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It is shown that in doped zero-gap semiconductors like &-Sn, the intraband part of the static
screening function is considerably decreased from that of free electrons at large momentum

transfer by the p-like character of the conduction-band wave function. However, it is also
shown that this large screening loss produces a relatively small change in the ionized-impurity-
limited mobility.

Recently, there has been considerable interest
in the dielectric function and low-temperature elec-
tron mobility of symmetry-induced zero-gap semi-
conductors. ' ' Liu and Brust ' showed that, in
the degenerate limit, the random-phase approxima-
tion" " (RPA) interblend dielectric function diverges
like q as q- 0 in an intrinsic material of this kind.
Liu and Tosatti '5 showed that impurity carriers
remove this singularity leaving a finite dielectric
constant which is strongly dependent on impurity
concentration and greatly enhanced over the back-
ground dielectric constant. Broerman examined
the dielectric function at nonzero temperature and
showed that thermally excited carriers also remove
the singularity leaving a dielectric constant which
is strongly temperature and impurity-concentration
dependent.

Liu and Tosatti ' showed that the low-concentra-
tion enhancement of the dielectric constant produces
an enhancement of the ionized-impurity-limited
mobility which is in good agreement with that ob-
served' ' at liquid-He temperatures in n-type
samples of e-Sn. However, Broerman showed that
a mobility enhancement is also produced by the re-
duction in large angle scattering cross sections
arising from the p3/2 like character of the conduc-
tion-band wave function. He then showed that when

both the RPA-dielectric-function enhancement and
the reduction in large angle scattering are taken
into account, the calculated' mobilities are about
three times larger than experiment, ' ' while a
calculation with the background dielectric constant
alone yields values in good agreement with experi-
ment. On the other hand, a calculation including
both the RPA dielectric function and the p3I& scat-
tering matrix element is in good agreement with
experiment in HgSe ' and HgTe. Broerman'
has suggested, on the basis of the anomalous shape
observed by Lavine and Ewald ' of the mobility en-
hancement produced by L6-electron screening above
a donor concentration of 5x10' cm, that the
anomalously low mobility of n-Sn is due to addition-
al scattering on neutral defects in the available
samples.

None of the above calculations has considered the
modifications produced in the intraband part of the
RPA dielectric function ("free-electron" screening)
by the p3&P character of the conduction-band wave
function. In this paper we will show that the angu-
lar dependence of the conduction-band overlap ma-
trix element produces a large decrease in the high-
momentum-transfer intraband screening. How-
ever, we will also show that this large screening
loss produces only a small decrease in the ionized-

664



EFFECT OF PsI2 INTRABAND POLARIZATION ON. . . 665

1.0—

0.5

0
0

I

0.5
I

1.0

s1/2 electron

1.5 2.0
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l (uf, uf, ;) l
= 4 (I + 3x ) . (9)

Evaluation of 47t'&"'" using the nonparabolie matrix
element of Eq. (4) proves to be excessively cum-
bersome. The parabolic approximation of Eq. (9)
is essentially exact for carrier concentrations be-
low 5x10" cm"' and in this approximation 4m'&" "
is given by

q/k F

FIG. 1. The intraband screening functions for si/2
electrons (upper curve) and p3/2 electrons (lower
curve).
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impurity- limited mobility.
The dielectric function is conveniently separated

into an interband part 4m& ' "arising from the I 8
bands near k = 0, a background interband part e0 due

intrato all other bands, and an intraband part 4gn

e (q) = co+ 4mn""+ 4m a"'" . (1)

Liu and Tosatti ' have calculated 4mo. for a
parabolic band in the degenerate limit. They obtain

4ao'"'"= (Be'p mo/vh'k~) [1—a'(q/k~) ], (2)

where k~ is the Fermi momentum and a'-T2.
Broerman has shown that this is a good approxima-
tion for the nonparabolic conduction band of the
Kane model. The RPA intraband polarization can
be similarly calculated according to

2
tmtra 6&e p ( I& Isa )

(1 f ) (3)
&Ca+ I+o f

where ug is the periodic part of the conduction-band
wave function. The matrix element 1(uf, ui, o )I can
be calculated in the Kane three-band approximation
(k p interaction of I'o, I'~, and I'~) to be

2

l (uf uf"-)
I

- & p. M ~ & a~i )~, (4)
n=0

where

4»'""= (k FT/q')f i(q), (10)

where k» is the Fermi-Thomas momentum, and

f, (q) is shown in Fig. 1. As can be seen, the
screening at large momentum transfer is greatly
reduced from that of a free" (or s'I') electron.

In performing the scattering calculation, we
make the following approximations. We approxi-
mate f, (q) by

f, (q) =1 —a" (q/kF)'+a"'(q/k~}',

with a" = 0. 47 and a"= 0.075. This approximation
has a slightly positive slope at q = 2k~, while f, (q)
actually has a negative infinite slope at this point,
arising from a logarithmic singularity in the deriva-
tive of f, (q) Over .most of the range of q, the ap-
proximation slightly underestimates f, (q) In or. -
der to partially account for nonparabolic effects,
we use the expression (19) of Ref. 7 (without the
Friedel correction, which is negligible) for k».
It should be noted that these approximations yield
exact values for q 4m@'"~ in the limit q- 0 at all
concentrations. As will be seen, the mobility is
quite insensitive to the values of the high-momen-
tum-transfer screening, especially at high-impur-
ity concentrations where the approximations in the
q dependence of 4m&'" are worst. Thus we feel
that, for the purposes of a mobility calculation,
these approximations are quite good. Since the
main omission from the calculation of f, (q) is now
the s»2 part of the wave function, whose matrix
element has no angular dependence and thus pro-
duces less q dependence in 4m''", the net result
should be a slight underestimate of the screening
and hence of the mobility. The only changes neces-
sary in the theory of Ref. 7 to accommodate the
p»2 intraband polarization effect are the following
redefinitions of the constants A, B, and C [Eqs.
(16)-(18), respectively] appearing in the scattering
integral 4:

p2= —, (bb, ) +bb, '~ ' +2(bb, )(cc.)
(bc, +cb,)

——,
' (bc.+cb, ) + (cc.} (6)

=2
k

a"'k2
0

— 1 —
(0)

a', l2

Here a, b, and c are, respectively, defined by
Eqs. (10)-(12) of Ref. 7, ),= E, /E, where E, is
the I"o —I'~ splitting, and the subscript (+) denotes
evaluation of the quantity at $~ „-„-). In the parabolic
limit, which corresponds to („-0, ()„-„")-0, Eq.

2 2kFT
k~ or(0) kF
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FIG. 2. Ionized-impurity-limited
mobility of degenerate n-type 0.'-Sn.
The dotted curve is the calculation of
Ref. 7, using ps i2 RPA interband po-
larization and a q-independent free-
electron intraband polarization. The
dashed curve is a calculation using
p3i2 RPA interband and intraband po-
larization. The solid curve is the
dashed curve superimposed on a neu-
tral scattering mechanism with an
electron-concentration-independent
mean free path of 1.95 x10 4 cm. The
experimental points are from Ref. 21
(x), Ref. 17 Q,) and Ref. 16 (+).
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The result of this calculation for n-Sn is the
dashed curve of Fig. 2. The dotted curve is the
calculation of Ref. 7, which used RPA interband
polarization and q-independent Fermi- Thomas
screening for the intraband polarization. The ab-
scissa is donor concentration, which is the same
as electron concentration up to 5x10' cm . Above
this we have included screening by the I,' elec-
trons"' whose band edge lies at 0. 092 eV. The
reduction in P3» screening produces a lowering of
mobility ranging from about 15% at the lowest con-
centrations to about 5% at 5x10" cm . Thus, it
is quite a small effect. One can understand this
result qualitatively by noting that 4m&'"" appears
in the calculation in the form [krr f,(q)+q ez(q) J',
where e,(q) =eo+4wa""'. At high momentum trans-
fers, which are heavily weighted by the Boltzmann
equation and where most of the screening losses oc-
cur, krr is relatively less important than q ez(q).

The effect on the mobility should decrease with in-
creasing concentration since kFT grows less rapidly
than kr~ei (2k+). The solid curve in Fig. 2 is a
superposition of RPA screened ionized-impurity
scattering (dashed curve) on a scattering process'0
with an electron- concentration- independent mean
free path of 1.95&10 cm. It is in excellent agree-
ment with the data.

Finally, a comment on the other two symmetry-
induced zero-gap structures' HgSe and HgTe. For
HgSe there is essentially no change in the conclu-
sion of Ref. 8 since all the data lie above 2&10"
cm '. For HgTe, the theory now lies about 12%
lower than the value for the highest-mobility sam-
ple of Ivanov-Omskii et al. Since the experimen-
tal uncertainty may be this large, the disagreement
may have no significance. On the other hand, it
may be that this is a manifestation of the effect of
the valence-band overlap, caused by the linear
terms in the A4, A, parts of I'„on the interband
polarization.

The authors would like to express their gratitude
to Professor K. Singwi for his very helpful sugges-
tions, and to Dr. C. R. Whitsett and Dr. S. L.
Lehoczky for useful discussions of this problem.
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The recent analysis by Batra, Schechtman, and Seki neglects charge-carrier diffusion in
transient space-charge-limited currents (SCLC) in photoconductor-dielectric structures. It
is pointed out that such an analysis cannot predict the initial diffusion-dominated current ob-
served by high-resolution experimental measurements. Recent work which develops the nec-
essary mathematical theory for determining transient SCLC with diffusion is cited.

The prel. iminary theory for time-dependent space-
charge-limited currents (SCLC) with charge-car-
rier diffusion neglected was presented by Many and
Rakavy' and has been applied recently to photocon-
ductor-dielectric structures by Batra, Schechtman,
and Seki. 2 A more complete theory of transient
SCLC with charge-carrier diffusion included has
been developed by the present author. 3 It was
shown in the latter work that diffusion effects
dominate the current density during the initial
stage of transient SCLC with an E= 0 boundary con-
dition and cannot be neglected if one desires to pre-
dict or interpret high-resolution experimental
measurements' in a quantitative fashion. Since an
E= 0 boundary condition is featured at the photo-
conductor-dielectric interface (where the drift-

current density vanishes and the diffusion-current
density regulates the local charge-carrier flow)
in the model considered by Batra, Schechtman,
and Seki, diffusion effects must be taken into ac-
count in solving for the transient SCLC in photo-
conductor-dielectric structures that feature a
characteristic diffusion time' t, =4DL'/p V' —which
is large compared to the rise time of the light
pulse. Such would ordinarily be the case for the
photoconductor-dielectrics at field strengths V/L
less than about 100 V/cm. The mathematical
theory needed for solving the photoconductor-
dielectric and other related transient-diffusion
SCLC problems has been advanced recently in a
detailed and comprehensive work by Eckstut. '
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