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A new device, the avalanche transistor, is described. Its properties derive
Jrom the utilization of the multiplication inherent in the breakdown process
of reverse-biased semiconductor junctions. These junction transistors have
regions of designable alpha grealer than unity and are similar in many re-
spects to point-contact and hook-collector transistors. They should, however,
have advantages in speed and designalbility. Large regions of negative re-
ststance of moderate magnitude can also be obtained in appropriale circuils.
The device should find wide application in both switching and transmission.
Design information for avalanche transistors is given.

1. INTRODUCTION

It has been shown recently that reverse biased silicon and germanium
junctions break down as a result of a multiplicative process which is
analogous to multiplicative breakdown in a gas."* *' ® Minority carriers
which are thermally or otherwise generated diffuse to the high field
region of the reverse biased junction, where they are accelerated, pro-
ducing hole-electron pairs by collision with the atoms of the ecrystal
lattice. As in the case of ionization of a gas, the rate of pair production
is dependent upon the electric field distribution; however, it has been
found that in the case of semiconductors holes and electrons are com-
parably effective in producing additional current carriers, The holes and
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electrons which are produced by collision may themselves produce ad-
ditional pairs, and so on, resulting in an avalanche. As the junction re-
verse bias is increased, the space charge layer widens, the maximum
electric field increases, and the total rate of pair production increases. At
a particular value of reverse voltage, called the breakdown voltage, the
multiplication of the minority current carriers becomes essentially in-
finite. The current then increases very rapidly, being limited only by the
external circuit resistance.

In semiconductors the number of minority carriers which are multi-
plied may be augmented and controlled by means of an emitter junction
which is placed in close proximity to the reverse-biased, multiplying
collector junction. The result, of course, is a simple n-p-n or p-n-p junction
transistor which with proper design may exhibit considerable multipli-
cation of the emitter current at voltages well below the breakdown volt-
age. The existence of this multiplication mechanism, which has been
called avalanche multiplication, in reverse biased transistor collector
junctions is of very great interest both from a transmission as well as
from a switching point of view. So far as switching is concerned, it means
that a simple junction device may have a current gain, or alpha, greater
than unity and in appropriate circuits, be capable of exhibiting a nega-
tive resistance just as point-contact or hook-collector transistors do. Such
a device may be used as the active element in pulse generator, regenera-
tive pulse amplifier, or counter circuits. The effect of this multiplicative
process on transmission applications is also important. Large regions of
designable negative resistance of moderate magnitude may be attained
in two terminal circuits and used to reduce losses in transmission sys-
tems. In general, the alteration in collector characteristics due to ava-
lanche multiplication means that single stage amplifiers may be un-
stable and/or may exhibit a high degree of distortion depending on the
operating conditions.

Further discussion of the negative resistance characteristic will be
presented in a later section. Additional objectives of this paper are to
indicate how an avalanche transistor can be characterized relative to its
terminal behavior and to present design information which will enable
the design of avalanche transistors for specific applications. The dis-
cussion will be in terms of alloyed transistors; however, the ideas pre-
sented are applicable to other structures.

1t should be pointed out here that many junctions break down at or
near the surface at a voltage considerably below that expected from the
bulk properties of the junction. In these cases the multiplication of the
bulk junction never rises very much above unity before “surface break-
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down” occurs. Even though the surface breakdown also is frequently
multiplying, only a small percentage of the emitter current is multiplied.
The discussion in this paper is primarily applicable to transistors which
exhibit “‘body breakdown.”

2. THEORY

The multiplication of reverse biased step junctions, such as those of
transistors made by the alloy-diffusion method, closely follows the em-
pirical expression’

1
M=y &
where V' is the junction body breakdown voltage and n is a parameter
which varies with the resistivity and resistivity type of the material on
the high resistivity side of the junection. In alloyed junction transistors
this side is the base. Presumably the value of the parameter n varies
also from semiconductor to semiconductor. For alloyed step junctions
on p-type germanium, measured n values for different resistivities have
ranged from 4.5 to 6.5. On n-type germanium = is approximately 3
throughout the investigated range. The breakdown voltage, V5, rises
monotonically with the resistivity of the base layer.
Equation (1) says that the alpha of a transistor has the form (neglect-
ing space charge layer widening effects)

7 y — @

C!(I) = auﬂI(V) = TT(*I}W (2)
where a, is the value of the current gain at very low voltage, or, more
accurately, the fraction of the emitter current which is collected, neg-
lecting multiplication. This equation implies a designable alpha greater
than unity for junction transistors. From equation (2) the voltage, Vs,
at which alpha becomes unity is given by

Vs = VB Vn 1 — @y (3)

Thus V. is completely determined by the body breakdown voltage of
the collector junction, the low-voltage alpha and the value of n for the
particular junction. With proper design Vs can be made only a small
fraction of V. Obviously a device designed to take advantage of the
multiplication effect should have as high an « as possible and as low a
value of the parameter n as is available. The advantage clearly lies with
the p-n-p as opposed to the n-p-n transistor in germanium. Another
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requirement is that the transistor technology be sufficiently advanced
that the body breakdown of the collector junction can be observed. At
present this means roughly that the breakdown voltage must be kept
low, that is, below about 50 volts.

In linear apphcatlons which impose that @ must remain below unity
or that distortion be minimized, different requirements are necessary.
For such applications high Vs is desired, which in turn calls for high base
resmtnrlty Fulfilling this requirement, however, may necessitate a
compromise, since high base resistivity results in limited frequenCy cut-
off at low voltages because of space-charge layer punch- through.' Base
resistance considerations may likewise put an upper limit on permis-
sable base resistivity. In such a case the use of n-p-n transistors seems
advisable,” and the operating voltage should remain always comfortably
below Vs .

In the circuit configuration of Fig. 1 the avalanche transistor behaves
like a gas discharge device in several respects. Its characteristic includes

e kT —|+cxN) aoMIg

L = Ieo
EO ™ 1-tnp %0

VOLTAGE =2
/

&

Ico CURRENT =

Fig. 1 — Avalanche transistor negative resistance cireuit.
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a high resistance region and a low resistance region separated by a re-
gion of negative resistance. The origins of the negative resistance in the
two cases, however, exhibit distinctions which should be pointed out.
In the gas discharge, negative resistance results after breakdown pri-
marily from the increased cathode efficiency due to changes in the field .
configuration because of the space charge effects of the carriers. In the
solid state analogue, the charges already resident in the discharge region
in the form of the ionized chemical impurities in the lattice outnumber
the carriers traversing the high field region by many orders of magnitude
at reasonable current densities. Hence the field configuration is not sig-
nificantly current-dependent. Furthermore, there is no cathodic re-
generative mechanism in the solid discharge (gamma process), and photo-
regeneration in germanium is only ~ 10™* efficient. Townsends’ 8 mecha-
nism has been demonstrated to be the dominant agency in maintaining
the discharge.””® Therefore, the avalanche breakdown in the solid
generally does not inherently lead to negative resistances. There would,
however, be the possibility of negative resistance at very high current
densities.

The negative resistances observable are the result of the fact that with
avalanche transistors it is possible to look across the discharge in two
different ways. One is directly across the avalanche multiplication region
alone (from the base to the collector of a transistor) and the other is
across a source of minority carriers and the multiplication region in
series (from emitter to collector with base floating). In the former case
base-to-collector breakdown leading to near zero incremental resistance
occurs at that voltage at which the avalanche multiplication becomes
infinite. In the latter case, because of continuity of current requirements,
emitter-to-collector breakdown occurs at Vs, that voltage at which the
multiplication times the «, of the transistor becomes unity. Any circuit
configuration which in effect goes from the former to the latter condition
with increasing current will exhibit negative resistance.

Curve (a) in Fig. 1 is the normal reverse characteristic of the collec-
tor junction, as measured collector to base with emitter open, indicating
the breakdown voltage, V. For a theoretical transistor this curve is
determined by the equation

Ico
1 — (II,-’IVB)“
Since the emitter is open circuited it does not contribute any minority

carriers to the discharge. Curve (b) in Fig. 1 is the reverse characteristic
of the collector junction (as measured collector to emitter with base

I = ]l/[Ico — (4)
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open). According to the equivalent circuit of the transistor the current
is given by the equation

MIco

Lo = — a1

(5)
and it is seen that current increases, subject only to limitation by circuit
resistance, when the collector voltage reaches Vs, the voltage cor-
responding to unity total alpha or oM = 1. Since the emitter current of
alloyed junction transistors is primarily made up of minority carriers
emitted into the base region, the emitter efficiency in this case can be
said to be high. It is apparent that if the emitter efficiency could be
made to vary with current, then it would be possible to obtain a nega-
tive emitter-to-collector resistance. This is the purpose of the base re-
sistor shown in Fig. 1. For low currents the impedance of the emitter
junction is high, since the voltage-current characteristic is exponential
in character, and most of the current flows through the base resistor. As
the voltage is increased essentially curve (a) is traced out. Near the
breakdown voltage the current increases, the emitter-to-base voltage
increases in the forward direction, and the impedance of the emitter
junction becomes smaller in comparison with the base resistance. This
process results in increased emitter current. Thus the characteristic,
curve (c), begins to depart from curve (a), and as a larger and larger
fraction of the total current is transferred from the base circuit to the
emitter circuit, curve (c¢) approaches curve (b) asymptotically.

3. CHARACTERIZATION

In view of the above description of the multiplication properties of
transistor junctions, it is clear that the collector characteristics of all
transistors, in which a surface breakdown does not intervene, will look
like those shown in Figs. 2(a) and 2(b). In Fig. 2(a), the measured col-
lector characteristics for a representative n-p-n transistor are shown.
Fig. 2(b) gives the same information for a representative p-n-p unit.
The horizontal dashed line in each case indicates the voltage Vg at which
a becomes unity. This voltage is of course a function of the particular
value of aq for each transistor. Either of these transistor types would
have somewhat more distortion as a common base amplifier than has
hitherto been expected from transistor theory neglecting avalanche
effects.

As has already been emphasized, the p-n-p has a decided advantage
for monostable, astable, or bistable switching applications. A suitable
characterization for an avalanche transistor designed for switching use
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Fig. 3 — Distributions of Vs and Vg for avalanche transistors. (a) Base re-
sistivity = 0.2 2-cm; (b) Base resistivity = 0.5 2-em.

would certainly involve the body breakdown voltage of the collector,
Vs, and the voltage at which the total « of the transistor is unity, Vs,
which can be thought of as a sustain voltage. The breakdown voltage is
a function of the base layer resistivity, while the ratio of the sustain
voltage to the breakdown voltage is a function of the low-voltage alpha
of the transistor. Therefore, the ability to control these parameters in-
volves only the ability to control base layer resistivity and ap . These
are problems which have already claimed considerable attention with
good results in other transistor designs.

Groups of such avalanche transistors have been made at Bell Tele-
phone Laboratories. Figs. 3(a) and 3(b) give distributions of Vs and
Vs for groups of about 25 transistors made on 0.2 Q-¢cm and 0.5 2-cm
n-type material. In Figs. 4(a) and 4(b) are given the relations between
Vs and ap for the two groups.

The spreads in ¥ for both groups of transistors largely reflect slight
deviations from the nominal resistivity. Although the germanium in
both cases was zone levelled, it is estimated that there is a =45 per cent
variation in resistivity for individual wafers. Undoubtedly some varia-
tion is due to surface breakdowns very close to but below the body
breakdown. The spread in Vg is, of course, partially the result of the
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spread in V' insofar as the variation in V5 is the result of variation in
the bulk material. The remainder stems from the distribution of ag values.
No vigorous attempt was made to control ay carefully or to hold rigid
limits on base resistivity for these sample groups.

From (3) it can be seen that log Vs/Vs when plotted versus log
(I — ay) for transistors of different oy should yield a straight line of slope
1/n. Solid lines of slope 4 have been drawn in Fig. 4 along with dashed
lines of slope 1§. The adherence to the n = 3 law is confirmed.

Equation (2) gives the total a of a transistor when multiplication is
taken into account. Values calculated from this equation are plotted in
Fig. 5 in ecomparison with values determined by ac a measurements and
with « values obtained from the measured static collector characteris-
tics for a representative unit from the group having base layer resistivity
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Fig. 5 — Alpha versus collector voltage for an avalanche transistor.

of 0.2 Q-cm. The agreement is good. It is quite general for the formula
to give a slightly lower value of  than is observed in this type of experi-
ment. The functional form of the multiplication and especially the value
of the exponent were determined from an experiment which minimized
effects on @y of changes in the base current flow pattern.® The experi-
mental « as determined above would be expected to be higher than
theoretical because when « goes above unity, the majority carrier flow
from the collector to the base biases the emitter so that ag increases with
increasing total a. This effect is the opposite of the effect in which ao
decreases with increasing large emitter current in ordinary junction
transistor operation with & less than unity.

The frequency characteristic of the multiplicative increase in a is of
great interest. Theoretically the multiplication process should be ex-
tremely fast. The response time of the multiplication should be com-
parable with the transit time for carriers across the high field region in
the reverse biased junction. This time would be a small fraction of a
millimicrosecond in all practical junctions. Therefore, the frequency
cutoff of the total alpha should not be measurably smaller than the fre-
quency cutoff of the ao. Actually the effect discussed above, which in-
creases ap With increasing total « (when above unity), and therefore, with



ALLOYED JUNCTION AVALANCHE TRANSISTORS 893

increasing collector voltage, could have an even greater effect on the
frequency cutoff of ap. Again it would be expected that the change
would be in the direction of increasing fy . Fig. 6 gives measured fre-
quency cutoffs of total « vs. the collector voltage for the same representa-
tive unit which was used for Fig. 5. The theoretical curve was calcu-
lated® from

Ixo

JrN = l:l B ( VCfNO )112]2 (6)
3.65 X 1078N,A

This equation merely takes into account the variation of base width
due to widening of the collector space-charge layer with increasing volt-
age." * There is a sharp departure upwards from the theoretical curve
for the points corresponding to total e greater than one. This behavior
1s in line with the above explanation. Again, the reverse effect is observed
with increasing large emitter currents in junction transistors operated
in the ordinary manner. Thus the frequency characteristics of the multi-
plied alpha are as good as, and can be better than, the frequency char-
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Fig. 6 — Frequency cut-off of alpha versus collector voltage for an avalanche
transistor.
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acteristics of o . This means that any device which utilizes the negative
resistance inherent in the o« greater than unity will be limited in fre-
quency only by the dispersion in transit time across the base.

The temperature variation of both V5 and Vs is comparatively small.
The breakdown voltage of np junctions increases slowly with i mcrea,smg
temperature at the rate of about 0.1 per cent per degree centlgrade
Aside from the change in Vs, Vs will be affected also by changes in
1 — ag with temperature. In the case of p-n-p germanium transistors a
drastic change of 1 — a by a factor of two with temperature would give
only a 25 per cent change in V. Data given by Ebers and Miller’ show
that such changes would require very large temperature changes. How-
ever, it should not be supposed that devices based on the avalanche prin-
ciple would always be very temperature insensitive. For example, in the
circuit shown in Fig. 1, the mechanism which switches from the high
breakdown voltage to the low breakdown voltage path may be highly
temperature sensitive, unless remedial steps are taken, because the satu-
ration current is intimately involved.

4, DESIGN DATA

The principal designable features of an avalanche transistor are the
Vp and Vg values. From the discussion in the next section, it will be
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Fig. 7 — Resistivity and breakdown voltage versus net density of impurity
centers.
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TaBLE T
" High Resistivity Side of Step Junction
4.7 0.15 Q-em, p type
5.5 0.25 Q-cm, p type
6.6 0.5 Q-cm, p type
~6 2.0 Q-cm, p type
3 0.1 9-em, n type
3.4 0.6 Q-cm, n type
3 2.0 92-em, n type

seen that some of the considerations in ordinary transistor design, like
keeping the base resistance low, sometimes are no longer important. The
control of ¥y, as pointed out above, is simply a matter of controlling
the base layer resistivity. Miller® has given the breakdown voltage as a
function of the net density of impurity centers on the high resistivity
side of a germanium step junction like those made by the alloy process.
These data are given in Fig. 7. This illustration also contains plots of
the resistivity of the high resistivity side vs. the net density of impurity
centers for n and p germanium material. These latter curves were re-
drawn from data given by M. B. Prince.! They represent the best
available information on this subject at this time.

Vs is a function of Vz, 1 — ay, and the pertinent parameter n. n is
not completely independent of Vj since for a given type of transistor,
n-p-n or p-n-p, both » and V5 are functions of the base layer resistivity.
The experimental values of n for various base layer resistivities and
resistivity types in germanium have been determined by Miller’ and
are given in Table I.

It is important that the space charge region of the collector not punch
through the base layer below the breakdown voltage if the full interval
between Vjp and Vs is to be utilized. This requirement effectively puts
an upper limit on the frequency cutoff for each base resistivity value,
since the base width must be at least as wide as the space-charge region
at the breakdown voltage. Fig. 8 gives the maximum frequency cutoff
vs. the resistivity of the base region for p-n-p germanium avalanche
transistors.

It is conceivable that if base layer width could be controlled very ac-
curately, this punch-through phenomenon could be used to determine
the peak of the negative in the resistance curve shown in Fig. 1 instead
of relying on uniformly well etched junctions to show exactly the same
breakdown voltage.
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Fig. 8 — Maximum low-voltage frequency cut-off of alpha versus resistivity of
base region for alloyed junction pnp transistors.

5. APPLICATIONS

In the region of collector voltage for which the alpha of an avalanche
transistor is greater than unity, its terminal characteristics are quite
similar to those of a point-contact transistor or a hook-collector transis-
tor.?: 9. 11 Hence most of the switching circuits designed for point-contact
transistors could also use avalanche transistors. To provide a large
voltage swing in such circuits the breakdown voltage of the collector
junction should correspond to body breakdown and a should be as
large as possible in order to give a low value of the sustaining voltage,
Vs . This latter requirement also leads to a low power dissipation when
the transistor switch is in the on (closed) condition.

One of the most serious limitations on the usefulness of hook-collector
transistors is switching speed. Since the multiplication phenomenon
involves the emission of minority carriers by the hook junction and the
transport of these carriers across the hook region, a dispersion in transit
time exists which results in a low alpha cutoff frequency for the device.
In fact, the effective cutoff frequency may be an order of magnitude less
than the cutoff frequency which would be caleulated on the basis of the
transport of the minority carriers across the base layer. As has already
been pointed out, avalanche transistors exhibit alpha cutoff frequencies
indistinguishable from those of non-multiplying devices. Frequency
cutoffs of alpha in the range of 5 to 10 me/sec are easily obtainable, even
in pnp avalanche transistors, since the resistivity of the base layer can
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be quite low and hence punch through is inhibited for the necessarily
thin base layers. Since the initial rate of change of current or voltage in
pulse circuits is proportional to both alpha and alpha cutoff frequency,
the rise times obtainable with avalanche transistors easily fall in the
tenth microsecond range.

Another limitation on the switching speed of point-contact or hook-
collector transistors results from the storage of minority carriers. This
phenomenon manifests itself when one attempts to open the transistor
switch after it has been driven into the current saturation region. In
bistable type circuits using avalanche transistors the minimum collector
voltage is automatically limited to the sustaining voltage, Vs, and the
transistor never goes into the current saturation region. The collector
junction never becomes forward biased, and there is none of the usual
storage of minority carriers,"

One of the most interesting applications of avalanche transistors is as
a two terminal, negative impedance element. Such a circuit has many
applications in both switching and transmission. The circuit analysis of
this application will be presented since it exemplifies the usefulness of
the large-signal junction transistor theory and since the negative resist-
ance characteristic that is obtained is typical of that for avalanche
transistors.

The ecircuit to be discussed is shown in Fig. 1. An equivalent circuit,
based on the work of Ebers and Moll,” is also shown in Fig. 1. The
quantities ayo and a;e are the low voltage normal and inverse alphas.
The voltage ®x is the voltage across the emitter junction. It is assumed
that the base resistance is included in R. It is apparent that

I = ayoMIg + MIco (7
If (1) and (7) are combined the following equation can be obtained
V= Vs 4/ 1 — Lot awols (8)

if it is assumed that the applied voltage, V, is large compared to & .
In order to plot a voltage-current characteristic it is necessary to have a
relation between I and I. From the equivalent circuit

I'==541Ig (9)

Since

— ElnIB + (1 - aNO)I’BO

q g0 (10)

D
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where the quantity I'zo is the reverse current of the emitter junction
with the collector shorted to the base, it follows that

_]ii_’: In Iy + (1 — aNO)I’EO (11)
gk I'go
(8) and (11) completely determine the negative resistance characteristic
of the circuit of Fig. 1. A measured curve for a particular transistor in
this cireuit is shown in Fig. 9.

In some applications the slope of the negative resistance characteristic
is of primary importance. It can be shown that

I=IE+

dl g
_ﬂ,ﬂ/_ _Kl _aNOM—dT (12)
dl nl 1-M
or
av _ v o, dIs\ (Vs
5 = ;Jl:l (1 axo dI)(V)] (13)

For values of R in the vicinity of 5,000 ohms and I greater than a milli-
ampere,

dly _ 1
dl KT 1 (14)

1+—qEI—B

- - ()] 50 ()] o0

This relation, in itself, is of very little utility since V and I are related
in a complicated manner as can be seen by examining (8) and (11). How-
ever, if a plot of the negative resistance characteristic is available, this
equation provides a theoretical check on the negative resistance at a
given operating point. For example, consider the negative resistance
characteristic shown in Fig. 9. The transistor used in obtaining these
data had the following characteristics: Vz = 36 and (1 — ag) = 0.047.
From the curve, for an operating point of 16 volts and 6 milliamperes,
the measured negative resistance is 450 ohms. Substitution of appro-
priate values in equation (15) yields a negative resistance of 400 ohms.
In every case that has been investigated a similar discrepancy has been
found to exist. The higher value of negative resistance is attributed to
an increase in aq due to the focusing effect of the voltage drop in the base

and
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layer. Actually what happens is that the center of the emitter, under
these conditions of operation, becomes more forward biased than the
outer edge, thus improving the transport efficiency since there is pro-
portionately less surface recombination.

In some applications it would be very convenient if the type of nega-
tive resistance characteristic described above could be obtained without
resorting to external circuit elements; in other words, if a true two termi-
nal negative resistance could be obtained. As was explained above, the
purpose of the external resistance in Fig. 1 is effectively to switch the
current from the base collector loop to the emitter collector loop. Another
way of interpreting the effect of the resistor is that it changes the effec-
tive alpha of the transistor by causing a higher percentage of the total
current to be injected minority carrier current. A p-n-p (or n-p-n) strue-
ture designed in such a way that the alpha increases with emitter cur-
rent would yield the same result. Such a device is shown in Fig. 10 along
with the negative resistance characteristic obtained between emitter
and collector. It is observed that the structure is not significantly dif-
ferent from a nonsymmetrical alloyed junction transistor in which the
roles of the emitter and collector have been interchanged. For low values
of current the alpha of the transistor is low and the peak voltage at-
tained may be as much as 95 per cent of the breakdown voltage. As the
current increases, a voltage drop occurs in the base layer. This drop biases
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Fig. 9 — Measured avalanche transistor negative resistance characteristic.
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Fig. 10. — Two terminal avalanche device characteristic.
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Fig. 11 — Emitter negative resistance characteristic of the avalanche transistor.
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the outside of the emitter less forward than the center, and the alpha
increases, resulting in a negative resistance.

It is worthwhile, in passing, to make a few statements concerning the
type of negative resistance obtained in the eircuit of Fig. 11. Such cir-
cuits, using point-contact transistors, have been amply discussed by
Anderson.? Therefore this circuit will be discussed with the objective of
pointing out the differences in the behavior when avalanche transistors
are used. The general features of the negative resistance characteristic
are also shown in Fig. 11. First of all the peak point is depressed below
the origin an amount equal to the emitter floating potential plus the
MIcoR5s drop in the external base resistance (neglecting internal base
resistance). The initial slope of the negative resistance characteristic is
governed by the collector supply voltage and how nearly it approaches
the breakdown voltage, V5 . Since the magnitude of the negative resist-
ance characteristic is given approximately by (1 — a)Rz, it is apparent
that the negative resistance approaches zero as the collector voltage
approaches the sustaining voltage, V.

6. CONCLUSIONS

A new device has been deseribed which is similar in some respects to
point-contact transistors and hook-collector transistors. Avalanche
transistors should prove to be very useful in both switching and trans-
mission applications.

As has been shown, the behavior of avalanche transistors is quite well
understood. In addition the terminal characteristics are sufficiently well
related to the structure of the device to enable the design of devices to
meet, the needs of specific applications. It is believed that the presence
of avalanche multiplication in transistor junctions may open up a whole
new class of devices which can perform circuit functions not previously
feasible with any single device.
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Note: Approximately coincident with the submission of this article a
paper covering related material appeared in the March, 1955, R. C. A.
Review. It is entitled “Delayed Collector Conduction, A New Effect in
Junction Transistors” by M. C. Kidd, W. Hasenberg, and W. M. Webster.
As the divergence in titles indicates, the subject is treated from a some-
what different viewpoint in the two papers.
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