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Impact ionization of electron-hole pairs by hot electrons, which exist when a strong Hall electric field
is present, is proposed. Theoretical arguments indicate that the saturated value of the Hall electric field
should coincide with the breakdown electric field in a sample whose Hall electric field is shorted. Experi-
ments substantiate this. The existence of electrons and holes in the region of applied field where the Hall
electric field saturated was demonstrated by the decrease of resistance between the Hall contacts, as well
as by the observation of a strong Suhl effect in a wide sample. The observed decrease in the Hall electric
field just above the onset of ionization is related to the contribution of the holes to the Hall field. Thus,
the drift-velocity saturation in strong crossed electric and magnetic fields is explained in consistent fashion
as due to impact ionization occurring primarily in the EXB direction.

I. INTRODUCTION

FTER the occurrence of bulk impact ionization

from the filled band to the conduction band was
observed in InSb,!? considerable interest was focused
on plasmas in bulk semiconductors. Further observa-
tions by Steele and Glicksman® showed the saturation
of the electron drift velocity, measured as the product
of the Hall coefficient and current density. Recently,
the behavior of the carriers in the same material was
investigated in more detail to examine the presence of
the drift-velocity saturation,®5 and to present an ex-
planation for the observed transport properties.

However, the suggestions for the cause of the satura-
tion have not been amplified nor experimentally tested.
We propose that the saturation is a result of what we
call “transverse breakdown,” caused by a nonequilib-
rium electron distribution containing high-energy elec-
trons, present because of the strong Hall electric field.
To our knowledge, this is the first time such a sugges-
tion has been made. Because of the difficulties of
presenting a microscopic treatment for the transport
properties under strong electric and magnetic fields,
we use a phenomenological macroscopic treatment to
show that high-energy electrons should be present
under these conditions. These electrons have sufficient
energy in the “transverse” or Hall-field direction to
produce electron-hole pairs at applied electric fields
substantially lower than those necessary when such a
Hall field is not present.

We present the results of several experiments which
are in agreement with this suggestion. In two of these
we show that indeed the saturation of the drift velocity
occurs only when additional carriers are produced. In
another experiment, we use a geometry in which the
Hall electric field is shorted out; we see that the

1 M. Glicksman and M. C. Steele, Phys. Rev. 110, 1204 (1958).

2 A. C. Prior, J. Electron. Control 4, 165 (1958).

3 M. C. Steele and M. Glicksman, J. Phys. Chem: Solids 8, 242
(1959).

4 M. Glicksman and W. A. Hicinbothem, Jr., Phys. Rev. 129,
1572 (1963).

5 M. Glicksman and W. A. Hicinbothem, Jr., Symposium on
Plasma Effects in Solids (Dunod Cie., Paris, 1965), p. 137.

applied electric field necessary for impact ionization is
much larger than when the Hall field is present, and
is, in fact, about the same as the total electric field
when a Hall field is present.

Since our experiments show the presence of an
electron-hole plasma in that region, it should be
pointed out that the current oscillations in electric
fields greater than 100 V/cm, reported by H. Ikoma,®
can come from the plasma instability previously ob-
served in a transverse magnetic field.”

II. THEORETICAL DISCUSSION

In the steady state, the drift velocity v of a single
electron is given by the solution of the motional equa-
tion (we use mks units throughout):

v=(—w.r/B)(E+vxB),

Vg — ML Mx 0 E:t
Vy| = | THx T 0 Ey|, 1
V2 0 0 M Ez
where
px= (we7)?/[(1+wir?) B],
m=w.r/[(1+wir?)B], (2)

Mn=wc7'/B )

w. is the electron cyclotron frequency eB/m*, and 7 is
the electron scattering time. The z axis is chosen
parallel to the magnetic field direction, the x axis
parallel to the applied electric field and the y axis will
be antiparallel to the Hall electric field, Eg. If we
assume that 7 is a decreasing function of the electron
energy® for the region where w,7>1, then u, will in-
crease with electron energy, while uy will have only a
weak dependence on the energy, but will decrease with
increasing energy.

¢ H. Ikoma, J. Phys. Soc. Japan 19, 419 (1964).

7M. Toda, Japan. J. Appl. Phys. 2, 467 (1963).

8 This is expected for both acoustic- and optical-mode phonon
scattering, which are dominant effects in the experiments per-
formed. As noted by Y. Kanai, J. Phys. Soc. Japan 15, 830
(1960), and others (Ref. 4), the observed mobility decreases as
the electrons are heated, in agreement with this assumption.
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These equations hold as long as the assumption that
momentum is “relaxed” in every collision holds, so
that in the breakdown region we must be careful in
applying these equations. By drift velocity we mean
the average velocity added in the presence of the
applied fields. The time-dependent contributions to
the motion will cause the instantaneous velocity of the
electrons to oscillate about these average values at the
cyclotron frequency. Neglect of this motion may cause
difficulties for w.r in the vicinity of 1, when the in-
stantaneous velocity may be much larger than the
average value. In this case we will overestimate the
electric field necessary for breakdown, since we will
be using an average electron energy much less than
the instantaneous value. Thus, the correction of this
error would just reinforce our qualitative demonstra-
tion of the lowering of the required applied electric
field necessary for breakdown.

A proper theoretical treatment would involve a cal-
culation of the distribution function of the electrons
in the presence of the strong electric and magnetic
fields, and from this distribution combined with the
knowledge of the scattering, a calculation of the con-
ductivity and galvanomagnetic coefficients. A treat-
ment of this kind, valid at fields where impact ioniza-
tion occurs, is a subject for further research. An ap-
proach such as that used by Baraff® in the absence of
magnetic fields may prove fruitful.

Until such a treatment is made, a proper considera-
tion of the magnetoresistance and its effect on the
breakdown is not possible. Thus, although we will see
that there is a large increase in the total breakdown
field due to an applied magnetic field (see Fig. 6
below) we will assume this as given and not try to
explain it theoretically, since we do not yet have an
adequate distribution-function treatment available. A
treatment using the approximations of equal electron
and hole mobilities and densities has recently been
formulated® but not yet applied to breakdown nor to
conditions where those severe restrictions may be
relaxed.

A. Boundary Condition: No Hall Current

In the absence of such a theory, we can discuss the
situation in physical terms. Equation (1) describes the
behavior of the individual electrons in the applied
fields. The first case we consider is that for the boundary
condition of no current in the y direction. Then, if
{ ) denotes an appropriate average over the distribu-
tion function (and thus over all the electrons)

(vy)=0=— {“X>Er— (w)Ey, ©)
Ey=— ((:“X)/(I"L))Ez= —¢uk,, )

9 G. Baraff, Phys. Rev. 133, A26 (1964).
o7, Yamashxta, Progr. Theoret. Phys. (Kyoto) 33, 343 (1965).
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where ¢u= (ux)/{u.) is the Hall angle. Then
Vy= _Man:‘l’d’HE:cﬂl
=E{—px+oum}, ®)

and will be positive or negative, depending on whether
or not the ratio of the mobilities is larger or smaller
than the Hall angle. Substituting from Eq. (2),

3 w,rE (
B[+ (wn)?]

We have a spread in the transverse distribution of
velocities, caused by the dependence of w,r on the
electron energy. The source of the energy given to these
electrons in the transverse direction is, of course, the
applied electric field.

It is difficult to estimate the numbers of very ener-
getic electrons in the y direction and hence what elec-
tric field would be required to give enough energy in
that direction to cause breakdown. The dependence of
7 on energy has been discussed in detail by Stratton.!t
He notes that the scattering time is relatively inde-
pendent of energy for energies less than the optical-
phonon energy™? (§=260°K; energy thus of 0.022 V)
but becomes much smaller for energies greater than
this value. This has a striking effect on the mobility
when the lattice temperature is below the optical-
phonon temperature, as seen in the strong field de-
pendence observed for T'=77°K in #-InSb and ex-
plained! fairly well by Stratton’s theory.

The expression for v, [Eq. (6)] has the following
behavior: For very large w,r, vy, 1s negatlve approach-
ing the value —E,/B as w,r — . It increases mono-
tonically from this value to 0 at w,7=¢u and reaches
a maximum positive value of

du —wc'r} . (6)

e ¢uls [(1+¢u®)2—11{¢u—[(1+¢u>)"2—1]/¢n}
v 2B 1 2 (1 2\1/2
+¢u’— (1+-¢n?) o
for
wcT’= [(1+¢H2)112_ 1]/¢H ) (8)

as w,r is decreased from o towards 0. As ¢z becomes
very large (¢m>>1), the maximum value becomes

v~ (E+/B)j¢n
z————(Ey/B) at w. =1, (9)

Thus, for large Hall angles, those electrons with large
w.r (larger than the mean) will have velocities in the
—y direction up to E,/B, while the electrons of small
wer can have much higher velocities in the +y direc-
tion, up to 3¢u(E./B). Since w.r is a function of the
final energy of the electrons, this results in the high-

LR, Stratton, Proc. Roy. Soc. (London) A246, 406 (1958).
2 G. Picus, E. Burstein, B. W. Henvis, and M. Hass, J. Phys.
Chem. Solids 8, 282 (1959)
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energy electrons (small w.r) having the highest veloci-
ties. This yields a consistent picture of the acceleration
process resulting from the application of the crossed
E and B fields.

However, in impact ionization, the actual ionization
energies are not achieved in one scattering time, so
thatfor the electrons of ionization energy e;, e->3m (uE)>.
Rather, for these electrons, the energy loss per collision
has been less than the energy gain, so that over a
number of collisions they are able to attain the neces-
sary value of e;. In order to evaluate the possibility of
transverse breakdown, we compare the energy gain of
the electrons in the y direction with the case for no
applied magnetic field.

When no magnetic field is applied, the same motional
equation treatment gives

9= (weT/B)E 0

where E, o is the electric field with no applied magnetic
field. The maximum value we estimated in the case of
a magnetic field was

v =3¢u(Ez/B),

E. 4 is the electric field when transverse magnetic
fields are applied. Now,

_wlrt/ (o)
U (e (1 wle)

where pg is the averaged Hall mobility.
Thus, the ratio of electron energy gain in the two
cases is

uuD ,

Energy gain in crossed fields vy Ey tr

Energy gain in electric field alone V:F5,0
FH2BE22,(71'

~— . (10)
2(w.r/B)E2 o
To be meaningful, this ratio should be compared for
electrons of the same energy. For example (as we
discuss below, in Sec. IT C), an important energy for
impact ionization will be the optical-phonon energy
k0. At and above this energy 7 decreases strongly, so
that w,7/B is much less than the averaged mobility
pm. Thus, for strong magnetic fields (ugB>1) and
for equal values of applied electric field, the ratio of
the energy gains will be larger than 1. We thus expect
that when ugB>>1, impact ionization due to the elec-
trons moving in the y direction should occur at com-
parable or lower electric fields than in the absence of
magnetic field. However, the actual value of the fields
necessary will depend on the high-energy electron-
scattering times. It should also be noted that Eq. (10)
presents an upper estimate for this ratio, since the
numerator contains v,/, which is achieved by some

IN HALL ELECTRIC FIELD A 1319
electrons only if w.7r’ is a possible value for the electron
distribution. Since 7 has a minimum value at ek,
when B becomes very large, w,7 has a minimum value
which may be larger than w.7'. In this case, v,” should
be replaced by the appropriate (smaller) value, and we
correspondingly expect that at higher magnetic fields,
the breakdown field (ugBE., ;) will increase with mag-
netic field. This is observed in our experiments. The
increase in breakdown field with magnetic field may
also be understood in terms of the effect of the mag-
netic field on the energy gain, i.e., the magnetoresist-
ance. This cannot be evaluated without knowledge of
the distribution function.

B. Boundary Condition: No Hall Field

In this case E,=0, and we can write

V= —ufl,=— (""CT/ (1+w6272))(E1'/B) )
vy=—pxl.= — (027?/ (1+wl™))(E./B). (11)

The situation is actually the same as for the Hall-field
case, if we rotate our coordinate system to make the
previous x axis coincide with the new direction of
current flow. This direction of current flow approaches
the new y axis as ugB becomes very much larger than
1. Then electrons traveling in a direction making an
angle 90°—tan~'¢n with the x axis correspond to our
previous y-direction electrons.

We then expect that, for this geometry, the threshold
field for breakdown E, should correspond to the field
Ey:=¢uFE. . required when a Hall field is present,
since the distributions, forces, etc., are the same. This
was observed and is described below.

C. Threshold Electric Field for Breakdown

In the above sections we discussed the energy gain
between collisions, noted that it was large and, in fact,
expected to be larger than in the absence of a magnetic
field, for comparable applied electric fields, and used
the results of these discussions to predict the occurrence
of “transverse” breakdown. We can carry this further,
by estimating the actual required electric field for
breakdown from similar arguments and compare this
with experiments,

We assume that for the high-energy electrons the
scattering is primarily by optical phonons, so that the
optical-emission scattering time 7o, is set equal to 7,
and we will consider the case of no Hall current. Those
electrons which will gain enough energy to impact-
ionize must gain more energy per collision from the
electric field than they lose in a collision, e.g., by
emitting an optical phonon of frequency wop. Then

—eve EZ (hwop/Top) . (12)

Since we consider the case ¢x>>1, we can neglect
v, with respect to v,E,. Inclusion of this term would
lower the threshold field. Substituting for v, from Eq.
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(6), we have

EZwr(pg—wer) Hwopwe
€¢H— > .
B 1+wir?

(13)

WeT

We next solve Eq. (13) for the value of w.r which
satisfies the equality (fwop in eV):

[(pa—wer)prE L — hwopw B ol — hwopw.B=0. (14)

Since we are concerned with the case where the high-
energy electrons will be important, we neglect w.r with
respect to ¢u. Then

wer™[wopwoB/ (pu*E—hwopwoB) 2. (15)

This equation yields a real value for w.r only when £,
exceeds a value which we will call the threshold field.
It represents the minimum electric field for which the
energy gain could satisfy Eq. (13):

Ez,thﬁj—(hwcpch)lﬂ/(ﬁH .
For indium antimonide, #w,,=0.022 eV, and
w221 X 2.8 X 1008/ (m* /mo) .

An appropriate value for m*/mq is probably in the
range®® 0.018 to 0.030 or larger (corresponding to elec-
tron energies of 0.03 to 0.10 eV). Then

E.m=(3.6—4.6)(B"?/¢r)X10° V/m.  (17)

For the higher magnetic fields, where the approxima-
tions hold best, Glicksman and Hicinbothem? observe
the first increase in density at E,=1.0X10* V/m for
B=0.84 W/m?, ¢g=uaB=22.5. The calculated value
of Ezum is (1.45-1.87)X10* V/m. If the calculations
are modified to include the presence of other scat-
tering mechanisms [i.e., 7op is then larger than 7, so
that the right-hand side of Eq. (13) is decreased]
the theory will come still closer to the observed thresh-
old field. This good agreement provides further support
for the mechanism of transverse breakdown. Of course,
when breakdown starts, the Hall field will increase
very slowly with current, as the current is increased,
because of the usual strong dependence of the genera-
tion rate on electric field.”* This leads to a saturation
in the observed Hall field as a function of density.

(16)

D. Effect of Holes and Saturation of the Hall Field

The relation between current and electric field is
represented by a tensor conductivity, j=¢-E or

Ja o —ox O] [E;

Ju|=]ox o1 0] £y
jz 0 O o E;

(18)

Values for the conductivity tensor can be calculated by

3B, Lax, J. G. Mavroides, H. J. Zeiger, and R. J. Keyes,
Phys. Rev. 122, 31 (1961).
14 M. Toda, J. Appl., Phys, 36 (1965) (to be published).
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integrating the tensor mobility of Eq. (1) over the
electron energy, after multiplying by the appropriate
distribution function.

From the experimental condition j,= j.=E,=0 and
Eu=—E,, we get the Hall electric field,

En=(0x/0.)E,. (19)

If an electron-hole plasma exists, o and o, should be
replaced by ox*—ox", ¢.°40.% respectively, and the
Hall electric field will then decrease:

Ex= (ox*—0xME./(0:°+0.%),

o.", ox" are the conductivity elements due to the
mobile holes. In a strong magnetic field, ox*, o,* are not
negligible, because of the decreased values of oy¢, 0,°
caused by the magnetoresistance effect. Thus, Ex can
decrease due to the existence of holes.

In breakdown it will decrease to a value where the
electron-hole generation rate is equal to the recombina-
tion rate. If the generation rate increases very steeply
with increasing Eg, or if the decrease of Eg is a strong
function of the hole density, Ex should saturate at a
value slightly higher than the threshold value for pair
creation.

(20)

III. EXPERIMENTAL DETAILS AND RESULTS

The samples used were z-type InSb in single-crystal-
line form (unoriented) with electron concentrations of
about 9X10% cm=3 at 77°K. Sample shapes and di-
mensions are shown in Fig. 1. Measurement of the
current and voltage pulses was made at 77°K with
experimental arrangements similar to those used in
other experiments.!:3:5

In the measurement of the transverse impedance, a

SAMPLE I

Fic. 1. Indium antimo-
nide sample geometry and
dimensions.

]

B2 B,
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Fi6. 2. Circuit used in measuring the impedance during the pulse.

variable-power oscillator, of frequency 2 Mc/sec and
maximum output power of 5 W, was used. The circuit
is shown in Fig. 2.

A. The Existence of an Electron-Hole Plasma

A continuous 2-Mc/sec sine wave of up to 10-V
amplitude was applied to contacts A, B of sample 1,
through the high resistances shown in Fig. 2. When
high-current pulses were applied to the current contacts
C, D, the 2-Mc/sec voltage measured at contacts A, B
decreased strongly as the sample voltage, measured on
contacts E, F, increased above a threshold value, in a
strong magnetic field which was in the z direction in
Fig. 1.

The 2-Mc/sec voltage on contacts A, B is propor-
tional to the transverse resistance of the sample. The
ratio of the resistance at high electric fields to that at
very low applied fields is plotted in Fig. 3 with magnetic
field as a parameter. The Hall voltage was measured
at contacts G, H, which do not disturb the current-
density distribution. The Hall electric fields are shown
in Fig. 4. These two figures show that the threshold
for the decrease in transverse resistance occurs near the
onset of saturation in the Hall electric field. This de-
crease in resistance confirms the previously observed®
increase in density and its interpretation as due to the
presence of an electron-hole plasma. A frequency of
2 Mc/sec was used for the transverse-resistance meas-
urement to prevent interference from the higher fre-
quency incoherent oscillations present, and also to have

1.2
e O~ @0 o woscoxce@emm
e x
s
» 0.8 LR
b 8
@
o 0.6 + 0 ax
K ® 2 k6 oete+ X
-g 0.4 o 4 o® x
S : g [ 1]
3 .
0.2 I~ : +
o il 1 ol 1 |
10 100 1000
Electric Field (V/cm)

Fi1G. 3. The resistance of the sample (transverse to the direction
of current flow) as a function of applied electric field, for trans-
verse magnetic fields of 0, 2, 4, 6 and 8 kG.
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a signal frequency below the plasma-generation fre-
quency in order to detect the “dc”” properties.

Additional evidence for the existence of electrons
and holes in the saturation region of the Hall electric
field was obtained using a wider specimen (Sample 2
in Fig. 1) to observe the Suhl effect. The width of this
sample (1.5 mm) was much larger than the estimated
thickness of less than 0.1 mm for the region of plasma
concentration due to the Suhl effect.

The voltage was measured at contacts a, b. When
the magnetic field was in the By direction, the plasma
is expected to be concentrated on the side near the
contacts a, b. No plasma is expected to exist near the
current contacts ¢, d, because the Hall electric field is
shorted at these contacts. Therefore, the voltage at
a, b is expected to be much lower for the direction B;
than for B, at the same currents if a plasma is present.
This effect showed up strongly for a sample with etched
surfaces, as can be seen in Fig. 5. When the surfaces

-— iy,
€ 1000 |- -~
e -
> L
o L
°
w L
2 ® 2 k6
S 100~ o 4
2 o x 6
w
— - & 8
o -
T
1 1 I 1 1 11 l 1 1 11
10 00 1000
Electric Field (V/cm)

F16. 4. The measured Hall electric field as a function of applied
electric field, for transverse magnetic fields of 2, 4, 6, and 8 kG.

were ground, the voltage decrease for the direction By
was much suppressed.

B. Saturated Value of the Hall Electric Field

As described in Sec. II B, the saturated value of the
Hall electric field is expected to equal the electric field
which sustains breakdown in a sample with infinite
dimensions (no Hall field). To test this suggestion, the
surfaces of the sides having the Hall contacts G and H
in Fig. 1 were plated with copper, and the J-E char-
acteristic between the contacts G and H was measured
in a transverse magnetic field. For a sample of this
shape, the Hall electric field is shorted by the large
current contacts, so that its properties should be close
to that of an infinite sample. The result is plotted in
Fig. 6. For all values of magnetic field investigated
(2000 to 8000 G), the sustaining electric fields agree
with the saturated values of the Hall electric fields
shown in Fig. 4.

However, the general behavior of the J-E curves of
Fig. 6 is much different from that seen in the normal
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F16. 5. The current density as a function of “applied” electric
field, for sample II in a transverse magnetic field of 8 kG. The
direction B, drives the carriers away from the side contacts used
to measure the electric field, while B; drives them to the side
where the contacts are located.

geometry. The J-E characteristics for the same sample,
taken along its length using the normal method before
the plating of the sides, are shown in Fig. 7. For fields
up to 100 V/cm the resistance is observed to decrease
with increasing electric field, i.e., the curves rise more
rapidly than in linear fashion. Since this super-linear
property does not appear in the curves of Fig. 6, it
must be related to differences in the electron properties
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Fic. 6. The current density as a function of applied electric
field in an approximately “infinite,” or no-Hall-field geometry.
Transverse magnetic fields of 0, 2, 4, 6 and 8 kG are applied.
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caused by the strong Hall field, present in Fig. 7 but
not in Fig. 6.

IV. DISCUSSION

In Sec. IT C, comparison of a calculated threshold
for breakdown with the experiments of Glicksman and
Hicinbothem5 gave fairly good agreement. However,
the data presented in this paper would yield values for
the threshold field [calculated from Eq. (17)7] some-
what higher than is observed, giving poorer agreement
than from the previous measurements,® because the
values of ¢x in the experiments reported here were
considerably lower than those reported by Glicksman
and Hicinbothem.5 This discrepancy has not been
resolved. The bridge geometry used earlier’ should
give a value for ¢u closer to that existing throughout
the crystal, and thus should provide a better test of
the theory.

__ 1000
E
Kl
~
g
>
‘@
&
S 00
€
e
5
[&]

1l 1 L1t

jolr 1l ] 1
10 100

Electric Field (V/cm)

F16. 7. The current density as a function of applied electric
field in a conventional no-Hall-current geometry, for transverse
magnetic fields of 0, 2, 4, 6 and 8 kG.

1000

For most of the conditions studied, the magnetic
fields are really “intermediate,” i.e., ¢x is not so large
that the longitudinal electric field may be entirely
ignored. We expect that as the applied electric field is
increased, first ‘“transverse” breakdown will occur.
With the Hall field saturated, as the longitudinal field
increases, electrons will also gain energy in that direc-
tion, so that this field will eventually provide sufficient
energy to cause “longitudinal” breakdown. This sepa-
ration into “longitudinal” and ‘‘transverse” is in a
sense artificial. It is expected, however, that the dis-
tribution function of the electrons will show differences
in the two cases, i.e., when the current and electric
fields are almost parallel (‘“longitudinal”) and when
they are almost perpendicular (“transverse”) to each
other. Hence, the separation in discussion is warranted.

Until the distribution function under the conditions
of strong E, strong B and impact ionization is better
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known, discussion of the electron and hole properties
in the breakdown region must be based on the experi-
mental observations. The behavior of the Hall voltage®
‘“saturation” appears to be fit, qualitatively, by a
treatment including the influence of the holes produced
in breakdown, as mentioned above, over the range
100-1000 V/cm for the applied longitudinal field. In
such a treatment, the electron average mobility was
assumed to remain unchanged as the current increased.
The quality of the fit indicates that this assumption
needs only slight modification.

Thus, we have suggested in this paper that in
strong electric and magnetic fields, carriers may have
sufficient energy in the E x B direction to cause impact
ionization—what we call “transverse breakdown,”
leading to a ‘“‘saturation” of the Hall voltage. This
suggestion has been reinforced by a simple classical
phenomenological calculation showing that, for a crystal
in which the electron scattering time decreases with
energy, electrons of such large energies can occur at
applied electric fields lower than in the absence of a
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magnetic field. Experiments have been performed which
show that breakdown is initiated at the point where
the Hall voltage saturation occurs and that this Hall
field is equal to the required breakdown field for the
same magnetic fields but in a geometry which shorts
out the Hall field. These results are in agreement with
the predictions of the theory.

A better understanding of the impact ionization
process requires calculations of the distribution func-
tion and experimental tests of its form. Without such
a calculation, we cannot treat the magnetoresistance
properly, and thus cannot calculate the change in the
total breakdown field due to the magnetic field. It is
hoped that the considerations presented here will
stimulate further more rigorous theoretical treatments
of this problem.
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Investigations of the piezoresistance of heavily doped #-type germanium were made to determine (1) the
nature of the carrier scattering mechanisms in degenerate materials and (2) any modification of the conduc-
tion-band edge resulting;from the large number of impurity states. Stresses large enough to alter the re-
sistivity well beyond the range of linear piezoresistance were applied; saturation of the resistivity at the
larger stresses was attained in samples with as many as 10 carriers per cc. Resistivity was measured with
extensive parametric variation of dopant, carrier concentration, temperature, and applied stress. The Hall
coefficient was also measured as a function of stress for several concentrations. The data are interpreted
qualitatively by a four-valley model with a parabolic conduction-band edge, and deviations from this model
are discussed. Electron-electron interactions and the temperature dependence of screening contribute
significantly to the temperature dependence of the resistivity. The variation of the screening with the relative
population of the valley must be considered in interpreting the results of the piezoresistance experiments;
in the case of arsenic doping, intervalley scattering is also significant. The mobility anisotropy for screened
Coulomb scattering in one valley, as determined from resistivity measurements on antimony-doped samples
with large (111) stress, varies with concentration from 5.5 at 1X108 per cc to 3.8 at 1)X10% per cc. Evidence
for the existence of tail states extending ~0.04 eV below the conduction-band edge is presented.

I. INTRODUCTION

HE discovery of the tunnel diode by Esaki! in
1958 has given impetus to both theoretical and

* The experimental portion of this investigation was performed
at };‘BM Research Laboratory-Zurich, Ruschlikon ZH, Switzer-
land.
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experimental investigations of the properties of heavily
doped, degenerate semiconductors. Such investigations
attempt to answer two questions:

(1) What is the nature of the band structure of
semiconductors so heavily doped that the usual simple
hydrogenic model for the impurity states no longer holds
because of extensive overlap of the ground-state
orbitals; and : )

(2) What is the nature of the scattering mechanism
dominant at such high dopings?
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