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Summary

A new principle for obtaining amplifica-
tion in transistors consists of utilizing the con-
trol of avalanche breakdown voltage by external
fields applied through surface insulating layers.
The resulting control of reverse current across
the p-n junction indicates the possibility of de-
vices operating at frequencies comparable to the
reciprocal transit time across the space charge
layer for carriers moving with close to their
peak velocities (estimated as 2x 107 cm/sec)
in silicon. This suggests that devices with fre~
quencies in the 10 Gc range may be possible with
structures having dimensions of the order of
10°% cm.

Introduction

Transit time effects, especially diffusion
through base layers of junction transistors and
drift at relatively low fields in channels of field-
effect transistors, have adverse effects on high
frequency transistor performance. In the
navalanche emitter" mode of operation” the car-
riers that constitute the output current are gen-
erated in high electric fields and thus can have
relatively short transit times. However, the
input circuit draws relatively high currents, and
these currents require input power and result in
reduced power gain.

A new transistor amplifying principle has
been discovered that has the advantageous short
transit-time features of the avalanche emitter
without the disadvantage of drawing large input
currents. It promises significant improvement
of high frequency performance over junction or
field-effect transistors of comparable dimen-
sions. Power amplification results from appro-
priately utilizing control of avalanche breakdown
of a p-n junction by applying voltage to an exter-
nal electrode so that an electric field penetrates
the semiconductor surface and extends into the
space-charge layer. This field modifies that

produced by reverse bias across the p-n junction,
thus changing the voltage across the junction at
which avalanche breakdown occurs, consequently
controlling the avalanche breakdown currents,
and therefore the power delivered to a load in
series with the junction.

Control of reverse breakdown voltage of
p-n junctions has been reported for germanium
by Forster and Veloric and for silicon by
Hofstein and Heiman.® Forster and Veloric used
an insulating layer consisting of a "thin mica
spacer" lying over a specimen in the form of a
grown p-nt junction. Hofstein and Heiman used
the 5iO, layer of a "Silicon Insulated Gate Field-
Effect Transistor" to transmit an electric field
to the junction. The use of the resulting valve
action of control of breakdown voltage to give
power gain is, however, not discussed in either
reference.

General Features

In one form the surface controlled ava-
lanche transistor consists of a silicon ntHp
junction covered with a thin insulating layer of
S$i02. The electrodes are the "source" or {n*)
region, the "drain® or p region, and the "gate”
which consists of a metal layer lying on the oxide
and over the intersection of the junction with the
surface. The application of an electric field
between gate and source controls avalanche
breakdown voltage between source and drain.

For SiO; as the dielectric, the electric
displacement’ K{SiO,)E can substantially exceed
that required to produce avalanche breakdown in
silicon, 4 namely KF_ = (10"12 farad/cm)x

(5 x 105 volt/em) = 5% 10-7 coulomb/cm?. For
the abrupt junction between a heavily doped and

a weakly doped region, the avalanche field will
occur at the junction where the potential is nearly
equal to that of the heavily doped region.

Secondary carriers of one sign generated
by the avalanche multiplication flow to the heavily



doped side. Carriers of the other sign flow
across the wider portion of the space-charge
layer to the other side; during this flow these
latter carriers will, for the initial portion of
their paths, be drawn towards the silicon sur-
face if the gate voltage is applied so as to de -
crease the breakdown voltage. The field tan-
gential to the surface produced by reverse bias
across the junction will cause these carriers
to be collected by the weakly doped region.

High frequency response results from
generation of carriers at the avalanche source
point and subsequent drift in high fields where
drift velocities are near their maximum value
of about v, =2 % 107 cm/sec. To ensure high
drift velocities all along the path the p region
may consist of a (p~) or intrinsic layer with a
(p?) electrode region.

Experimental units having low breakdown
regions near the surface have shown controlled
variations in breakdown voltage of a factor of
two and current and power gains greater than
104 at low frequencies. The drain-source dif-
ferential resistance at constant gate-source
voltage is consistent with predictions4 of plasma-
space-charge resistance based on a "unit-cube"
conductance of Kv, = 2 x 10-3 mhos.

Design Considerations

The high frequency potential of the
surface controlled avalanche transistor can be
appreciated in terms of its design theory which
we illustrate for the structure of Fig. 1. The
representation may be considered to be one unit
of a repeating structure, such as may be pro-
duced by interdigitation; the periphery or the
total length perpendicular to the plane of the
figure of the working region being P cm.
Figure 2 illustrates the carrier paths under
operating conditions, and introduces the equi-
valent thickness, a, of the avalanche control
layer and the sign conventions for voltage and
current symbols. )

Structures of the type illustrated may be
fabricated by the usual photo—lithographic tech-
niques and the well known methods used for
producing oxides. 1t should be noted that a
much thinner oxide layer lies under the working
region of the gate electrode than where the
electrode overlaps the heavily doped source

-2-

region. This reduces unwanted input capaci-
tance between the gate and source.

For steady state conditions, the carrier
current consists of holes generated by avalanche
in the immediate vicinity of the avalanche source
point (asp), the secondary electrons being
drawn to the source. Provided the voltage is
large enough to sustain avalanche, this current
is represented by the following expression

1= -1, =1 = - [V +(Vy/w) V]

If the square bracket term is positive, ava-
lanche is noi sustained and I =0. The other
quantities are as follows:

g + KIS vm)(P/a)

a = lK(Si)/K(SiOZ)] (thickness SiOZ)
= wb/ma

Vgo = waFB/Z

The value of . is based on an approximate
potential theory treatment in which a region of,
uniform dielectric constant K(Si) = 1. 04 pF/em
is bounded by one equipotential at ground along
the y-axis of Fig. 2, another equipotential at
voltage V_ on the circle of radius b-a anda
third equipotential at Vg at x = w. The capaci-
tance per unit area of a layer of thickness "a"
having the dielectric constant of silicon is the
same as the actual layer of S$iQ, which is
thinner in the ratio of the dielectric constants.
The field at the asp due to Vg is approximately
Vgl(‘rrafl), and due to V4 is approximately
lea.fbw., These approximations lead to
g = bw/w a2 and to the avalanche field Fgn occur
ring at the asp when [vg+ (Vd/p)/(ﬂ'a/Z) = Fgi
this leads to the Vgo term. The value of the
transconductance g can be estimated by noting
that the current (I/P)amp/cm flowing uniformly
at velocity v on the barrier cylinder of
radius b produces a charge density (I/Pvm)Cl'cm'
and a voltage drop (1/Pvyy,) (a/K) = &V
across the avalanche control layer so that in
order to cancel its effect requires a change of
equal magnitude in V.. The resulting expres-
sion for g can also be interpreted as a Tov con-
taining (P/a) cubes, each of edge na" and each
providing the conductance v, K associated with
a "unit cube" of avalanche breakdown plasma.



A figure of merit of SCAT can be obtained
by comparing capacitance and transconductance.
For an iterated structure of the form shown in
Fig. 1, the capacitances will be approximately
ng = (2 to 3)KP, Cgq = (s/w)KP, C%d=(b/w)KP.
The corresponding figure of merit obtained by
dividing g by the sum of capacitances leads to a
circular frequency of vy,/(4 or 5)a. This is
probably overoptimistic because of the fact that
capacitative and loss terms will result from the
sheath of carriers flowing along the boundary
surface. Their effects will be important at fre-
quencies corresponding to the transit time w/vpy
which will be somewhat larger than (4or5)a/vpy,.
For stripe dimensions 2s and 2b of the order of
10-4 cm, (which have been achieved in junction
transistors) and aw values of 3 x 10-4 cm,
vm/2mw = 1010 cps. Detailed design consid-
erations involving problems of excess heating,
control of parasitic impedance and the like will
be necessary to evaluate the practicality of ac-
tual operation in keeping with these values.

A number of additional considerations
are relevant to the operation of the device. In
brief, some of the principle features are these:
Thermal instability leading to hot spots in
junction transistors arises from the positive
temperature coefficient of emitter, and hence,
collector current. The temperature coefficient
of avalanche current in the SCAT, however, is
negative, and it is this characteristic which
leads to thermal stabilization of this device.

In the SCAT, the drain voltage should be
sufficiently large to make space charge effects
of the current 1 unimportant, but not so large
as to produce Fp at the point x =b, y =0 in
Fig. 2. These conditions impose limits on the
power efficiency of operation. It should be
noted, however, that the peak drift velocity Vm
probably extends over about one decade of elec-
tric field from roughly 50, 000 to 500, 000
volts/cm. This range will permit relatively
wide fractional swings of Vg

Consideration of the upper frequency
limits associated with reducing the dimensions
of the device must take into account the fact
that avalanche breakdown does not occur at a
fixed field, but at an appropriate integral of
secondary ionization coefficients for holes and
electrons. Furthermore, these coefficients
apply only to uniform field conditions, and

refinements are necessary when distances are

so short that an appreciable fraction of the total
voltage drop occurs over the distance required
to give an avalanche generated carrier sufficient
energy to produce secondaries. As an example
of the effect of such considerations, recent data
on ionization rates.in silicon® suggests that to
reduce the extent of high field required for
secondary breakdown from 104 to 10-5 cm
requires increasing Fg from about 0. 35 x 106
to about 1.0 x 106 volts/cm.

It is quite possible that experiments with
transistors of this type will lead to better know-
ledge of the physical phenomena of secondary
ionization.

We are indebted to all the members of
the Shockley Research Laboratory who helped
in preparation and evaluation of the surface
controlled avalanche transistor.
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Fig. 1. Schematic representation of the surfa

controlled avalanche transistor
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Fig. 2. Carrier paths illustrated for operating
conditions of the surface controlled
avalanche transistor.
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