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An expression for the energy distribution function of hot carriers in III-V compounds (viz.,
InSb, InAs, etc.) in the presence of arbitrary dc electric and magnetic fields has been derived
for degenerate transport carriers, taking into account the more accurate forms of wave func-

tions and nonparabolicity.

The screened polar optical mode of the carrier-lattice interaction

has been taken as the dominant scattering mechanism; this is justified for high electric fields
and/or for lattice temperatures where the relaxation-time approximation is valid.

There are two approaches to the investigation
of hot-carrier transport phenomena in nonparabolic
polar semiconductors®? which at high tempera-
tures, since the carrier concentration in doped
samples is large, should incorporate Pauli’s ex-
clusion principle and hence degeneracy. The ef-
fective-temperature model (ETM) suffers from
the weakness of its basic assumption that the iso-
tropic part of the distribution function remains un-
changed in its form by the application of an elec-
tric field'; further, the effects of nonparabolicity
are brought out only after a great deal of computa-
tional work. The second approach, i.e., the
Boltzmann-equation solution (BES) has been used
by Sodha and Gupta® to calculate the distribution
function for a degenerate sample using an approxi-
mate form of nonparabolicity and carrier wave func-
tion. The more rigorous treatment of hot carriers
in these semiconductors necessitates the appro-
priate energy-band shapes in various samples un-
der investigation and more accurate wave functions®
than plane waves. Matz®® has given an elegant
treatment for a few III-V compounds but has over-
looked the degeneracy of carriers at high tempera-
tures.

Since it is well established that the BES gives
better agreement with the experimental results than
the ETM approach,1 in this paper, we have derived
an expression for the energy distribution function
of hot carriers in III-V compounds (viz., InSb,
InAs, etc.) in the presence of a dc field arbitrarily
oriented with respect to a magnetit field. More
rigorous forms of wave functions and nonparaboli-
city of the conduction band and the degeneracy of
transport carriers have been incorporated in the
treatment. The polar optical mode of the carrier-
lattice interaction has been taken as the dominant
scattering mechanism at electric fields and/or
lattice temperatures high enough to justify the
relaxation-time a.pproximation.5 At these electron-
ic temperatures, because of the strong interaction
between electrons and optical phonons, other in-
teractions (viz., acoustic, carrier-carrier scat-
terings, etc.) may be neglected in explaining the
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observed behavior adequately in these semiconduc-
tors. To make a consistent interpretation of the
samples with different carrier concentrations,
screening of the electron optical-phonon interac-
tion has been included in this analysis.

It is convenient to define an arbitrary function
of energy ¥(8) in terms of the carrier Bloch vec-
tor k as

n2p?
2m, ’

n

v(6)= 1)
where m,, is the carrier effective mass at the band
edge. For a few specific III-V compounds (viz.,
InSb, InAs, etc.) ¥(8), following Kane’s model,
can be written as®

8(8+8,)(8+8,+A)(8,+3A)
8,(8,+0)(8+8,+54) !

where &, is the band gap and A is the spin-orbit
splitting of the valence band.

The time-independent Boltzmann equation can be
written in the tensorial notation, as
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v(8) =
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Q;=eH,/m*c . (3b)

The momentum effective mass m* is related to
¥(8) by the relation

p ,
m*=m,,;§=m,,7' . (8c)

Since the drift energy is assumed to be much
smaller than the thermal energy in the present
case, we can expand the distribution function in
spherical harmonics and retain only the first two
terms of the expansion,

N AP
f(ki)-g P,(‘,j‘)fz s (4a)
F(k,)=f°+% i, (4b)
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Substituting relation (4b) in Eq. (3a) and going
through the usual procedure,z we obtain the follow -
ing set of coupled equations for isotropic and
anisotropic parts of the distribution function:
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where 7 is the momentum relaxation time for the
polar optical mode of scattering. The relaxation-
time approximation which is usually invalid for
inelastic scattering (especially polar optical mode)
is justified here because the electron temperature
is greater than the Debye temperature, and further

J

the nonparabolicity of the conduction band restricts
any large changes in electron energy.’

Solving Eq. (6) for f; and substituting in Eq. (5)
we have

2¢°E® 1 1 8 y3/2 ; 1+Q%7cos’a\ 3f°
“Bm, ¥ Y7288 |V 1+Q27 28
=<?ﬂ) (7)
at coll ’

where « is the angle between E and ﬁ

After incorporating Pauli’s exclusion principle,?
screening of electron polar-phonon scattering” and
more accurate carrier wave functions, the sym-
metrical part of the collision term of a degenerate
sample, (8f°/8¢)s;;, can be expressed as®

(L) T f f dy i () Bl [R=F ) (001~ RN =1 -7 (BI + 1) 68 R) - 8G) - #0)

+{F®) 1 - ") +1) -

where N is the number of phonons with wave num-
ber |K-K'I, V is the volume, and B(k; 1% -%'1)
the square of the interaction matrix element is
given by®
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where

AE=k,T€y/4mne® | (8c)
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€, and €, are the high-frequency and’static dielec-
tric constants, y is the cosine of the angle between
kand ¥, ¢, and ¢,, are the more accurate wave
functions? usually approximated, in the majority of
treatments, by plane waves, and » is the carrier
concentration. The assumption of Debye screening
of carrier polar phonon interaction in the deriva-
tion of Eq. (8Db) is necessary to facilitate calcula-
tion because an exact treatment of screening in
nonequilibrium solid-state plasmas is not known.
From Eqgs. (8) by a standard and straightforward
procedure®® we obtain
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where

S(g, 8, §+ky®) =21, P,(8)Q, (8 k®)R,(g), (9b)

N=k®WN +3), (9c)
Gp1=eFoky ® f (q_r—f R,(q)dq , (9d)

in which
u=r@®y' /22 (%)
g =22, (of)
rE=1/2m )2, (9g)
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Equations (9) differ from the expression obtained
by Matz®" in that f° is replaced by f°(1 - f%) inside
the square brackets. This then is the only change
in the collision term due to degeneracy.?

Combining Egs. (9) and (7) and proceeding along
the same lines as Matz® and Sodha and Gupta,® one
finally obtains

=[1+A(E) expI(8, E)]? (10a) .

where A(E) is a normalization constant to be de-
termined from the condition

(zmn)S/Z

(10b)
o 273
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y'/2y £0dg = carrier density ,
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A,, A, A; and A, are defined as
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@, by, and ¢, are given by Kane.* In the limit
E-0, I(8, 0)=~ 8/k,T and the distribution function
reduces to the Fermi-Dirac distribution. A(0) can
be interpreted as exp(— 85/k,T), where & is the
Fermi energy, to be determined by Eq. (10b). In
the absence of a magnetic field and screening of
the carrier-lattice interaction, Eq. (10a), for a
nondegenerate sample, reduces to the distribution
function obtained by Matz,® and also modifies to
the expression obtained by Sodha and Gupta? if the
more accurate wave functions are approximated
by plane waves.

At this stage, it is worthwhile to discuss the va-
lidity of the above analysis. First since the
relaxation-time model has been used for polar op-
tical scattering, the present formulation is expected
to give quantitatively correct results only above
the Debye temperature. Second, for increasing
electron concentration and consequently increasing
degeneracy, one usually expects the electron-
electron interaction to become important, thus
questioning the validity of the above approach. For
this case, recourse is made to the ETM by vari-
ous workers,” ! which assumes that the electron-
electron (el-el) scattering is strong enough to en-
force a Fermi-Dirac distribution. This assumption
has not been proved because of the difficulty of
solving the transport equation for arbitrary elec-
tric and magnetic fields in the presence of el-el
collisions. Recently, Crandall! has shown that
even for electron concentrations three or four
orders of magnitude above the critical electron
concentration necessary for ETM to be valid,? the
el-el interaction is unable to enforce a shifted
Fermi distribution. This establishes that the true
distribution is much closer to the BES (incorporat-
ing Pauli’s exclusion principle and screening of
electron optical-phonon scattering) than the ETM
at high electron concentrations, and thus justifies
the use of the BES. Physically, the el-el interac-
tion represents a redistribution between the elec-
trons of the energy that they receive from the elec-
tric field. Consequently, the fast electrons should
be able to acquire smaller momenta by transferring
some of their energy to the slower electrons. How-
ever, this process will not reduce the high-energy
tail of the true distribution function, since it arises
because the mean free time between collisions in-
creases faster with increasing energy than does the
energy-loss rate; as energy increases, the scat-
tering rate for el-el collisions decreases. Further-
more, since all the scattered electrons have the
same wave vector governed by the Fermi energy,
the role of el-el scattering in heavily doped semi-
conductors should not be important.!! From the
foregoing discussion, we conclude that the present
treatment should be valid for all electron concen-
trations and hence for an arbitrary degree of de-
generacy of electrons, if the el-el interaction is
negligible as compared to polar optical scattering.
On the other hand, as there is no theoretical or
experimental evidence which conclusively proves
that el-el scattering can be completely neglected
in comparision with polar optical scattering for
all electron concentrations, we expect that the
present distribution function would give quantita-
tively correct results at least up to the electron
concentration #z~ 10'® cm™: Even for »>10" cm”
qualitatively correct results are expected.

The present distribution function of carriers is
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expected to enhance our understanding of the trans-
port phenomena in ITI-V nonparabolic semiconduc-
tors. To test the validity of the present theory,

it is suggested that hot-electron effects in n-type

InSb or InAs with carrier concentration #3510 cm™

should be studied in the temperature range 300
< T<500°K sothat the screened polar optical mode
of carrier-lattice interaction is the only dominant
scattering mechanism.? Electric fields should be
limited below ~ 350 V/cm and should be applied in
the form of very short voltage pulses (duration

~1071% sec) and at low-repetition rates in order to
avoid impact ionization and heating of the lattice.!?13
With little impact ionization one need not consider
pinching and electron-hole scattering.” Calculations
for the actual comparison with limited available ex-
perimental results are in progress and will be re-
ported soon.
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