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Theory of Avalanche Breakdown in InSb and InAs
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IBM Watson Research Center, Yorktomn Hd ghts, Eno York

(Received 21 August 1967)

We have constructed a theory of avalanche breakdown for polar semiconductors such as InSb and InAs
in which the primary electron-scattering mechanism is polar-optical-mode scattering. Because of the
anisotropy of polar scattering, previous theories of avalanche breakdown involving the assumptions of an
isotropic scattering probability and/or a nearly isotropic electron distribution should not be appropriate
for polar semiconductors. We have assumed a very anisotropic electron distribution which is narrowly
drawn out in the direction of the electric 6eld. We also distinguish between small- and large-angle scattering,
since for polar scattering, the probability of scattering to a state close to the initial state is much greater
than the probability for scattering through a large angle, although the latter process results in a greater
loss of energy, since it places the electron in a state in which it is decelerated by the 6eld. The electron
distribution function is obtained analytically, and from it the pair-generation rate and electron drift velocity
are calculated for InSb and InAs. The pair-generation rate for InSb is obtained using the ionicity which
best 6ts the low-6eld-mobility data and a hyperbolic conduction band, and it agrees very well with experi-
mental data on the generation rate in InSb. The calculated drift velocity at 6elds above 200 V/cm is also
in good agreement with the drift-velocity measurements by Glicksman and Hicenbothem, showing that
the electron distribution is, indeed, highly anisotropic.

INTRODUCTION

'T has been known for some time' ' that avalanche
~ - breakdown occurs in InSb at rather low electric
6elds. The breakdown field of 200-300 V/cm is ap-
proximately three orders of magnitude smaller than
values of the breakdown field encountered in Si and
Ge; however, because of its low effective mass and
small energy gap a low breakdown field is not entirely
unexpected.

There are several theories which could be applied to
the problem of breakdown in InSb. Among these is the
theory of Stratton, ' who calculates the electron-dis-
tribution function of electric field in a polar semi-
conductor with a simple constant electron effective
mass. Stratton assumes that the density of electrons is
sufhcient to insure that electron-electron scattering will
maintain the electrons in equilibrium with each other
in a quasi-Maxwellian distribution which is only
slightly anisotropic. This assumption both facilitates the
solution of the Boltzmann equation and produces a
curious type of cooperative breakdown. With increasing
6eld and electron temperature, the electron distribution
picks up energy from the field at an increasing rate but
is not able to dissipate it as rapidly, resulting in a
sudden breakdown at a critical electric 6eld.

Objections to the use of Stratton's theory to describe
the electron distribution in InSb include (1) the rather
strong dependence of effective mass on electron energy
in the conduction band which is much more nearly
hyperbolic than parabolic, (2) the rather high electron
concentration required (10"—10'r cm ') to obtain
dominant electron-electron scattering, and (3) the high
degree of anisotropy of the electron distribution as is
indicated by the electron drift velocity near breakdown.

' M. C. Steele and M. Glicksman, J. Phys. Chem. Solids 8, 242
(1959).' A. C. Prior, J. Electron. Control 4, 165 (1958).' R. Stratton, Proc. Roy. Soc. (London) A242, 355 (1957).
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Other treatments of electron generation such as those
of Baraff' and of Keldysh, ' although they no longer use
the assumption of a largely isotropic electron distri-
bution, find that the solutiori of the electron distribution
is feasible only for isotropic scattering mechanisms. For
polar scattering, the scattering probability between any
two states' can be accurately given in terms of the ion-

icity of the lattice, and this scattering probability is

highly anisotropic. There is no unique way in which to
relate such an anisotropic scattering mechanism to an
isotropic mechanism arid Bara6 is forced to introduce,
as an additional parameter, the scattering mean free
path, which he assumes to be independent of energy.
Like Stratton, Baraff assumes parabolic energy bands.

We have constructed a theory of avalanche break-
down which should be appropriate for n-type InSb and
InAs. We assume that there is in the conduction barid a
hyperbolic dependence electron energy on momentum
as is suggested by the calculations of Kane' for InSb.
We also have taken into account the anisotropic nature
of polar scattering, for which small angle scattering is
dominant. Although we have no undetermined parame-
ters to adjust, as in any theory of avalanche breakdown,
there are several assumptions which are necessary in

order to simplify our calculations, and these will be
discussed shortly.

ELECTRON-PHONON SCATTERING

In InSb of reasonable purity, the only important
scattering mechanism for energetic carriers is polar
scattering. Unless the impurity or carrier concentrations
are rather high (&10" cm'), impurity scattering and
electron-electron scattering are relatively infrequent.

4 G. A. Bara8, Phys. Rev. 128, 2507 (1962).
s L. V. Keldysh, Zh. Eksperim. i Teor. Fiz. 48, 1692 (1965)

LEnglish transl. :Soviet Phys. —IETP 21, 1135 (1965)g.' H. Frohlich, Advan. Phys. 3, 325 (1954).
r E. 0. Kane, I. Phys. Chem. Solids 1, 249 (1957).
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where

k'+k"
=8 in-

(k—k')'

2me*'e'k'
8—

m, ,n(BE/Bk')k

(2)

All scattering through an angle greater than -,'x will

result in a negative-velocity component with respect
to the field. The large-angle scattering rate is given by

2'" sin8d8

MATHEMATICAL TREATMENT

The mathematical treatment of the avalanche-
breakdown problem can most conveniently be formu-
lated in a transport theory in energy space. We will

assume that the electron distribution in k space is
asymmetrically drawn out in the direction of the 6eld,
and that if 8 is the angle between the 6eld and the
electron velocity, then (cos8), =1. The accuracy of
this assumption can be determined by a comparison of
the calculated values of the electron drift velocity
versus electric field with the available drift velocity
data for InSb. It will be seen that this is a far better
assumption than the frequently made one of a nearly
isotropic distribution ((cosB), ((1).

In order to take into account the anisotropy of polar
scattering, we have lumped together in small-angle
scattering all those events in which the electron scat-
ters through an angle less than —',~ (see Fig. 2). Electrons
traveling initially in the direction of the field will con-
tinue to move at least partially in this direction after
such scattering. The small-angle scattering rate 1/r@
is given by

2mk'2 sin8d8

p ~
k—k'

~
(BE/Bk') X (2m) '

processes. This spreading of the distribution corresponds
to a diffusion process in one-dimensional energy space.
The "diffusion constant" appropriate to this process is
given in analogy with the problem of one-dimensional
diffusion by D~= (%op)'/2r~, where A~p is the mean free
path and v ~ is the average time between collisions. The
Aux of electrons past a point E in energy is given by

f Aa)p) Btl
C =

~

e8 v — (n DJr-
r~) BE' (4)

where e(E) is the concentration of electrons per unit
energy.

In a steady-state distribution we may write a con-
tinuity equation of the form

BS Q
dkvgc =0,

Bt
(5)

where div~ ——B/BE and 1/r„ is the rate with which
carriers are being scattered through a large angle and
will, therefore, reenter the distribution after deceleration
at a significantly lower energy. Similarly, there are
electrons being added to the distribution at a given
energy. These are electrons which were at a signi6cantly
higher energy but have undergone the process of large-
angle scattering with subsequent loss of energy due to
deceleration and phonon emission. The rate with which
these electrons are being added is comparatively small
and shall be neglected since these electrons originate
from a higher energy at which the distribution is very
much reduced.

It can be shown by straightforward calcula, tion that,
except very close to the bottom of a hyperbolic conduc-
tion band, v z and e vary relatively slowly with energy.
If we neglect this variation with energy we may
substitute Eq. (4) for C yielding

.p (k—k'i'(BEIBk') X(2m)'

(k+k')'
=8 ln —8ln2.

k'+k"
where

3

Bs BS sD„+a ——=0,
Bgg' BE r„

a= happ, /r~ ea v. -
(6)

Consider now the motion of electrons in a one-
dimensional energy space. The electrons gain energy
from the electric 6eld h at a rate given by e8 v and lose
energy by small-angle scattering events at a rate given
bv Aup/r@. Although this rate is exactly defined, in any
interval of time, ht, there will be probabilities that
various numbers of phonons will be emitted and these
probabilities will form a distribution around the average
number emitted, given by At/r~. If we started a dis-
tribution of electrons sharply peaked around a given
energy, we would 6nd that under the combined eGects
of the 6eld and small-angle scattering this distribution
would have not only drifted in energy but also spread
because of the statistical nature of the phonon-emission

The solution of Eq. (6) for the electron-distribution
function is of the form

where
E) e J~(z&~z—

g g
+

2D~ 2D~]

(7)

Below E=A~O there is no scattering of electrons in-
volving the emission of optical-mode phonons. In ad-
dition, the other scattering processes are suf6ciently
weak such that at the fields at which avalanche break-
down is observed the electrons close to the bottom of
the conduction band are accelerated to higher energies
without undergoing scattering. We have therefore taken
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number of phonons per mode, TABLE I. Values of the constants used in calculations of the gener-
ation rate and drift velocity in e-type InSb and InAs.

Eg(0) T E,(T)
(eV) ('K) (eV) (sec)

0225 198 0205 2X10 "
0-41 229 0 390 2X10 "

Scop

(eV) m*/mgA(op/kT

0.025 0.14
0.029 0.238

InSb 0.16
In As 0.29If we include the spontaneous processes, the rate of

scattering with phonon emission is proportional to ri+1.
It is convenient, with only a small loss of accuracy,

to discuss the modi6cation of the theory which results
from the additional scattering using the simplification
that v, v~, and v„are independent of energy. For small-
angle scattering the rate of loss of energy 1/err remains
constant since the additional loss due to events involv-
ing stimulated phonon emission are just balanced by
the energy gained due to those involving phonon
absorption.

For the di6usion process, however, both the scatter-
ing processes with stimulated phonon emission and
those with phonon absorption are random processes
which both contribute to the diffusion of electrons in
energy space. The diffusion constant at finite tempera-
tur

8 E. D. Po1ik and J. R. Stevenson, Phys. Rev. 130, 1344 (1963).

We have assumed a hyperbolic conduction band for
both InSb and InAs. This may be somewhat less
justified for InAs than for InSb since the energy gap
and also, therefore, the ionization energy of InAs are
larger than they are in InSb. Also, the contribution of
the split-oG valence band should be more important
in InAs.

The electron velocity versus energy is given after
appropriate substitutions by ~

BE E, )"' $(2E/E, +1)'—1j"'
(1&)

Bhk 2m*) 2E/E, +1
The velocity quickly approaches, with increasing

(1+ )D &»+ D &pl (1+2 )D (0) (14) energy, the asymptotic velocity

The modification of the large-angle scattering time is
straightforward. Since the most important effect of
large angle scattering is the deceleration of the
electron after scattering, it is not important whether
it gains or loses energy in the scattering process. The
large-angle scattering frequency thus becomes

(.1+2')

rn(&) ru(0) e*'= (M grppQ/4s-) (1/e„—1/ep), (18)

rt„= (Ep/2m*) '".
Even at, say, E/E, =0.2, a=0.7 s„, whereas for E/E,
=1, v=0.94 e„. Table I lists the values of E, and m*
used in our calculations.

The scattering probability is quantitatively given in
terms of e*, M&, and Q. Of these quantities, only e* is
not known to a high degree of accuracy. It can be
shown that

CALCULATIONS

For calculations of the generation rate and the drift
velocity, we must obtain information concerning the
band structure, the polar coupling, and parameters
involved in the actual ionization process.

The conduction-band structure of InSb to a first
approximation can be thought of as resulting from the
mixing with, and repulsion by, the light hole band.
If we ignore the free-electron contributio, i to the one-
electron energy, such a conduction band is hyperbolic,
being of the form

where no* is the effective mass at the bottom of the band.
There are also partially canceling contributions to the
conduction-band shape from the split-o6 valence band
and from higher conduction bands. Because of its
small energy gap, however, these other contributions
can be taken to be relatively small.

where eo and e„are the static and inhnite frequency-
limit dielectric constants. Unfortunately, expression (18)
involves a small difference between two nearly equal
quantities neither of which is known precisely. Using
published values of e„=16 and ~0=18.7 we obtain
e*=0.16 for InSb. This also corresponds to the value
which best Gts the observed electron mobility. Ehren-
reich's calculations" indicate that the best 6t of the
mobility data for InSb would lie roughly midway
between the values e*=0.13 and e*=0.20. For InAs,
the value used was that calculated" from Eq. (18),
e~= 0.22.

The threshold electron energy for pair production
can be calculated using energy and momentum conser-
vation and knowing the conduction- and valence-band
structures. Because the heavy-hole mass is relatively
large, the ionization energies are only slightly greater
than the band gap, as shown in Table I.

The time for pair ionization by an energetic electron
may be estimated from the quantum-efficiency data of

' H. Ehrenreich, J. Phys. Chem. Solids 8, 130 (1959)."H. Ehrenreich, J. Phys. Chem. Solids 12, 97 (1959).
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FIG. 4. Calculated generation rate in InSb versus electric Geld.
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Fro. 6. Calculated generation rate in InAs versus electric Geld.
The curve for O'K was calculated using a value of ) dependent on
energy. The indicated points were obtained evaluating ) at a
mean energy, as was the curve for 229'K.

Tauc" for InSb. Electrons which are excited optically
to energies at which they may produce hole-electron
pairs can also lose energy by optical-mode emission.
From Tauc's data it appears that for every 1.2 eV of
excess energy another pair is produced, although only
=0.25 eV is necessary for the ionization process. From
this one would estimate that in addition roughly 20
phonons are emitted in the time required for impact
ionization and, therefore, that the time for impact
ionization r; is approximately 2)&10 "sec.

We have calculated the generation rates and drift
velocities in InSb and InAs from Eqs. (11) and (13),

taking into account the slow variation of v, v~, and ~„.
We have also calculated the generation rates using
values of ~, v~, and ~„evaluated halfway between
E=A~O and E=E;, and these values lie very close to
those obtained from the more exact solution.

For both InSb and InAs we have also calculated the
generation rate for temperatures at which the optical
modes are moderately excited. These temperatures are
198 K for InSb and 229 K for InAs, corresponding to
a phonon occupation per mode of 0.3.

DISCUSSION

5 6
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M
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"J.Tauc, J. Phys. Chem. Solids 8, 219 (1959).

Fro. 5. Electron-drift velocity versus electric Geld for InSb
and InAs (inset). The experimental values for InSb are from
Glicksman and Hicenbothem (Ref. 15) and represent data taken
at 77'K.

The pair-generation rate per electron in InSb has
recently been experimentally determined by McGroddy
and Nathan. '4 Values from their data are shown plotted
for comparison with the theoretical results. Drift-
velocity measurements have been made on e-type
InSb by Glicksman and Hicenbothem, "and these are
plotted with the calculated values of the drift velocity.

The drift velocity at fields less than 100 V/cm is
considerably overestimated in our theory since at low

fields the electron distribution is not strongly aniso-
tropic. At fields of 200 V/cm and above, however, there
is reasonable agreement between the theoretical and ex-
perimental values of the drift velocity. The experimental
values are roughly 85'Po of the calculated values, indi-

cating that the electron distribution is very nearly one-
dimensional with an average value of cos8, for the elec-

'4 J. C. McGroddy and M. I. Nathan, J. Phys. Soc. Japan 21,
Suppl. 4S7 (j.966).

"M. Glicksman and W'. A. Hicenbothem, Jr., Phys. Rev. 129,
1572 (1963).
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tron velocities, of 0.85. In view of the fact that there is
a small density of electrons in states with a negative
velocity with respect to the Geld, this indicates that the
distribution is in fact highly anisotropic and nearly
linear.

The calculated generation rate for Jnsb is in very
good agreement with the values measured by Mcoroddy
and Nathan. "For a given generation rate the electric
Geld of the calculated generation rate seems to be
roughly 15% below the experimental Geld although the
slopes of the curves are in excellent agreement. The
difference in the Gelds could be accounted for by saying
that the eGective electron velocity is not e but really
e cos0, since this would require a slight increase in the
Geld to obtain the same theoretical generation rate.
This would also be consistent with the drift-velocity
results. In view of the lack of a precise value for ~* and
in view of the many necessary approximations which
must be made in any theory of pair generation, perfect
agreement should, perhaps, not be expected.

For InAs there is at present no data of the generation
rate although Steele and Tosima" have observed a large
increase in the carrier concentration at approximately
1000 V/cm. This is in excellent agreement with what we
would expect from our calculations of the generation
rate although the translation of a generation rate into a
breakdown Geld is only a guess unless one has detailed
information about the recombination mechanisms. The
drift velocity obtained by Steele and Tosima was, how-
ever, in considerable disagreement with our predictions,
having a maximum value of only 1.3&(10r cm/sec. More
recent measurements" of the drift velocity have yielded
values of 2—3)&10r cm/sec, but low-temperature mea-
surements on suitably pure InAs have not yet been
made.

"M. C. Steele and S. Tosima, Japan. J. AppL Phys. 2, 381
(1963). This presents room-temperature data; however, there is
no significant change in the breakdown Beld down to 77'K ac-
cording to M. C. Steele (private communication).

'7 J. W. Allen, M. Shyam, and G. L. Pearson, Appl. Phys.
Letters 9, 39 (1966);J. S. Harris (private communication).
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Bombardment-Produced Defects in p-Type Germanium at
Low Temperatures*

T. M. FLANAGANt AND E. E. KLGNTz

Purdue IInieersity, Lafayette, Indiana
(Received 14 August 1967)

Lattice defects produced in nondegenerate (1—10 0 cm) p-type germanium at 10'K by 1.0-MeV electrons
cannot be detected electrically immediately following bombardment. Illumination by light having energy
less than the band gap reveals the defects in the form of ionized donors. During ionization, the carrier
concentration decreases as the sum of two exponentials, with time constants in the ratio =6 to 1.Subsequent
thermal-annealing investigations show two recovery stages in the temperature range 40 to 70'K. These
stages appear to be intimately related to the time constants for decay during illumination, with the low-
temperature recovery associated with the fast component and the high-temperature recovery with the
slow component. Both stages of recovery are independent of the type of impurity. Regardless of the extent
of illumination, the electrical conductivity and the carrier concentration have essentially the same values
they had prior to bombardment. When illuminated sufIjciently long to ionize all the defects, the ionized
donors become extremely susceptible to annihilation when the temperature is increased, and the situation
after heating to 70'K represents true annealing. Illumination for shorter times results in some un-ionized
defects which do not anneal upon heating to 70'K. Isochronal heating to 150'K then causes a transformation
of most of the unannealed defects into a conlguration which the authors call a "two-state defect, " the
same defect observed following irradiation at 77'K. The transformed defects break up at about 200'K.
Along with the higher-temperature sects, some impurity-dependent recovery stages are noted. A model
to partially account for the results is brieQy discussed.

I. IHTRODUCTIOH

~~NK of the most interesting results to come from
electron-irradiation experiments on germanium at

low temperatures is the striking difference in behavior
between rt-type and p-type Ge. At 77'I, defects are
introduced into both types by 1-MeV electrons, but the

* Work supported by contract with the U. S. Atomic Energy
Commission.

$ Present address: General Atomic, San Diego, Calif.

introduction rate for p-type material is about a fourth
or a Gfth of that for e-type material. For 10'K bom-
bardments with 1.1-MeV electrons, Klontz and Mac-
Kay' were not able to measure any change in the
electrical properties of degenerate p-type Ge due to
electron bombardment, nor did they observe any
changes due to annealing of defects on heating the

r E. E. Klonts and J. %. MacKay, J. Appl. Phys. 30, 1269
(1959).


