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Integrated circuits promise increased reliability
and lower cost in addition to minute size.

roelectronics, until very re-
cently, was mainly con-
cerned with packaging discrete compo-
nents in as small a space as possible.
First electron tubes and then transistors
were packed tightly with diodes, resis-
tors, coils, and capacitors to make
miniaturized circuits. With vacuum tube
technology, engineers were proud to
get something like 6000 components
into a cubic foot of space. Transistors
replaced tubes, and upped the packing
density to about 100,000 parts per cubic
foot. And now, while it may seem like
a lot of room, 10-million components
might fit into that same cubic foot
through the use of integrated circuits.
While all of this space saving is im-
pressive, it is not size alone that makes
integrated circuits attractive—in fact
imperative—to the future of electronics
design. The real savings come in man-
ufacturing cost and reliability.

Reliability vs. Interconnection

In all microelectronics the basic moti-
vation is to control complexity. More
sophisticated needs bring more complex
devices and gigantic growth in the
number of parts. So great is this in-
crease in individual items in the ma-
chines of todays electronics world that
design engineers are faced with what
they term the “tyranny of numbers”.

The problem is one of reducing the
number of components that must be
individually manufactured, tested, in-
terconnected, packaged and finally re-
tested. Circuit reliability is inversely
related to the number of individual
devices and the necessary interconnec-
tion.
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Early electron tube and transistor at-
tempts at microelectronics solved many
of the space problems, but did not sub-
stantially improve reliability. The num-
ber of interconnections remained the
same. Integrated circuits, by their very
nature, go to the root of the intercon-
nection/reliability relationship.

An integrated circuit contains a num-
ber of inseparably associated active and
passive devices. In a monolithic inte-
grated circuit, all of the circuit parts are
fabricated within a single block of
material; hybrid circuits include some
discrete active devices attached to the
integrated circuit components such as
resistors and capacitors.

A Circuit on a Chip

Whatever the type of IC, connec-
tions, as such, are not used but are
“built in” to the device itself. Instead
of making a number of separate com-
ponents and then joining them together
to form functioning circuits, the mono-
lithic IC approach is to construct all
components at the same time on one
“chip".

No new physical principles are in-
volved in integrated circuits, but rather
the innovation of mass fabrication tech-
niques. Silicon integrated circuits are
really just an extension of transistor
technology. But with IC's, hundreds or
thousands of circuits, each involving
many transistors and other components,
are produced at one time.

The creation of a monolithic inte-
grated circuit begins with the basic
circuit design. A breadboard model may
even be constructed with discrete com-
ponents to test circuit operation. Then




Figure 1.
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Original art work for an integrated circuit must be prepared in exact-

ing detail. Reduced. it will control fabricating process.

the IC equivalent is drawn representing
all of the components and necessary in-
terconnections in the circuit (Figure 1.
A separate piece of art work, usually
about 30 by 30 inches, is made to repre-
sent each of the many steps in the man-
ufacturing process.

The circuit is reduced photograph-
ically about 500 times, and then is
stepped and exposed repeatedly across
a small glass plate. The image on the
plate or mask can fater be transferred
to the surface of a silicon wafer for the
fabrication of integrated circuits. In
this way as many as 1500 identical cir-
cuits may be placed on one wafer-—all
produced at the same time, all with the
same characteristics (Figure 2).

From the finished wafer each circuit
or chip is separated, connecting wires

are attached, and the IC is packaged
in a convenient form.

Manufacturing Process

The raw material from which IC’s
are fabricated begins as a large ingot of
carefully grown silicon. It is between
I and 2 inches in diameter and about a
foot long. The silicon is “doped” with
very small but accurately controlled
quantities of impurities which change
the electrical properties of the material
(the basis of all semiconductors).

Glass-like and very brittle, the ingot
ts cut with a diamond carborundum
saw into wafers 12 mils (0.012 in.)
thick. After additional pracessing and
polishing, the finished wafer is no
thicker than 6 mils.

This wafer will serve as a mechanical



base or substrate for future operations.
Onto this substrate another layer of
silicon is added by a process called
epitaxial growth. The epitaxial layer,
about 2 mils thick, has the same crystal
structure as the substrate, but is different
electrically because of different doping.

Now a series of steps is taken to
carefully change the properties of the
epitaxial layer in selectively masked
areas (Figure 3). In this way the cir-
cuit, first drawn in an area almost a
yard square in order to obtain good
dimensional accuracy and now only
slightly larger than a period, can be
transferred to the wafer.

The wafer is first exposed to oxygen
at high temperature, resulting in a layer
of silicon dioxide, called the passivating
layer. This layer is coated with a photo-
sensitive resin and with the first mask
in place is exposed to light. The ex-
posed areas become hardened, but those
under the mask can be rinsed clean of
resin. Next the wafer is subjected to
an acid which etches away the silicon
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Figure 2. Integrated circuit wafer is
compared to half dollar. Each square
Is an entire circuit.

dioxide layer not protected by the
hardened resin.

Diffusion of Impurities

The result of the photo etching is
a window through which selective parts
of the chip may be exposed to a dif-
fusion process. Diffusion is accom-
plished by ‘“‘soaking” the wafer in a
furnace with an impurity-rich atmo-
sphere. These impurities will diffuse
into the silicon only in the areas not
protected by the silicon dioxide layer.

The routine is repeated over and
over—photo resistive coating, masking,
exposure, rinsing, etching and dif-
fusion. With each step another func-
tion 1s added—a transistor emitter or
collector, a resistor or capacitor.

The type of semiconductor produced
is determined by controlling the types
and amounts of impurities introduced
to the silicon. One form of impurity
will result in an excess of conduction
electrons. This is called N-type silicon.
Another impurity will leave a deficiency
of conduction electrons, resulting in
P-type silicon.

To create a diode, a junction is
formed between P-type and N-type
material—a PN junction. A transistor
requires two junctions, and may be
PNP or NPN.

While some values of resistance and
capacitance can be diffused into the
epitaxial layer, in many cases it is more
practical and exacting to add these
functions o1 top of the finished active
devices. This may be done by a thin
or thick film process. Minute quantities
of metal are laid down through sputter-
ing or evaporation for thin films or by
a silk screen process for thick films. A
very thin and narrow piece of metal
makes an accurate resistor and can even
be trimmed later to touch up the value
for more critical tolerances. Capacitors
likewise can be made with thin film. It
is possible to use the silicon substrate
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Window etched through
silicon dioxide to expose
epitaxial layer to diffusion.

Impurity is diffused into sili-
con. In the process, new
oxide layer forms over en-
tire surface.

Repeated etching and dif-
fusion create other parts of
device. NPN areas now form
a transistor.

New windows are cut for
placement of ieads. Surface
is covered with metal, typi-
cally aluminum.

Metal is etched away ileav-
ing leads to each part of
device.

Figure 3. Simplified illustration of integrated circuit manufacture shows
steps of etching, diffusion and metalization.



as one plate, and the thin-film layer as
the other.

Economy of Duplication

All of these processes take place at
the same time on all circuits on the
wafer. It is here that the reduced cost
of manufacturing is realized. What can
be done to one circuit can be done to
hundreds at the same time.

But not every circuit or chip on a
wafer is going to be perfect. Seemingly
minor defects caused by dust particles
and other imperfections can be fatal to
such small units. Manufacturing tech-
niques are constantly being improved,
but still the yield from a wafer is not
100 percent. And the percentage goes
down with more complex circuits.

After all diffusion processes have
been completed, but while the wafer
is still intact, each circuit is automat-
ically tested. The wafer is stepped
through a computer-controlled device
where probes determine whether each

circuit is acceptable or not (Figure 4).
If the circuit does not come up to
specification, it is marked, fished out
later and destroyed.

The chips, measuring about 0.04
inches on a side, are then separated
using a diamond scribing point. They
are now ready for packaging—one of
the most expensive steps on the assem-
bly line. Until now all manufactur-
ing processes were carried out at the
same time for all circuits on a wafer.
In fact, many wafers are treated to-
gether as a group. At the packaging
stage circuits must receive individual
manual attention for the first time.

Packaging Methods

Before the chip can be sealed in one
of the more than 250 types of pack-
ages, a means of connecting it to other
component parts must be accomplished.
One technique uses the bonding of tiny
gold wires to the connection “'pads’ on
the chip (Figure 5). These wires are

Figure 4.
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Computer-controlled probes reach down to test individual circuits while

still on the wafer. Imperfections in crystal structure. dust, and failure to meet
mechanical and electrical tests all affect the yield from a wafer.



Figure 5. Small gold

wires connect IC to

terminals of standard
TO-5 package.

Courtesy Foirchild Semiconductor

then attached to larger terminals for
€asy access.

Another scheme — genecrally called
the “fip-chip” method — involves the
building of small humps of metal on
the pads. The chip can then be turned
face down on a larger substrate or
frame and honded by soldering. thermo-
compressivn or ultrasonics (Figure 6).
This pracess leuds itself to automation
and physical durability.

A method of building up heavier
meta] leads coming directly from the
circuit is also being developed. These
“beam leads” make external contact
easier and also add structural strength
to the entire device.

Once the IC has been packaged it
must again be tested. Special tests are
made for frequency response in linear
devices and switching speeds for digital
circuits. They are also subjected to a
variety of mechanical tests, shock, vi-
bration. acceleration and temperature
changes to ensure dependability.

Operating Speed

When fast switching times are re-
quired—always a consideration in digi-
tal equipment—an interesting depen-

dency on size makes integrated circuits
valuable.

The ultimate factor limiting the op-
erating speed of any electronic device
is the velocity of electromagnetic propa-
gation (the speed of light). In space
this rate is approximately 186,000 miles
per second, or about one foot in 10-*
seconds (one nanosecond). Electric cur-
rent flowing through a conductor will
have a speed somewhat slower than
this, depending on the characteristics of
the conductor.

If a switching circuit is to operate
in the nanosecond range, the distance
between circuit components must be
measured in fractions of an inch. Inte-
grated circuits make this possible.

Typical applications of the digital
integrated circuit include many asso-
ciated with computers: flip-flops, add-
ers, gates, buffers, and memory cells.

The linear integrated circuit, as the
name implies, is applicable to most am-
plifying chores and may be the building
block for anything from a simple audio
amplifier to a complex communications
network. Linear IC's are found in ana-
log computers, communications equip-
ment and even hi-fi systems.



Again, it is not so much the major
breakthrough in technology that is seen
in the final equipment, as it is the in-
genuity of the designer effectively using
available tools. For example, Lenkurt
engineers are currently investigating
ways of using digital integrated cir-
cuits to perform analog functions—
especially desirable for economic rea-
sons as well as reliability.

A typical monolithic integrated cir-
cuit contains a number of transistors
and associated passive components in-
terconnected to provide a functional
circuit. After packaging, the integrated
circuit becomes a unit of some larger
design—interconnected to perform the
functions of an entire system or piece
of equipment. And so numbers of in-
tegrated circuits are stacked in smaller
and smaller spaces just as tube and
transistor circuits were before them.

(IC’sF

The next logical jump in technology
is to combine a number of circuits onto
a single chip, with the same advantage
of reduced interconnections and man-
ufacturing ease. Several such devices,
using a technique known as medium
or large scale integration (LSI), are
now on the market (Figure 7).

Large scale integration is particularly
applicable to computer and other digi-
tal technology, where the same type
logic circuit may be used hundreds or
thousands of times. LSI is capable of
offering 100 logic gates on a single
chip. This tends to reduce manufactur-
ing and packaging costs. However, in-
creasing the number of components on
a chip results in decreasing cost only
to a point. Beyond a certain level, cir-
cuit complexity tends to reduce the
yield of usable chips on a wafer—a chip
is only as good as any of its parts—and
cost per component begins to rise.

LSI is having a definite effect on the
circuit designer who has always had

Figure 6.

Recently developed tech-
nique shows Fairchild integrated cir-
cuit about to be mounted face down
on frame. All contacts are meade at
one time.



freedom to choose components accord-
ing to his own specifications. As entire
circuits, and beyond that entire func-
tions, become standardized in manufac-
ture, the design engineer's ingenuity
may have to be applied to the use of
standard circuits instead of to the de-
sign of original units.

At least three types of LSI packages
will probably be offered:

1. Stock items ready for use (mainly
logic and memory units).

2. Basic units, such as gate circuits,
which require final metalization. Inter-
connection will be provided according
to the buyers specifications.
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Figure 7.

3. Custom units, where specifications
demand original design.

LSI circuits at present are more ap-
propriate for digital than linear systems
because of the repetitive nature of the
elements used. And because compo-
nents on an LSI chip are closer together
than discrete IC's, operating speeds of
digital systems are further increased.

IC’s and Communications
Miniaturization of electronic systems
has been an obvious product of inte-
grated circuits, even though it must be
remembered that the more basic value
of IC's is in cost and reliability. Com-

Sylvania IC contains 116 transistors, resistors and diodes to pro-

duce 40 gate circuits on each chip. Used in computers or digital communications
equipment.
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Figure 8. Silicon ingot (top) is sliced, and then polished before integrated

circuits are fabricated. From the finished wafer (middle, right) come hundreds

of chips (bottom, left) ready for packaging. Shown are Fairchild’s Dual In-Line,
a flatpack, and a TO-5 can.

puters that would have filled rooms by
previous technology now stana in the
corner or even on a desk top. And the
size advantage is now being applied
effectively to the designs of new com-
muanications systems, especially as linear
devices become more practical.

IC’s, including transistors, diodes,
resistors and capacitors, are so small
that the manufacturer’s assembly line 1s
now characterized by rows of micro-
scopes. But filter circuits—so important
to the telecammunications industry—
have remained a problem. These filters
require very high quality inductors,
large coils of wire that are heavy, bulky
and relatively expensive.

A solution in constructing inductor-
less filters using integrated circuit tech-
nology has been proposed by Lenkurt

10

engineers. While still in the experi-
mental stage, the technique exhibits a
great deal of promise for the future in
keeping communications systems eco-
nomical, reliable and small.

Simply stated, the method replaces
each inductor in a complex filter net-
work with a circuit that behaves elec-
trically like an inductor. This circuit
consists of one capacitor and a circuit
called a gyrator. Low-sensitivity, high-
Q circuits have been produced in a
package roughly a quarter of an inch
square. This compares in size to a coil
of about 1.5 inches in diameter and
1 inch thick.

Data and PCM

The first area of telecommunications
to be significantly affected by integrated




circuits will be where digital techniques
are used. Here, the extensive develop-
mental effort placed in digital IC's for
computers can be easily transferred to
data transmission and its cousin pulse
code modulation (PCM).

FFor data and for PCM, circuits are
needed to deal strictly with digital
pulses—signals that are either on or off.
In PCM transmission, for example,
binary digits are used to represent dis-
crete values of a voice signal. In the
first generation PCM system, bit rates
of 1.5 Mb/s are used, requiring very
fast sampling and switching. Digital
integrated circuits are almost a must.
And in future systems, with rates ap-
proaching 300 Mb/s, the need is even
more pronounced.

Integrated circuits also provide a
means of manufacturing extremely
stable resistors as part of the miniature
circuit. Because all resistors are made
at the same time, and with their close
proximity will be subjected to identical
changes in environment, they are excel-
lent components in critical communica-
tions applications.

Hybrids Sometimes
Appropriate

Much of this discussion has centered
around monolithic integrated circuits.
Hundreds of circuits, including all ac-
tive and passive components, are pro-
cessed as a unit on one wafer. And
the wafer is repeated hundreds and
thousands of times. Obviously this is
advantageous whenever great quantities
of the same circuit are needed.

Many telecommunications equipment
designs will use "“off the shelf” IC's

both of digital and analog variety. But
some specific applications will not re-
quire the large quantities needed to
justify monolithic integration.

In these cases hybrid IC's may be
more appropriate. The equipment man-
ufacturer could produce much of the
circuit using in-plant thin or thick film
capability. Other components—includ-
ing active devices—would be added as
separate units. Single transistors, or
standard integrated circuits could be
bonded to a unique circuit of the man-
ufacturer’s design. Bell Laboratories,
for example, has used this approach
for a tone-generating circuit in some
Touch-Tone telephones.

Integrated circuits may also affect
the design of future microwave radio
equipment. With their fixed component
relationships and close spacing, IC’s
may solve the problem of manufactur-
ing circuits with uniform performance
to operate at microwave frequencies.

The IC Promise

The entire electronics industry is
facing a change of great magnitude—
a physicist might call it a technological
quantum jump. Integrated circuits as
they stand promise price savings and
reliability. Large scale integration will
open roads to miniaturization still hard
to visualize accurately. A hundred tran-
sistors on a chip, or a hundred-thousand
on a wafer are foreseeable in the next
five years.

Whether it's a shoe-box size com-
puter, a carrier system inside a tele-
phone handset, or even wrist watch
television—the integrated circuit is the
gadget dreams are made of.
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