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ABSTRACT

The influence of the interaction between the conduction band I'g and the valence
band T (band-band interaction) on the dispersion E7(k) and the density of states
D,(E) of the quasi-two-dimensional electron gas in inversion layers on p-
Hg,_,Cd,Te is investigated, using a finite-temperature self-consistent procedure.
As a result of the band-band interaction the dispersion and the density of states
of the sub-band states become non-parabolic. The non-parabolicity is described
quantitatively and it is shown that it increases with the sub-band index r = 0, 1,
2, ..., and decreases with the temperature T and the alloy composition x.
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OF STATES OF SURFACE CARRIERS IN Hg, ,Cd, Te AT FINITE TEMPERATURE

1. INTRODUCTION

In a previous paper [1] the dispersion relation of
the ground sub-band, the density of states, and the
surface potential in an n-inversion layer on the ter-
nary compound Hg,¢Cd,,Te were studied at zero
temperature.

The purpose of this work is the investigation of the
dispersion E7(k) and the density of states D,(E) of
the first sub-bands r = 0, 1, 2 in an n-inversion layer
on p-Hg,_ .Cd,Te at finite temperature in order to
obtain more complete and realistic description of the
carriers confined in narrow surface channels on the
small-gap semiconductor Hg,_,Cd,Te. For this
reason we have generalized our model [1] to account
for the finite temperature T and for several occupied
sub-bands.

Since inversion layers on Hg,_Cd,Te are used in
infra-red devices, understanding of their properties is
presently of importance [2]. Compared to the silicon
inversion layers, which have been studied intensively
for many years [3] and are referred to as a standard
system, due to their wide applications in the micro-
electronic industry, the properties of surface carriers
on Hg, ,Cd, Te are more complex, difficult to de-
scribe, and less understood. One reason for this is
that it is difficult to prepare a good interface between
the semiconductor Hg, . Cd,Te and the insulator in
the MIS (Metal - Insulator — Semiconductor) struc-
ture. The other reason is more fundamental. It stems
from the proximity of the conduction and the valence
bands of Hg,;_,Cd,Te near the I'-point, i.e. on the
small energy gap Eg of this material for values of the
stochiometric composition x = 0.2. As a consequence
the bands interact and this interaction influences
strongly the properties of the surface carriers, as
pointed out by many authors, see for instance the
review of Koch [4]. One manifestation of this influ-
ence is the deviation of the dispersion from the sim-
ple parabolic law. A way to treat the non-parabolicity
of E*(k) and D,E) quantitatively is undertaken
here.

Another motivation to study E;(k) and D(E) in
detail is that they are essential ingredients of the self-
consistent procedure used to calculate quantized sur-
face states on Hg, _,Cd,Te and this formalism is best
suited to describe the recently developed quantum
alloy HgCdTe [S], produced by advanced experimen-
tal techniques.
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2. THE PHYSICAL MODEL AND DISCUSSION
OF THE RESULTS

The dispersion of the surface carriers on HgCdTe
is obtained by diagonalizing the multi-band
Schrodinger equation

[ann(k) - lnxer(Z) - E]"p(k,Z) = O’ (1)

where H, ., is the Kane k- p Hamiltonian, which de-
scribes the band-band interaction near the I'-point
V(z) is the surface potential, ¥ is an n-component
spinor of the envelope wave functions of the conduc-
tion and valence bands, and 1, ., is a unit matrix. We
consider here the six-band model (# = 6) of the band
structure of HgCdTe near the I'point, which takes
into account the coupling between the two-fold, spin-
degenerate conduction band I'¢ and the four-fold de-
generate valence band I'y. The surface potential V(z)
is a solution to Poisson equation, and the calculations
are Hartree-type self-consistent, as described in [1],
but generalized to the case of finite temperature.

The non-parabolic dispersion EZ(k), where r de-
notes the sub-band states and the signs * correspond
to the two spin directions, can be written as a power
series of the wave vector k

P

Er(k)= ) A7 k" )

m=0

The density of states D,(E) reads

3

k)[dEf(k)}‘l'

DJ(E)= ZD?(E) = Z( 4

+ 21

Since the wave vector k enters explicitly in (3) we
have to use the inverse function of (2) in order to
obtain only the quasi-particle energy E on the r.h.s.
of the definition (3). We see therefore that the ex-
pression (3) is awkward and unpleasant for practical
calculations of the density of states D,(E) for sub-
bands with non-parabolic dispersion. As a reasonable
approximation for D,(E) in this case we use the fol-
lowing expression

D(E) = (a,E+b)O(E~-E(k=0)), 4

where O(E) is the Heaviside step-function, E,(k=0)
is the bottom of the rth sub-band and the coefficients
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Figure 1. The Density of States of the Ground Sub-Band
Dy(E) Calculated with the Definition (3) and With the Ap-
proximation (4).

a, and b, account for the non-parabolicity. For the

parabolic case we have a, = 0 and b, = 1, where

D,(E) is measured in units e, and m* is the effective
he

mass. As one can see from Equations (2) and (4), the
non-parabolicity of the dispersion and the density of
states, resulting from the band-band interaction, is
described through the coefficients A7 ,, for the dis-
persion (2) and by 4, and b, for the density of states
(4). Sub-bands with stronger non-parabolicity are
characterized with higher values of a, and lower b,.
In Figure 1, comparison between the approximation
(4) and the exact expression (3) for the density of
states of the ground sub-band (r=0) is given. One
can see that they deviate only in a small energy region
at the bottom of the sub-band. From this comparison
we conclude that (4) is a reasonable approximation.
The approximation (4) was tacitly used by Ohkawa
and Uemura [6].

The dependence of a, and b, on the physical
parameters of the system is presented next.

The physical parameters of our system are the dop-
ing N,, the carrier concentration in the inversion
layer N, the temperture T and the alloy composition
x. The acceptor energy is E, = 20 (meV), and the
Fermi level Ey is pinned above the valence band in
the bulk, Ex = E,(d) + E, because of the acceptor
levels presented there. The depth of the depletion
layer is denoted by d.

The dispersion E%(k) of the first three sub-bands
r =0, 1, 2 of n-inversion layer on p-Hg; _ Cd, Te, and
the total density of states D(F) = Z,D,(F) are shown
on Figure 2 for N, = 3 X 10? (m™®), N, = 8 x 10"
(m™?), x = 0.2 and T = 300 (K). The energy refer-
ence point is in the middle of the gap and we consider
7 terms in the decomposition (2), i.e., p = 6. This is
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enough for the convergence of the series (2), as our
experience with practical calculations has convinced
us, for the usual range of the values of the physical
parameters of the system. The coefficients A7 ,, in
(2) are determined by obtaining E%(k) first numeri-
cally, solving Equations (1), then performing interpo-
lations using Chebyschev polynomial and finally rear-
ranging the terms in ascending powers of the wave
vector k = [k|.

Figure 3 shows the temperature dependence of «,
and b, for N, = 3 x 102 (m™?), N, = 8 X 10" (m™?),
and x = 0.2. We see that the following conditions are
fulfilled

a, > a, > 4ag,
b, < by < by, ©)

which means that the non-parabolicity of the higher
sub-bands is more strongly expressed. The non-
parabolicity decreases with T because the gap in-
creases and the band-band interaction becomes
weaker. As noted above, D,(E) is measured in units
m* . . ; WEg
~—1{3], and since the effective mass m* = =
4 4P;
increases with T, through the gap Eg, which in turn
increases with the temperature [7], the vertical unit
in Figure 3 changes with T (the matrix element P is
a constant) and therefore Figure 3 shows the com-
bined effect of the influence of the temperature on
the considered entities. The temperature dependence
of a, and b, will be smaller should we measure D,(E)
in absolute units (J-'m™?), but this is not customary

3.

It is known that the gap of Hg, ,Cd,Te increases
with x [7] and therefore we expect that the non-
parabolicity will decrease with x. Figure 4 shows the
dependence of 4, and b, on the alloy concentration x
for Ny = 5x 102 (m™%), N, =10 (m?) and T =
77 (K). We note that the conditions (5) are fulfilled
again and the non-parabolicity really decreases with
X.

The temperature dependence of the spin-splitting
A(k) = Et(k) — E7(k) (r = 0, 1, 2) is shown on
Figure 5 for N, = 3 X 10” (m™), N, = 8 x 10"
(m™?), x = 0.2 and for two values of the wave vector
k. The spin-splitting decreases with T and this is again
a consequence of the weaker band-band interaction
at higher temperatures.

In summary, we have investigated numerically the
non-parabolicity of the dispersion and the density of
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Figure 2. The dispersion of the First Three Sub-Bands E5(k), (r = 0, 1, 2) is Shown on the Right Side. The spin-splitting of

each sub-band is a consequence of the influence of the surface potential V(z), which breaks the crystal symmetry near the

surface. The total density of states D(E) = X D,(E) is plotted on the left side. Because of the non-parabolicity of the dispersion,

the density of states of each sub-band D/(E) is not constant. The integral over the shaded area gives the electron concentration

N,. Due to the tail of the Fermi-distribution, these carriers spread over several sub-bands at finite temperature. 8 denotes the
inverse temperature (8 = kyT/gq)™".

states of the sub-band states in n-inversion layers on ACKNOWLEDGEMENTS

p-Hg,_,Cd,Te at finite temperature. This is a
generalization of the previous zero-temperature
treatments of this problem [1, 8-10]. We show that
the non-parabolicity increases with the sub-band
index and decreases with T and x due to the weaker
band-band interaction at higher temperatures and
alloy concentrations.
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Figure 3. The Temperature Dependence of the coefficients

a, and b, Describing the Non-parabolicity of D(E) Accord-

ing to the Linearized Approximation (4). The numbers on

the a,-axis are given assuming that the quasi-particle energy
E in Equation (4) is measured in (meV).
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Figure 5. Temperature Dependence of the Spin Splitting A,
of the Dispersion of HgCdTe.
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