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In conclusion, the evidence available from measure-
ments on aluminum, vanadium, tin, and thallium
(possibly also indium) strongly supports the contention
that the electronic specific heat in the superconducting
phase is an exponential function of temperature.
However, the variation in the values of the constants
A and o does not yet permit the existence of a law
of corresponding states to be concluded without
reservation.
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The ionization rates for holes and electrons in silicon at high electric fields have been evaluated from
data on the multiplication of reverse-biased junctions. In Si, electrons have a higher ionization rate than
holes. The variation of ionization rate with field strength is in good agreement with theory.

INTRODUCTION

T has been demonstrated that in both germanium
and silicon, reverse biased junctions break down as
a result of a solid state analog of the Townsend
B-avalanche theory.'"* In germanium it was possible to
detect the difference between the roles of holes and
electrons in the breakdown process.® Differences in the
functional form of multiplication vs reverse voltage,
depending on whether the initial current entering the
junction consisted of holes or electrons, were analyzed
to give the lonization rates for holes and electrons as a
function of field strength. In the case of the silicon
experiments,? the initial currents entering the junction
were composed of both holes and electrons; and the
detection of a difference between their ionization rates
was rendered either difficult or impossible.

In the work reported here for silicon, initial current
consisted of predominantly one carrier type; and differ-
ences between the ionization rates for holes and elec-
trons were detected.

It is interesting that in silicon the ionization rate is
higher for electrons than for holes, while the opposite
holds in germanium.

As in Ge, the ionization rates, as a function of field,
could be brought into agreement with Wolff’s* theo-
retical treatment of the problem by a suitable choice of
parameters.

THEORY

The Townsend g-discharge theory for solids, pictures
multiplication and breakdown of pn junctions as

1K. G. McKay and K. B. McAfee, Phys. Rev. 91, 1079 (1933).
2 K. G. McKay, Phys. Rev. 94, 877 (1954).

8 S. L. Miller, Phys. Rev. 99, 1234 (1955).

4 P. A. Wolff, Phys. Rev. 95, 1415 (1954).

occurring when electrons and/or holes are accelerated
to energies sufficient to create hole-electren pairs by
collisions with valence electrons. This can occur in the
high fields in the depletion region of a reverse biased
junction. Electrons or holes, entering the depletion
region from the p or » side of the junction, respectively,
create electron-hole pairs. These collision products are
then accelerated until they have sufficient energy for
pair production and so on. This gives a multiplication
of the original current appropriate to every field distri-
bution and therefore every voltage for a given junction.
This multiplication, for an original current composed
of only one type of carrier, is given by?

1 w z
l“g:f (;Vl(E) exp[—j; [Ull(E)—Bi(E)]dkl:ldﬂ, (1)
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where M is the multiplication, w is the width of the
depletion region, and a;(E) and 3:(E) are, respectively,
the ionization rates for the initial and secondary
particles.

For a complementary set of step junctions consisting
of a pit and npt with the same net density of impurity
centers on the high resistivity side, it is possible to
solve for the ionization rates for holes and electrons
separately if the multiplication of initial current coming
from the high-resistivity side vs voltage conforms to the
empirical law

1

M= (2)
1—(V/Vp)"

Then the expression for the ionization rate of the initial
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particle at the maximum field in the junction is of the
form?
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where Wpg is the width of the junction and Eup the
maximum field in the junction at breakdown. W is the
width of the junction at 1 volt total reverse bias in
magnitude (dimensionally cm/volts?) and #. is the
appropriate parameter in Eq. (2) for the junction in
which the initial particle is . The exponential term in
(3) is given by

o ')
exp(-ﬂVlz f (ai—Bi)dE) =— )
0 H(y)

where y= (Euy/Exp)?" and H is the solution to the
Bessel-type equation

H"— (na/ng)ye/"®-1H=0.

Here #5 is the value of the parameter in Eq. (2) for the
complementary junction. Wg and Ej g are determined
from breakdown voltage experiments. Therefore a com-
plete solution for a;(Ej) and Bi(Ex) for any value of
E < Ejpis obtainable from measurement of 7, and #g
appropriate to the set of complementary junctions.

EXPERIMENT

In a previous paper® it has been shown that accurate
multiplication data is most easily gathered from experi-
ments on transistors. One of the principal reasons for
this is that the injected current coming from the
emitter and entering the reverse biased collector is then
uniformly either electronsor holes depending on whether
npn or pnp transistors are used. However, because
suitable transistors were not available, the multiplica-
tion measurements in silicon were conducted with
diodes. The carriers were injected on the high-resistivity
side of the step junctions by means of light irradiation.
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F16. 1. Plot of 1—1/M vs V/V g for an np* Si step junction with
V p approximately 35 volts (slope=1/3.7) and for a pn* Si step
junction with Vg approximately 39 v. (Slope=3%.)
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TaBLE I. The parameter » as a function of breakdown voltage
and conductivity type.

High-p side of

n Ve step junction
4 47.5 n type
3.7 35 n type
3.7 17 n type
34 6.5 n type
2.0 39 p type
1.9 34 p type
14 13 b type

Since the junctions, for which multiplication data are
given below, were made by an alloy process, a metallic
layer covered the low-resistivity side and prevented
injection of carriers on that side of the junction.
Furthermore, the lifetime on the low-resistivity side is
considerably lower than on the high side and therefore
many more of the optically generated minority carriers
would reach the junction from the high- rather than
from the low-resistivity side if there were injection on
both sides.

The validity of this kind of measurement was
checked for the case of a Si graded junction between
moderate resistivity p and heavily doped » material.
The variation of multiplication with voltage was the
same for carriers injected by light irradiation as it was
for electrons injected by a nearby junction on the
p side.

Junction current was measured as a function of
junction reverse bias. The increase of current with bias
was considered to be the result of avalanche multipli-
cation. These curves were taken at several different
initial current levels (or injection levels). This confirmed
the supposition that the increase in current was multi-
plicative rather than due to some kind of leakage. The
values of the parameter # in Eq. (2) were obtained for
a range of npt and pmt Si junctions, in which the
empirical formula (2) was found to hold, by plotting
In(V/V3g) vs In(1—1/M). Figure 1 shows typical plots
of such data for both an np*t and a pnt junction.
Table I gives the values of # determined in this manner.

In silicon, there is a significant departure from the em-
pirical multiplication expression, M =[1— (V/Vg)"],
for junctions with higher breakdown voltages. This
makes the method of analysis described above in-
applicable at field strengths below about 350 kv/cm.
In general, at these lower field strengths and higher
breakdown voltages the multiplication falls off more
rapidly in both np* and pu* junctions” because’ the
jonization rates are steeper functions of field_in"this
region.

The other information necessary for calculation of
the ionization rates is the width of the junction and the
maximum field in the junction at breakdown. These
data are obtained from measurement of the breakdown
voltage, Vg, as a function of Ny, the net density of
impurity centers on the high resistivity side of the step
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F1G. 2. The breakdown voltage of Si step junctions as a function of the net number of impurity centers per cc
on the high-resistivity side of the junction.

junction Then

We=W,(Vp)}
where
W1=[1.317X107/N; ]} for Si,
Eyp=2Vg/Wp.

Figure 2 gives the results of measurements of Vg vs Ny
for np* and put Si step junctions. The net number of
impurity centers for each junction was determined
from measurements of capacitance per unit area. This
data is in good agreement in the region of overlap with
data given by McKay? for np* junctions when re-
sistivity is converted to Ny by use of Prince’s* mobility
values. When the data of Herlet and Patalong® on
Vg vs p for put junctions are similarly converted to
Vg vs Ny, there is distinct disagreement. The data of
Herlet and Patalong can be brought into agreement
with Fig. 2 if their resistivity values are halved.
Perhaps this resistivity discrepancy is caused by thermal
resistivity changes wrought by the dicde fabrication
process. The identity in Vp for the same Ny for npt
and pnt junctions, shown in Fig. 2, is in agreement
with the situation in Ge and the theory.? Incidentally,
from Fig. 2 it appears that Vp can be represented by
Ve=KN7 % from 10 v to 300 v for Si. The deviation
from this law at high values of N7 is a reflection of the
tendency toward saturation of ionization rates at very
high field strengths.* The fact that at no point is there
any tendency toward a slope of —1 on this logarithmic
plot also shows that there is no breakdown attributable
to ordinary Zener breakdown® (constant critical field)
even well above maximum field strengths of 108 v/cm.

4 M. B. Prince, Phys. Rev. 93, 1204 (1954).
5 A. Herlet and H. Patalong, Z. Naturforsch. 10a, 584 (1955).

Multiplication of injected current increasing to break-
down was clearly observed in junctions down to a
breakdown voltage of 6.5 v.

From the above data, namely the n values and the
Vg vs Nt curve for Si, two sets of complementary junc-
tions were chosen for calculation of electron and hole
lonization rates. These were

Set I: V=13, na=1.4, ng=3.7, E;;p=660 kv/cm,
Set TI: V=35, #,=1.9, ng=3.7, Eyp=>520 kv/cm.

Here, n. refers to multiplication with electrons as
original particles, ng refers to holes as original particles.
The values of «a;(E ;) and B;(Ej) were determined for
(Ex/Exp) equal to 0.95,0.85, and 0.75 and are plotted
in Fig. 3 along with the previously determined values
for Ge® for comparative purposes. Again, as in Ge,
points obtained from the two sets of junctions are in
excellent agreement with each other as they should be
if ionization rates are only a function of field strength.
The ionization rate for electrons is greater than that
for holes in Si whereas the opposite holds true for Ge.
This situation is reflected in the inversion of the relative
values of 7, and #g for the two semiconductors

There is a check possible on the ionization rates
determined as above. It can be shown that the quantity
(—4/W3)(dW1/dE ), which was used by McKay to
determine the ionization rate at £ p when the differ-
ence between holes and electrons is neglected, should lie
between the ionization rates for holes and electrons
at Eyp. This quantity when evaluated from the
Vs vs Ny data given in Fig. 2 falls almost exactly half-
way between the curves for holes and electrons shown
in Fig. 3. What this means is that the breakdown data
are consistent with the multiplication data.
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Wolff’s theory* allows a theoretical calculation of
ionization rate vs electric field strength involving the
proper choice of two parameters, the energy threshold
for electron-hole pair production, £y, and the mean free
path for electron (or hole) phonon collisions, X. Theo-
retical curves for electrons and holes, calculated with
Ey=1.5 ev and A=70 A and Ey=3.5 and A\=100 A,
respectively, are also shown in Fig. 3. They are in fair
agreement with the experimental data Tt is surprising
that the energy threshold required for a fit should be so
different for electrons and holes However, the numbers
obtained do agree with data given by McKay and
McAfee! on the efficiency of ionization for a particles
bombarding silicon They report 3.6=£0.3 electron volts
per electron-hole pair produced. If it is assumed that
the electrons and holes, which are the end products of
the shower resulting from the « particle, are each uni-
formly distributed in energy between the respective
band edge and energy threshold, then on the average
the energy necessary to create an electron-hole pair
would be the sum of the energy gap, one-half the £, for
electrons, and one-half the FE, for holes. This gives
1.1 ev+(1.5/2) ev+(3.5/2) ev=3.6 ev.

It is possible that the unexpectedly very different
threshold values obtained for electrons and holes in
fitting the theory and the experimental data are a re-
flection of the inadequacy of the theory. For example,
the mean free path for phonon collisions may not be
constant. On the other hand, the vastly different band
structure for electrons and holes in silicon could be
responsible for large differences in the threshold for pair
production for the two particles. If the exact shape of
the bands were known, it would be possible to compute
the thresholds. For example, in the case of spherical
energy surfaces, the threshold would be 1.5 times the
energy gap for electron and hole masses taken equal.*

CONCLUSIONS

Ionization rates for electrons and holes in high fields
have been obtained from multiplication and breakdown
data for Si junctions. Whereas in Ge the ionization rate
was higher for holes, in Si the ionization rate is higher

HOLES AND ELECTRONS 1249

108

Y
v

, A~

ELECTRONS
St L
105 P
,

oC HOLESH
Ge

?/

7
ELECTRONS
— HOLES
1 ﬂ Ge o
104 | 7
i /;
7 1
l[
‘fzoo 300 400 500 600 700
£ %M

Fic. 3. The ionization rates for holes and electrons in Si and Ge.
o A Vv O denote experimental data. Dashed lines indicate theo-
retical curves.

for electrons than for holes. The best fitting of Wolff’s
theory for the variation of ionization rate with electric
field to the experimental data for the two particles
yields the following parameters:

Energy threshold for pair production by electrons,
1.5 ev; by holes, 3.5 ev.

Mean free path for phonon collisions by electrons,
70 A; by holes, 100 A.
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