layer
serves as the emitters for 7, and T, with N, and N, forming the collectors. The
players p; and p, form the bases of 7, and T, as well as the collectors of T,and T;.
Layer p; serves as the emitters of T3 and T, while p, and ps are the emitters of
Tsand Tg. The collectors of 75 and T are also p, and Di-

The READ operation is as follows. Assume that T, is on and T} is off; the
forward-biased emitter of T, injects carriers into the » region adjacent to layer p,.
Ts now operates in the inverse mode, and region p, collects some of the injected
current as ;. Thus the state of the cell is sensed by the presence or absence of I.

To understand the WRITE operation, assume that /1, is off in Fig. 15-21c¢
and is to be turned on. The cell current in region p, is switched off and a current
pulse  is applied to region ps, causing T to turn on in the forward mode; this
injects carriers into region P, and turns 7; on and T, off. The circuit remains in
this state when the WRITE current is turned off and /, is restored. Considerable
delay can be tolerated between I, and I, because the junction capacitances will
provide temporary storage of the flip-flop state.

Although the circuit diagram of Fig. 15-21a appears to contain many devices,
it must be recalled that many of them share common regions; therefore it is possible
to realize the cell in a small area. With standard technology using S-um line
width and spacing, the I?L cell requires only 3 mil>. With a technology such as
Isoplanar 11, only 1.1 mil? are required. Each cell has a standby power less than
100 nW.

Measurements and calculations show that a 64 x 64 array using standard
technology would require a chip size of 160 x 150 mils, and would have an access
time of about 50 ns.
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Acceptor impurities, 36, 39 common-collector common base, 325-326
Activation energy, 43, 52 differential, 327-336
Active filters, 409-416 operational, 356-392
low-frequency, 413-415 AND gate, 446
state-variable, 410-412 AND-OR-INVERT circuit (MOS), 545, 548,
Active loads, 339-342 552
Active pull-up technique, 455, 464 Anhydrous hydrochloride, 71
Adders, 557-560 Anisotropic etch, 85
Artwork, 8-10, 26 Antimony, 51, 77
inverter stage, figure of, 26 Arsenic, 51, 77
Rubylith, 8, 9 Avalanche multiplication, 235, 236
Aspect ratios, 6
figure of, 7
Aluminum B,0;, 89
mean time for failure, 103 Ballasting resistors, 402
resistance of, 101 Band-gap reference method, 429-431
Amplifiers, 320-336, 356392 Base transport factor, 226, 228

cascade, 322-324 Base-width modulation, 237-240
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Beam-lead interconnect, 86104
Bias cancellation, 375-377
Biasing circuits, 308-312
Bipolar transistors, 212-266
base resistance, 220
capacitances, 220
collector resistance, 219
large-signal model, 222
small-signal model, 222-223
terminal voltages, 213-218
Boolean algebra, 447-448
Boron gettering, 67
Built-in voltage, 126-128
equation for, 128
Buried layer, 7, 12, 76, 77
Breakdown voltage, 135-137, 234-236
multiplication factor M, 234-235

Capacitors:
junction, 134-135
MOS (see MOS capacitor)
parasitic, 152—153, 158
Cascode amplifier, 322-324
Circulating memory, 567
Clamp circuit, 487-490
CMOS inverter, 530-535, 539-541
noise margin, 535
power dissipation, 535, 541
transfer function, 531-534
turnon time, 539-541
unity gain, 535
Common-collector common-base circuit,
325-326
Common-mode rejection ratio, 329-331, 361
363
Comparators, 403-409
Complementary MOS (CMOS), 201,
530-535, 539-541
Conduction parameter, 518
Conductivity, average, 147
Contact windows, 10, 14
Cross-overs, 27-30
buried, 27
multilayered metal, 29-30
Current crowding, 245246
Current drive circuit, 424—427
Current hogging, 463
Current limiting, 400—401

’

Current sources,
multiple, 312
output conductance of, 313-314
small-value, 310-312

Definitions for integrated junctions, 142
Delay time, 437-439
Delta-function approximation, 42
De Morgan’s theorem, 447
Depletion approximation, 126~127
Depletion-mode device, 527—529
Depletion-mode MOS, 201
Depletion regions, 126
Diborane (B,H,), 34, 75, 90
Dielectric isolation, 88
Dielectric permittivity:
silicon, 111
Si0,, 111
Differential amplifier, 327-336
emmitter-follower input, 332-333
maximum gain of, 336
zig-zag, 405-407
Differential input resistance, 331-332
Diffusion, 32—-53
drive-in (limited source), 35, 40, 42
lateral, 50
predeposit (constant source), 34, 36-38
out, 51
Diffusity, 35, 43, 46-47
average for boron and phosphorous, table,
35
variations of, 43
figure of, 46
table, 35
Digital-to-analog conversion (DAC),
420-427
current drive circuit, 424-426
termination circuit, 420-423
Diode-transistor logic (DTL), 450—456
design of, 452
layout of, 453
power dissipation, 453, 455
Diode voltage multiplier, 314-316, 398
Diodes, 265-270
capacitances, 267
forward characteristics, 266
Schottky-barrier, 269-270
storage times, 268
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Discrimination ratio D, 329-331 Header parasitics, 118
Dynamic logic, 550-552 Henry’s law, 60-61
Dynamic shift register, 570 High-level injection, 243249

High-power circuits, 398—403

Ebers-Moll equations, 213-215, 501

Edge dislocations, 70 Impurity atoms, 34, 51
Electrothermal filters, 413—-416 Impurity profiles, 138-140
Electrothermal models (ETM), 273, 277-290 computer calculation of, 138-140
diode, 282 Inductors, spiral, 119-122
intrinsic N-P-N transistor, 283-286 injection efficiency, 226, 231-232
junction capacitor, 282 Insulated-gate field effect transistor IGFET),
resistor, 277-281 183
Einstein relation, 275 Integrated injection (IL) logic, 471-475, 578
Emitter-coupled logic (ECL), 492-512 memory cells, 578
Emitter efficiency, 226, 231, 240 Interconnections, 100-106, 115-118
Epitaxial growth, 5, 69-79 aluminum, 100-103
mass-transfer limited, 74 beam-lead, 103
surface-reaction limited, 74 inductance of, 116
Exclusive-or circuit (MOS), 545-548 parasitic effect, 115-118

power dissipation of, 116
resistance of, 115
solder-bump, 104

Fairchild ©A701 Cascode Circuit, 322324 Intrinsic carrier density, N;, 276

Fall time, 511 Inversion channel (MOS), 515, 516
Fan-in number, 448, 505 Ion implantation, 92-93, 203, 528
Fan-out, 448, 460-461, 475, 500 Isolation methods, 1213, 83-88
Feedback clamp circuit, 487-490 dielectric, 88
Fermi level, 184, 186, 188, 190 Isoplanar 11, 83-84
Fick’s laws, 32-33, 59-60 Multiphase (VIP), 86

first, 32 V-ATE, 85

second, 33 Isoplanar II, 83-85
Filters, 409-416 Isotherms, 402

low-frequency, 413-415 Irvin’s curves, 55, 58

state-variable, 410-412
Flip-flops, 560-566, 573-574

Eccles-Jordan, 573-574 )
Floating-gate avalanche-injection MOS (FA JK flip-flop, 560

MOS), 572 Junction, law of, 227
Four-layer model, 214 Junction capacitors, 134—135
Four-point probe, 54 parasitic effects, 141

typical values, figure of, 139
Junction depth, 39-40, 47-48, 53-54,

124-126
Gain cell, 342-346 calculation of, 124—-126, 141
Gap energy, E,, temperature dependence of, collector, 47-48
276 emitter, 48
Gilbert’s gain cell, 342-346 nondestructive electrical measurement of,

Gummel number N, 230, 242 54
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predeposition calculation, 39—40

Junction-gate field effect transistor (JFET),
164181

computer analysis, 176

current limiter, 181

design of, 178

double-diffused JFET, 173-174

n-channel, 169-172

small-signal models for, 180181
Junction voltage &', 214
Junctions, 39, 126-129, 135-137, 142,

226-233, 237-240

base transport factor, 228

base-width modulation of, 237-240

breakdown voltage, 135-137

built-in voltage, 126

capacitances of, 127-129

current components, 227-228

definitions for, 142

derivation of current densities, 226—233

emitter efficiency, 226, 231-232

linearly graded, 129

minority carrier diffusion lengths, 230

minority carrier distributions of, 227

substrate-epitaxial, 39

Large-scale integration (LSI), 514
Law of the junction (minority carrier
distributions), 227
Lawrence-Warner curves, 129-134
collector junction, 129
emitter junction, 133
use of, 131-134
Layout, 14-17, 21-27, 453, 463-464, 470
505-508
capacitor, 14—15
diode-transistor logic, 453
emitter-coupled logic, 505—508
guidelines, 24-25
inverter stage, 26—27
NPN transistor, 21-23
power circuit, 402
resistor, 16—17
resistor-transistor logic, 470
transistor-transistor logic, 463-464
Level-shifting stages, 318-319, 398, 408,
424

’

Lifetime (bulk), 230-231, 277
temperature dependence of, 277

Linear circuit, 301

Logic circuits, 434—482
diode-transistor logic, 450—456
merged-transistor logic, 471-476
MOS, 542-548
resistor-transistor logic, 468—471
terminal characterization, 476—484
transistor-transistor logic, 457—468

Logic operations, 446—450

Logic swing, 448, 497-498

Low-frequency filters, 413—415

Masking, oxide, 65-66
Masks:
making of, 8
for MOS capacitor, 13-14
windows of, 4
Master-slave flip-flop, 562—566
Melt, 4
Memories, 570-577
RAM, 573-577
ROM, 570-572
scratch-pad, 576-577
Merged transistor logic, 471-475
Metal-insulator-semiconductor transistor
(MISFET), 183
Metal-nitride-oxide semiconductor (MNOS),
201
Metal-oxide semiconductor field-effect
transistor (MOSFET), 203-209
equivalent circuit for, 208-209
refractory metal structure (RMOS), 206
self-aligning thick-oxide structure (SATO),
206-207
silicon gate structures, 203—205
strong inversion in, 186
substrate bias of, 198
surface charge Q,,, 192
surface space charge regions, 184
total charge Q,, 188, 192
transconductance of, 196
voltage-variable resistor, 196
Micropower circuits, 394—397
biasing of, 395-396
gain cell, 396-397
starting circuit for, 395




Miller-effect multiplication, 306-307, 322
Minority carrier diffusion length, 321
Minority carrier transit time, 237-238
MNOS device, 572
Mobility, majority carrier, 147
figure, 148
temperature, dependence of, 274
MOS capacitor, 109-115, 186192
breakdown voltage, 112-113
impedance of, 114-115
layout of, 14-15
parasitics of, 112—-114
quantitative analyses of, 186192
voltage dependence of, 109-112
MOS inverter, 514-541
with depletion mode load, 527-529
noise margin, 525
with nonsaturating load, 526
operating points, 524
power dissipation, 535-536
with saturated load, 518-520
transfer function, 521-523
transient response, 536—541
turnon, turnoff time, 537-541
unity gain, 525
MOS logic circuits, 514-551
Multiplication factor M, 234
Multipliers, 346—350

NAND gate, 446-452, 542547
DTL, 550-552
MOS, 542-547
Nichrome resistor, 9697
Noise immunity, 481, 505
Noise margin, 481, 505, 525
of CMOS inverter, 535
of MOS, 525
Noise sensitivity, 481
NOR gate, 446-450
MOS, 542-546

Operational amplifier, 556592
bias cancellation of, 375-377
common-mode feedback, 361-363
compensation of, 387-392
current differencing, 384—387
frequency behavior, 387-392
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input stage with active load, 366-370
MC1530, 358-361
MC1533, 361-363
MC3401 P, 384-387
nA702, 363-365
nA741, 366-370
output stages, 377-384
slew rate, 389-392
Out diffusion, 51
Oxidation, 58-64

Passivation, 40, 58
Phosphine, 34, 75
Phosphorous glass, 66
Photolithography, 8—12
Photoresist, 1011
figure of, 15
Pinch-off, 516
Platinum silicide (Pt;Si,), 103
P-N-P transistors, 250-264
composite, 259-260
lateral, 253-258
field-aided, 260
frequency effects, 257258
muitiple collector, 261
triple-diffused, 250
vertical, 251

Random-access memory (RAM), 573-577
RC active filters, 409-416

low-frequency filters, 413-415

state-variable synthesis, 410-412
Read-only memory (ROM), 570-572
Recombination current, 241
Resistor-transistor logic (RTL), 468-471
Resistor trimming, 97
Resistors:

ballasting, 402

bias effects on, 153-155

collector, 150—-151

diffused, 144—146

emitter, 151-152

epitaxial, 144146

layout of, 1617

pinch, 155-157

thin-film, 122-124
RS flip-flop, 560
Rubylith, 8, 9
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Saturating inverter, 433446
cutoff of, 435
transient behavior, 436441
Saturating logic, 433—482
Saturation, 433-434, 485-487, 516
excess charge of, 485-488
MOS, 516
Saturation voltage, 215-216
Schottky-barrier diode (SBD) clamp, 487-490
Schottky-barrier diodes (SBD), 269-270
Sheet resistance, 17, 53—54, 57-58, 145-196
of partial layer, 57-58
Shift registers, 566—570
dynamic, 570
Sidewall conductance, 147-150
Silane (SiH,), 70-90
Silicon dioxide, 58
Silicon nitride, 83
Silicon tetrachloride, 70-71
Sinter, 101
Slew rate, 389-392
Snowplow effect, 68
Solid solubility, 34
Spin-on sources, 92
Spiral inductors, 119-122
Super-gain transistors, 337-338, 371
Surface charge (Qg). 192
Surface concentration, 56
Stacking faults, 70
Starting circuit, 395
State-variable synthesis, 410-412
Step approximation, 41-42
Step-and-repeat printer, 10
Storage time, 442—443, 490
Straggle, 93

Tantalum, 97, 100
Tantalum pentoxide (Ta,0y), 97
Temperature-stabilized substrate (TSS), 273,
293-298
Terminal characterization of logic circuits,
476-484
noise immunity, 481
noise margin, 481
noise sensitivity, 481
threshold point, 479
transition width, 479
Termination circuit, 420-423

Thermal shutdown, 402
Thin-film capacitors, 98
Thin-film RC circuit design, 99
Thin-film resistors, 96, 122-124
Three-state logic circuits, 555-557
Threshold voltage, 187-190, 192, 515
for MOS, 187-190, 204
Timing diagram, 550-551
Transfer function, 476-480, 521-523,
529-534
of CMOS, 531-534
of MOS (depletion load), 529-530
of MOS inverter, 521-523
of TTL, 476-480
Transient behavior of saturating inverter,
436-446
delay time, 437-439
storage time, 442-443, 490
transient time, 440-441, 444446
turnoff time, 437, 446, 492
turnon time, 437
Transient time, 440—441
Transistor models, 303-305
for biasing circuits, 302—303
first-order small signal, 304—305
zero-order small signal, 304—305
Transistor-transistor logic (TTL), 457-468
speed of, 467
Transition width, 504
Transmission circuit (MOS), 549-550
Trimming of resistors, 97
Turnoff time, 437, 446, 537-539
of MOS inverter, 537—-539
Turnoff transient, 512
Turnon time, 437, 446, 492, 509-511,
537-541
of MOS inverter, 537-541

Unity gain, 478, 495, 504, 525, 527, 535
of CMOS inverter, 535
of MOS, 525, 527

Vp multiplier, 314-316. 398
Van der Pauw method, 55
V-ATE process (VIP), 87
Virtual ground, 416-417




Voltage regulators, 426431
band-gap reference, 429-431
Voltage sources:
saturated transistor, 316~317
Vp multiplier circuit, 314-316
Voltage-variable resistor, 196

Widlar circuit, 308-310
Wired logic, 554-557
Work function, 189-190

Zig-zag coupling, 405-407
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