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leave its bond and jump into the waiting hole, then in essence what we
have had is a shift in position of the positively charged hole from its
first position to this new position (see Fig. 3). This same action can
occur a number of times, with successive changes in hole position, so
we can very well state that a hole drifts about 1n a random manner in
exactly the same fashion as the electron which left the hole originally.

The foregoing discussion has dealt with a single electron and a
single hole, but in actual crystals there would be many such pairs. And
with many negative electrons and positive holes present, a considerable
number of recombinations will be taking place all the time. By the same
token, the energy (be it heat or light or an electric field) being sup-
plied to the crystal will constantly be breaking other bonds. Eventually,
a dynamic equilibrium will be reached in which the number of bonds
being broken will equal the number being reformed.

If the energy supplied to the crystal is an electric field developed
by the application of an electromotive force (emf) across the germanium
crystal, then the motion of the electrons and the holes will be less ran-
dom and more directed along lines determined by the voltage. Electrons
will move toward the positive terminal of the battery, while the holes
will drift toward the negative terininal of the battery.

N-Type Germanium. Externally applied heat and light may be
used to produce free electrons and holes in a germanium crystal, but
a much more efficient method of achieving the same result is to add
exceedingly sinall amounts of selected impurities, generally to an extent
no greater than 1 part in 10 million. One of the impurities frequently
employed is arsenic. This enters the crystalline structure of the ger-

Fig. 4. The effect of an arsenic atom replucmg a germanium atom.
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atom robs an electron from a nearby germanium bond. The net result of
this “robbery” is to leave a hole in the neighboring electron-pair band.

Thus, when the impurity added to the germanium crystal structure
has only three valence electrons, a series of holes are produced. Under
the pressure of an applied emf, electrons from other nearby bonds will
be attracted to these holes, filling these gaps but creating a similar num-
ber of holes in their former bonds. Thus, we have the equivalent of a
movement of holes through the crystalline structure, and conduction is
said to take place by holes.

Trivalent impurities which create holes are known as acceptor im-
purities, and the germanium crystals which contain these substances are
known as P-type germanium. Thus, by the careful selection of the im-
purity to be added, we can determine whether the germanium is of the
N or P type. Both are employed in transistors, and it is important to
understand the differences between them and how electrical conduction
occurs through each.

It should be noted that there are a number of holes present in
N-type germanium because of the normal breaking of bonds arising from
the absorption of heat or light energy.* This is similar to the action in
pure germanium. However, the electrons released by the arsenic impurity
are, by far, the principal conductors of electricity in N-type germanium.
By the same token, free electrons exist in P-type germanium, but again,
it is the holes created by the electrical conduction that takes place here.

The impurities must be added in carefully controlled amounts,

otherwise the germanium crystal structure is modified to such an extent
that transistor action is not obtained.
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Fig. 6. A PN junction forming a familiar germanium diode.

PN Junctions. If we take a section of N-type germanium and a
similar section of P-type germanium and join the two together, as shown
in Fig. 6, we obtain a component which we know as a germanium diode.

*The holes in N-type germanium and the electrons in P-type germanium are called
minority carriers.
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the negative battery field and move toward the PN junction. At the same
time, the positive holes in the P section are forced toward the junction
by the repelling force of the positive battery field. If the battery is suffi-
ciently strong, enough energy (i.e., push) will be imparted to these
carriers to overcome the repelling forces at the junction and enable them
to move across to the opposite side. Once the junction crossing is made,
a number of electrons and holes will combine. For each hole that com-
“ines with an electron from the N-type germanium, an electron from an
electron-pair bond in the crystal and near the positive terminal of the
battery leaves the crystal and enters the positive terminal of the battery.
This creates a new hole which, under the force of the applied emf, moves
to the junction. For each electron that combines with a hole, an electron
enters the crystal from the negative terminal of the battery. In this way,
we maintain the continuity of current flow. Stoppage at any point imme-
diately breaks the entire circuit, just as it does in any ordinary electric
circuit. If this were not so, then electrons would pile up at some point,
resulting in a gradually increasing charge or potential at that point. Since
this does not occur, we must treat the circuit operation in the manner
which has just been indicated.

P N
0, 6,.06.[.9e006
e"'\, "'\,9'*'\, (_G)/-G?/‘@
+|ihli=
]
P N - hom=Iptly
e
N\
I, (HOLES) “ /'\\ \1,, (ELECTRONS)
Z

Fig. 8. The current flow in the N region is by electrons; in the P region, the
current is carried by holes. In the vicinity of the junction, both types of carriers
are present.

Note that current flow in the N region is by electrons; in the P re-
gion, the current is carried by holes (Fig. 8). As we approach the PN
junction, we find both types of carriers. The over-all value of current,
however, remains constant and is a function of the applied voltage.

As the external voltage is increased, it gradually overcomes the
restraining forces present at the junction and the current rises. Once the -
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In a grounded-, or common-, grid amplifier (Fig. 28c) we place
the grid at signal ground while the input signal is applied to the cathode
and the output signal is obtained at the plate. Again, note that the grid
may have some d-c voltage on it, for biasing purposes, without affecting
the designation or operation of the stage.

The final arrangement, grounded- or common-plate, is shown in
Fig. 28d. Here the plate is returned to signal ground, while the input
signal is applied to the grid, and the output signal is obtained at the
cathode. The best known name for this amplifier is cathode follower.

Grounded-Base Amplifier. It is convenient to start first with a
grounded-base transistor amplifier. This is shown in Fig. 29a. The input
signal is applied to the emitter, and the output signal is obtained at the
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Fig. 29. A grounded-base transistor amplifier (a) and its analogous grounded-
grid vacuum-tube amplifier (b). The polarity of the voltages used in the tran-
sistor circuit will be governed by the type of transistor (PNP or NPN) used.
Here, an NPN transistor is shown.

collector. The equivalent vacuum-tube amplifier is shown in Fig. 29b.
The grid, being equivalent to the base, is grounded. The signal is then
fed to the cathode; the plate is the output circuit.

In a grounded-grid amplifier, the input and output signals possess
the same "polarity. In a grounded-base transistor amplifier, the same
behavior is found. To illustrate this, the amplifier of Fig. 29a has been
drawn using an NPN transistor and the battery polarities have been chosen
accordingly. Assume, now, that the incoming signal is positive at this
instant. This positive voltage will counteract some of the normal nega-
tive bias between emitter and base and serve to reduce the current flow-
ing through the transistor. This, in turn, will reduce the voltage drop
across Rz, making the collector potential more positive. Thus, a positive-
going input signal produces a positive-going output signal.
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During the negative half cycle of the input signal, the emitter will
be driven more negative than it normally is with respect to the base. This
will increase the flow of electrons (here) from emitter to collector and
cause the negative voltage drop across R: to increase. This will drive
the collector more negative. Again we see that the polarity of the output
signal is similar to that of the input signal.

The input impedance of a grounded-base junction transistor am-
plifier is low, with values of 100 to 300 ohms being typical. The output
impedance is quite high, being on the order of 500,000 ohms.

Grounded-Emitter Amplifier. The grounded-emitter amplifier (Fig.
.30a) is the most popular of the three groups. The input signal is applied
to the base, and the output signal is obtained at the collector. The equiv-
alent vacuum-tube amplifier is shown in Fig. 30b, and the reader will
immediately recognize this as the most common amplifier in use today.
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Fig. 30. A grounded-emitter amplifier (a) and its vacuum-tube counterpart (b).
An NPN transistor is used in (a); for a PNP transistor, the battery polarities
would be reversed.

It turns out, when the mathematics of grounded-emitter circuitry
are analyzed, that this arrangement possesses a number of advantages for
the junction transistor over the grounded-base approach. For one thing,
the input impedance is higher, averaging between 700 and 1,000 ohms.
Output impedance is lower than in the grounded-base connection and
most frequently falls around 50,000 ohms or less. However, the voltage
and power gains are considerably higher, being on the order of 500 or
more for voltage gain and upward of 5,000 or more for power gain.
Since it is these latter values with which we are most concerned, the
popularity of the grounded-emitter arrangement becomes understandable.

An interesting feature of the grounded-emitter form of connection
is the fact that a phase reversal occurs as the signal passes through the
stage. In this it is similar to its vacuum-type prototype, the grounded-
cathode amplifier.
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The reason for the reversal can be understood by considering the
ampliiier shown in Fig. 30a. The base-emitter circuit is biased in the
forward direction, with the negative side of the bias battery connecting
to the emitter and the positive side of the battery to the base. (In this
way, the negative battery terminal repels the excess electrons in the
N-type emitter toward the PN junction while the positive battery poten-
tial drives the holes in the base to the same junction.) If, now, we apply
a signal to the base, this is what will happen: '

When the signal is negative, it will tend to reduce the bias potential
applied between emitter and base. This means that the electrons in the
emitter and the holes in the base will have less compulsion to overcome
the inherent separating force at the junction and less current will flow.
This, in turn, will reduce the collector current, providing less voltage
drop across the load resistor. As a result, potential at the top end of R:
will become positive.

During the positive half cycle of the signal, the total voltage in the
emitter-base circuit will rise. This will increase the flow of current
through the emitter, the collector and R». The increased voltage drop
across R: will make the top end of this resistor more negative. Thus, in
grounded-emitter amplifiers, the output signal is 180° out of phase with
the input signal.
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Fig. 31. A grounded-collector amplifier (a) and ‘its vacuum-tube counterpart
(b). The cathode resistor in (b) would have a fairly high value.

Grounded-Collector Amplifiers. The final transistor amplifier cir-
cuit arrangement is the grounded collector. This is shown schematically .
in Fig. 31 together with its vacuum-tube counterpart. Note that the
plate of the vacuum tube is not d-c grounded, since this element still
requires a positive potential (relative to the cathode) in order to attract
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The RF stage of a transistor radio is shown in Fig. 37. The input
transformer T, is slug tuned, with its slug mechanically ganged to those
of the converter and the local oscillator (not shown) coils. The base of
X, is returned to the junction point of R» and Rs, where the d-c poten-
tial is approximately 1.5 volts. A d-c stabilizing resistor R4 is placed in

TO IF
AMPLIFIERS

50MF—L A\ 3000 MMF
T \_ _ o ___ A Taowy -
Fig. 37. The RF and mixer stages of a transistor radio receiver.

the emitter leg of X, to make the stage relatively insensitive to changes
in ambient temperature. A small 680-ohm resistor Rs brings an AGC
voltage to the emitter. If no AGC control is desired, the connection
between R4 and Rs can be severed. Ci, across Ri, serves to place the
emitter at RF ground. Cs, at the junction of R and Rs, serves also as a
low-impedance path to ground for radio frequency.

The collector of X, connects to the primary of transformer T, and
receives its d-c voltage from the junction of R¢ and Rs. Collector voltage
is 4.5 volts, and C; ensures that the RF signal will be shunted around
the battery. Greater amplification could have been obtained from X, if
the full 6 volts of the battery had been applied to the collector, but this
would have tended to degrade the signal-to-noise ratio. Since the latter

'is particularly important in the RF stage, the lower collector voltage was
employed.

Transformer T2 couples the signal from the RF stage to the mixer.
In the mid-frequency range of the broadcast band, the output impedance
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The collector is tapped down on L. to decrease the effect of its
(i.e., the collector) capacitance to provide a better impedance match
between the transistor and the tuned circuit, and to improve frequency
stability and tracking. (The last feature stems from the application of
this oscillator in a radio receiver.) Tracking also explains the reason
for the presence of C¢ (60 to 1,250 mmf) and Cs (10 mmf). In this
particular design three-point tracking between oscillator and mixer was
obtained by using a slug in the oscillator coil, a padder capacitor Ce
and a gang capacitor trimmer C;. The slug takes care of the central
portion of the band, the padder provides an adjustment at the low
end of the band, and the trimmer is employed to make the high end
of the tracking curve fall into line.

Energy from the oscillator is transferred into the mixer circuit
(not shown here) by a combination of inductive and capacitive cou-
pling. The initial transfer from L, and L. is inductive; the second
transfer, from L. through Cs to the mixer, is capacitive.

The necessary biasing voltage for the transistor collector is brought
in through coil L;. A similar biasing voltage for the base is brought
in via Ry and R.. The resistor (R3) in the emitter leg serves to limit
the emitter current to a safe value. C, across Rj, assists in the oscil-
lating action. ‘

SILICON TRANSISTORS

The emphasis in the preceding discussion has been on germanium as
the semiconductor material from which transistors were made. It is
also possible to employ silicon for this purpose and this is indeed
being done. Silicon is suitable for diode and transistor operation because
its physical properties closely parallel those of germanium. Thus, silicon
is a semiconductor with four valence electrons and, in the solid state,
it will form a cubic crystal lattice in which the various atoms are
held together by the same mechanism of shared bonds. It is possible
to replace some of these atoms by impurities, of either the donor or
acceptor variety, and form N-type or P-type silicon. By combining
suitable P- and N-type sections of silicon, rectifier diodes or complete
transistors can be fabricated. :
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OTHER SEMICONDUCTOR MATERIALS

Although germanium and silicon have received the greatest amount
of research and almost exclusively dominate the commercial transistor
field, considerable interest and investigation is being directed to other
semiconducting materials. Among the more promising of the newer
types are the intermetallic compounds. These differ chemically from
such semiconductors as silicon or germanium in that they are formed
with two pure elements in place of one. Thus, a germanium transistor
starts with pure germanium and then has added to it appropriate impuri-
ties to forin the requisite P and N regions. The same is true of silicon.
In an intermetallic compound, the basic crystal structure consists of
two different metallic elements, such as gallium and phosphorus. These
together form gallium phosphide (GaP). Suitable impurities are then
added to this compound to form the needed P and N regions.

In the introductory discussion on transistors, it was noted that
“germanium and silicon each has four valence electrons in its outer or
chemically active ring. The crystalline structure is then formed by
having the atoms share each other’s outer electrons to form bonds. In
the intermetallic compounds, one of the combining elements has three
valence electrons per atom while the second element has five valence
electrons per atom. Equal numbers of the two atoms are used and
these also share each other’s valence electrons to form a crystal struc-
ture. This structure exhibits many of the same properties as germanium
and silicon.

We have seen that a fundamental electrical property of a semi-
conductor is the energy needed to free an electron from the bond
formed between two atoms. In silicon, more energy is required to liber-
ate electrons and this is a major reason why silicon can be employed
at higher temperatures. With intermetallic compounds, by using dif-
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ferent combinations of three valence atoms and five valence atoms, we
can achieve a very wide range of energy gaps.

The mobility of electrons and holes in semiconductors (i.e., the
speed with which these particles or charges move through a crystal)
can also be regulated over a fairly extensive range in intermetallic
compounds. All these variations make it possible to construct tran-
sistors or semi-conductor diodes having a wide choice of such prop-
erties as current or power-handling capacity, frequency range and
rectification ratio.

Some of the new compounds which are being studied extensively
include gallium arsenide, gallium phosphide, indium phosphide, indium
antominide and indium arsenide. Gallium arsenide, as a semiconductor,
can potentially combine the high temperature capacity of silicon (at
present 150°C in practical devices) and the high frequency capabilities
of germanium. Higher temperature capability will permit higher power
applications and levels since the heat energy can be more effectively
handled. Gallium phosphide, used in conjunction with gallium arsenide
in a device, is expected to extend the upper temperature limit antici-
pated from gallium arsenide alone to above 500°C.

Indium phosphide, with an upper temperature limit of approxi-
mately 400°C, is considered as a possible “runner-up” to gallium arse-
nide. Indium antominide and indium arsenide are being experimentally
tested in galvano-magnetic devices where frequency and temperature
do not play a primary role. Such semiconductors, as opposed to use
in transistor or rectifier applications, have potential application in mag-
netometers, magnetic compasses without moving parts and gyrators.

Many compounds are under investigation and undoubtedly some
of these will be employed commercially. At the present time, fabri-
cation of these substances presents major problems due to difficulty in
trying to purify them to the degree necessary and then forming them
into suitable transistors or diodes.
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The IF stage is connected as a common-emitter amplifier, receiv-
ing the IF signal at its base, amplifying it, and then feeding it to the
output IF transformer, T-2 (also sharply tuned to 455 kilocycles).
From here, the signal goes to a crystal diode detector CR-1 where
the audio signal is separated from the IF carrier. The audio signal is
then further amplified by a Class-A amplifier, TR-3, and a Class-B
power output stage. From here, the signal is applied to a 3%%-inch
loud-speaker. This particular mode of operation was selected for the
final stage because it provides greater power output with less “no-signal”
current drain.

The diode detector, CR-1, also provides a d-c voltage whose ampli-
tude is directly proportional to the carrier of the received signal. This
d-c voltage is fed back to the base of TR-2 through resistor R-6. When
the signal is strong, the d-c voltage acts to lower the amplification of
TR-2; when the signal is weak, the d-c control voltage causes the gain
of TR-2 to rise. By this means, the level of the output sound is kept
fairly steady at whatever level is selected by the volume control.

TR-1, TR-2, and TR-3 each has a resistor in its emitter leg to
maintain the stability of each unit with changes in temperature.

The Knight-Kit 5-transistor superhet radio kit, complete with
printed circuit board, 3%2-inch speaker, cabinet, wire, solder, all parts,
and full instructions, is listed in the kit section of the Allied catalog.
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