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A calculation is performed, in the Born approximation, of the ionized-impurity-limited conductivity of a
conduction band with the Kane form, taking into account the symmetry of the conduction-band wave
functions. Using the band parameters for mercuric selenide obtained by Whitsett from Shubnikov-de Haas
measurements, it is shown that Whitsett’s 4.2 K mobilities as a function of electron concentration are in
excellent agreement with the results of a calculation for a I's band edge, but not with those for a I's band edge.
It is also pointed out that Whitsett’s band parameters require a much smaller valence-band overlap than that
obtained by Harman. These results indicate an inverted, gray-tin-type structure for mercuric selenide.

1. INTRODUCTION

T is known that mercuric selenide is a II-VI com-

pound which crystallizes in the cubic zinc-blende
structure. A large number of its electrical and optical
properties have been studied,'~% and it is generally
believed that it is a semimetal or degenerate semi-
conductor, with a nearly spherical,’ highly nonpara-
bolic!:¢ conduction band, overlapped by a high-mass
valence band.?

Whitsett’s' experiment is especially interesting from
the point of view of the band structure of HgSe. He
measured the oscillatory magnetoresistance in samples
whose conduction-electron densities ranged from 2X 10"
to 4.5X10%® electrons/cm® From an analysis of the
temperature dependence of the Shubnikov-de Haas
oscillations, he was able to determine the cyclotron
effective mass at the Fermi surface as a function of
electron concentration. He then showed that these
effective masses were consistent with a model similar to
the Kane® model for the conduction band of InSb, and
obtained the band parameters. In this model, the con-
duction-band minimum lies at the zone center and may
have either I's (conventional germanium structure) or
T's symmetry (inverted, gray-tin structure!). Roth ez
al.! subsequently analyzed the beat frequencies of the
Shubnikov-de Haas oscillations, and showed that they
were consistent with beats which would be produced by
the inversion asymmetry splittings present in these
band types.
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With this in mind, a calculation of the low-tempera-
ture mobility as a function of electron concentration
now becomes interesting for two reasons. First, the
mobility depends on the effective mass at the Fermi
surface and a calculation of its dependence on con-
centration, using Whitsett’s band parameters, would
provide independent confirmation of his model for the
band structure. Second, as we will show, such a cal-
culation can, in principle, distinguish the symmetry
type of the conduction band. This arises because the
scattering probability for p-like electrons (I's symmetry)
has an angular dependence different from that for
s-like electrons (I's symmetry). We will show that
Whitsett’s low-temperature mobilities are quite ac-
curately predicted by ionized impurity scattering of
conduction electrons whose zone-center symmetry type
is Pg.

2. CONDUCTION-BAND STRUCTURE

We assume a conduction-band dispersion relation of
the form
7wk E, 1 8 172
E =—————+—<Eg2+—P2k2> . (1)
2meg 2 2 3
This is Kane’s® result for the case of the I';s spin-orbit
splitting much larger than the |I's-T'g| difference, E,. P
is the momentum matrix element defined by Kane. If
Cardona and Harbeke’s” assignment of the structure in
the spectrum of HgSe around 3 eV to a As-A; transition
is correct, then application of the % rule yields a I';s
spin-orbit splitting of about 0.5 V. If the conduction-
band edge is T, then this dispersion relation ignores
the coupling to the I'y level (split-off valence band)
which would lie about three times the I'¢-T's energy
difference from the T's level. Further, the I'e-T'7 coupling
is less than the I'¢-T's coupling by a factor of 2-1/2. Thus,
one would expect this dispersion relation to be fairly
accurate for energies less than E,. If the conduction
band is I's, then the approximation should be very
good since I's is not coupled to I'z in first order. In
either case it should be noted that Whitsett’s values of
the band parameters are obtained by fitting his experi-
mental effective masses to this dispersion relation. If
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one calculates the cyclotron effective-mass ratio m*
from this dispersion relation, one finds that the quantity
[m*/(1—m*) ] is linearly related to #%3. If one com-
pares the experimental mean values of [m*/(1—m*) ]2
with the values preducted theoretically using the best
fit values P=7.1X10-% ¢V cm and E,=0.24 €V, one
finds that for concentrations below 10 cm=2 the
deviations are random and less than 109 of the ex-
perimental error, and less than the experimental error
for all concentrations. Thus, we believe that this dis-
persion relation provides a very good description of the
conduction band of HgSe in the range of energy we are
considering, indeed considerably better than an ex-
trapolation from Cardona and Harbeke’s determination
of A; would indicate.

To invert this expression and find the crystal momen-
tum k and density of states p as a function of energy,
we follow Ehrenreich!? and expand to first order in p
the cyclotron effective-mass ratio at the zone center.
This yields the following results:

k= (2umE,/h*)"25(y) 2
p=[(2E) "2V (umo)*?/8x° W IN(y) ©)
Ay)=[By(1+By) ][ 1+ (2—5u)By—8us>*], (4)
s()=[By(1+By)]"*(1—uBy), ®
u=(§moP*/ E+1)71, (6)
y=FE/ksT, (7
B=ksT/L,. (8)

kg is Boltzmann’s constant.
The Fermi level Er and the number of electrons 7,
are then found by the solution of the equation

ne—-—nh=z ZN;, (9)
where '
1 ZﬂmUkBT 312
ne=—< ——> I:Fl/g(z)-i-ﬁ(%—Su)Fa/z(Z)
272 #?

+ﬁ2(1 —%ﬁ>F 5/2(2) —4up’F 7/2(2)] , (10)

1 /2u,mok gT\3? E,
ﬂh=—"(——“—> F1/2< —Z) y (11)

2n? #? kT
2=Ep/kpT. (12)

N is the number per cm? of ions with charge Z:e. u, is
the effective-mass ratio of the valence band whose
edge lies at E,; measured positively with respect to the
conduction-band edge. The F;(z) are the Fermi func-
tions of half-integral order."?
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3. VALANCE-BAND OVERLAP

Harman and Strauss® have analyzed the temperature
dependence of the Hall effect in HgSe. They have found
it necessary to assume a 0.07-eV overlap of the valence
and conduction bands in order to explain these data.
However, in their analysis they used conduction-band
parameters which yield a zone-center cyclotron mass
ratio of one-fourth that corresponding to Whitsett’s
parameters. Unfortunately, the amount of overlap
required by the Hall data is extremely dependent on
the values chosen for the conduction-band parameters.

One would expect a considerably smaller value of
overlap using Whitsett’s values, since his conduction-
band energy rises much more slowly with increasing &
than does that of Harman and Strauss. We have used
Eqgs. (9)-(11) to fit the Hall concentration at 4.2, 77,
and 300 K for samples ranging in 4.2 K concentration
from 1.5X10Y7 to 4.5X10% cm™21 No freeze-out is
seen, and the Ryz/Rpgso for these samples agree with
those given by Harman and Strauss. A rather good
fit is obtained for E;;=0.019 eV and u,=0.18, using
Whitsett’s conduction-band parameters at 4.2 K with
a linear variation to the values determined in infrared
experiments by Wright, Strauss, and Harman® at 300 K.
An extremely good fit, even reproducing the small
negative curvature of the Hall concentrations above
77 K, can be obtained by assuming the same tempera-
ture coefficient as found by Pidgeon and Groves' for
HgTe. This fit yields a value of E,; less than 0.01 eV
and a g, of about 1. Unfortunately, in the fitting pro-
cedure, E,i, and p, are highly correlated. We are ex-
panding the program to include a larger number of
temperature points for each sample, and this will be
reported on elsewhere.'®* However, it does not seem
possible to obtain any fit at all for E,;>0.02 V. Since
this energy is smaller than the Fermi energy (as com-
puted using Whitsett’s band parameters) for the lowest
concentration sample considered in the following, it has
no effect on the scattering calculation at 4.2 K. This
is not, however, true at higher temperatures.'s

It should be noted that an overlap this small could
be produced by the interband spin-orbit matrix ele-
ments, (T'12]3C. | I'15), which provide the terms linear in
k in the energy of the A4, A5 parts of Ts.

4. IONIZED IMPURITY SCATTERING

We consider the scattering of electrons of wave vector
k and wave function e®Xy(r) by the ith-type of
charged impurity. We assume that the interaction
energy can be represented by a screened Coulomb

4] am indebted to Dr. S. L. Lehoczky for use of his Hall
measurements.
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dence, 1967, edited by D. G. Thomas (W. A. Benjamin, Inc.,
New York, 1968).

16 S. L. Lehoczky, C. R. Whitsett, and J. G. Broerman (un-
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potential of the form
U(r)=—(Z:2/er)e o, (13)

where e is the dielectric constant and ¢ is the reciprocal
screening distance. We assume that any overlapping
valence electrons are too heavy to screen effectively
for the light conduction electrons. We then obtain for
the reciprocal screening distance

€ [ 2umo\%?
az=_( e > (kBT)"2[q1"2(2) +1g2(2) I,

mEe

(14)
q1(2) =F_1/2(2)+3B(5 —5u) F1/2(2)
21
+552(1 ——Zl)F 3/2(8) —28uBF52(z) , (15)

F_y/3(3)
dz

g2(2)= 2 —————+3B(5 —5u)F_1/2(2)

21
+ 15[5‘2( 1 —2—#)17 172(2) —140uB%F3/5(2) ,  (16)

Z:e ( 2umg \*
16712642 hszT)
The first term in the square brackets of (14) yields the
conventional Fermi-Thomas screening distance for this
band structure. The second term is the Friedel cor-
rection!” modified for a material with dielectric constant
¢ and evaluated for this band structure.

For our band structure, which ignores warping and
the asymmetry splittings discussed by Roth et al.,!* the
contribution to the Boltzmann equation from this
scattering process is, in the first Born approximation,

an

87 (k) wN:Z2 e 1 \ dfo

( py )w“ 2 ;‘;E;——[C(E) COSO]‘D, (18)
B 1 2k4
Joa[e+ k=K
X2 | | X  (OXpww ()| 1—x)dw.  (19)

In these expressions, 6 is the angle between an applied
electric field and the wave vector, k and k’ are the
initial and final wave vectors, x is the cosine of the
scattering angle, Xy, (r) is the cell-periodic part of the
wave function, f(k) and fo(E) are, respectively, the
perturbed and unperturbed electron distribution func-
tions, and C(E) is defined by

fk)= fo(E)—kc(E) cosb dfo(E)/IE. (20)
The sum over u, x4’ is a result of the neglect of asym-

17 J, Friedel, Advan. Phys. 3, 446 (1954).
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metry splittings, so that every k has two states as-
sociated with it, each with the same energy. If this
scattering mechanism is the limiting one, (18) yields
the conductivity

2 /Zumo e
- ) (21)
3\ 22 /@ Niz2l, (eret1y v

If X, (r) is a pure s-like function, (21) yields the usual
Brooks-Herring formula, modified for a nonparabolic
band shape. However, whether the conduction-band
edge is T'g or I's, the wave function at the Fermi surface
will contain some p-like contribution (for nonzero
electron concentration) and this will vary as the Fermi
level is varied. Using Kanes’ results,® one can show for
either I's or I'g band edges

/Xk”*xkl”rdsf

where the 7; depend on the symmetry of the band edge
and are functions of y. ® is then found to be

2

2
= E Tixi)

=0

32 (22)
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The m; now contain all the effects of band-edge
symmetry. If the band edge is of I's symmetry, the
expressions for the m; are

1 (By+1) . (l—n)%“(y))’ on

Tosy+1\ 4 By’ +1)?
m1=2(1—u)s*(y)/(28y'+1)*, (28)
m=4[(By'+1)/(28y'+1) T, (29
Y =y—B8"us*(y). (30)

If the band edge is of T's symmetry, the expression for
y is still given by (28), while 7o and =, are given by

1 1 (1—u)si(y)
e {2 3
(Zﬂy’+1)2((ﬂy )4 (ﬁy’+1)2) GV

my=5(1—u)’s*(y)/ (28y'+1)*(By'+1)*. (32)



183

For low temperature or large 2, the integral (21) can
be approximately evaluated in the usual manner. The
results are easily obtained and will not be given here.
A rough summary of the differences in mobility for the
two symmetry types can be given as follows. For the
same band shape, the calculated mobility for a band
with a T's-type edge is always greater than that for a
band with a I'e-type edge. The calculated mobility for
a Ts-type band increases more rapidly with decreasing
electron concentration than that for a I'e-type band.
These results will be compared with Whitsett’s mea-
sured mobilities in Sec. 5.

5. RESULTS AND CONCLUSIONS

It is believed that the crystals used in Whitsett’s
experiment contain a very small number of acceptor-
type impurities.!® We will assume that there is one
species of donor present and that it is singly ionized.
We will also assume that scattering from these im-
purities is the limiting mechanism in electrical con-
duction at 4.2 K, which is quite reasonable for this
temperature and range of concentrations. Whitsett’s
values for the band parameters, P=7.1X10"% eV cm
and E,=0.24 eV, are used with a dielectric constant®®
of 25.6. The resulting calculated Hall mobilities as a
function of concentration for the two band types are
plotted in Fig. 1 along with Whitsett’s experimental
values. As can be seen, the results for the I's-type band
are in excellent agreement with the experimental values,
while those calculated for a T's-type band are both too
low and rise too slowly with decreasing electron
concentration.

At this point we would like to make some comments
on the validity of this calculation. First, it should be
noted that we are in a range of concentration, effective
mass, and dielectric constant for which the Born
approximation should be quite accurate®® Oddly
enough, errors associated with the Born approxima-
tion in degenerate semiconductors in this range of these
parameters tend to overestimate the mobility. Second,
at the highest concentration we may be entering a
region in which multiple-scattering processes will con-
tribute to the total scattering cross section. Their in-
clusion would lower the calculated mobility. Third,
including the effect of acceptors or other impurities in
the material would also lower the calculated mobility.
Thus, we believe that this calculation is accurate and
provides an upper limit to more rigorous calculations
using Whitsett’s band-structure parameters.

The difference in mobility between I's and I's band
edges is even more striking at lower concentrations
where the band mixing is not so strong. Long? has
recently performed a calculation of the low-temperature

18 C, R. Whitsett (private communication).

197, 1. Kiriashkina et al., Zh. Tekhn. Fiz. 27, 85 (1957) [English
trans).: Soviet Phys.—Tech. Phys. 2, 69 (1957)].

20 J. B. Krieger and S. Straus, Phys. Rev. 169, 674 (1968).

2 D, Long, Phys. Rev. 176, 923 (1968).
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Fic. 1. Hall mobility of mercuric selenide as a function of
conduction-electron centration at 4.2 K calculated for I's and I's
band-edge symmetries. Triangles are Whitsett’s experimental
values (Ref. 1).

mobility in the Born approximation for #-type
Hg:—. Cd, Te, ignoring the angular dependence of the
T's matrix elements. In this system, as one varies x from
0 to 1, the band structure goes from the inverted gray-
tin structure smoothly into the standard germanium
structure. The asymmetry in the mobility as a func-
tion of # about the crossover value of x should be quite
marked if one includes the effects of band symmetry.
However, at the electron concentrations considered by
Long, one would probably have to perform a phase-
shift calculation for the angular cross section. We are
attempting to include the angular variation of the cell-
periodic part of the wave function in a phase-shift
calculation.

We are also performing a calculation of the high-
temperature mobility of HgSe, including the effect of
screening and the cell-periodic effect on polar optical
scattering of electrons.!

In summary, we believe that the excellent agreement
between Whitsett’s mobilities and the values calculated
using his band parameters provides a good consistency
check on his band model. Alternatively, accepting
Whitsett’s band parameters, the agreement with the
values calculated for I's band-edge symmetry and lack
of agreement for I's symmetry argues strongly for the
inverted, gray-tin structure.!® The lower value obtained
for the valence-band overlap using Whitsett’s con-
duction-band parameters would then be consistent with
the overlap of the A4, A5 parts of I's caused by the terms
in their energy linear in k& at the zone center.

ACKNOWLEDGMENTS

I would like to thank E. C. Paxhia for his program-
ming of the Fermi level and mobility calculations. I
would like to thank Dr. S. L. Lehoczky for the use of
his Hall data. Finally, I would like to thank Dr. C. R.
Whitsett for many stimulating discussions on both the
theoretical and experimental aspects of work on
mercuric_selenide.



