
PHYSICAL REVIEW B VOLUME 36, NUMBER 12 15 OCTOBER 1987-II

Effects of cation vacancies and diffusion on the surface states of Hg& „Cd„Te
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The effects of cation vacancies and of cation diffusion on the surface states of otherwise ideal
(100) cation- and anion-terminated surfaces of Hg& Cd„Te have been investigated by use of the
site-dependent coherent-potential approximation (SDCPA) for the alloy. Cation diffusion has been
examined by use of model layer-dependent Hg and Cd concentrations. The effects of cation vacan-
cies have been investigated by treating the cation vacancy, which has been modeled as an ideal
point defect having orbitals with very large energies, on an equal footing with Cd and Hg when
calculating the CPA cation self-energy. Bulk-vacancy levels occur near the valence-band edge.
The defect levels are lower in energy when the vacancies are close to the surface. Hg& Cd Te
(100) surface states that are sensitive to the alloy disorder have the character of the constituents,
HgTe and CdTe, rather than that of some average effective constituent. The bimodal character of
the surface density of states remains when surface vacancies are present or variations in composi-
tion occur. Results are presented for the bulk and surface densities of states and for the CPA
self-energies to illustrate the sensitivity of the alloy surface states to cation vacancies and diffusion.

I. INTR&)DUCTION

Relativistic effects, which are present in Hg but weak
in Cd, ' lower the Hg 6s level so much relative to the
Te Sp state that HgTe has an inverted band structure
with a zero band gap and valence- and conduction-
band-edge states derived from the anion p states. In
contrast, CdTe has the normal semiconductor level or-
dering with anion-derived, valence-band-edge states and
cation-derived, conduction-band-edge states. The large
difference between the atomic-level orderings of HgTe
and of CdTe has important consequences for the elec-
tronic structure of the bulk and surface states in
Hg &

Cd Te. One consequence is that the electronic
states of Hg& Cd Te alloys are more sensitive to alloy
effects than are the states of other semiconductor alloys.
States in Hg& Cd Te which are local in character and
sensitive to the cation sites, such as the valence states 5
eV below the band edge' and the surface states of ideal
(100) cation surfaces, cannot be described by use of
simple, effective-medium models for the alloy such as the
virtual-crystal approximation (VCA). More sophisticat-
ed alloy models, such as the coherent-potential approxi-
mation (CPA), must be used to calculate accurate densi-
ties of states (DOS's). The localized states which are
sensitive to the disorder have the character of the indivi-
dual alloy constituents rather than of some average,
VCA-like, constituent. For example, the ideal (100) cat-
ion surface has Hg Te- and CdTe-like surface-state bands
in the gap between the valence and conduction bands,
but no virtual-crystal-related surface-state features in
this energy range. '

A second consequence of the inverted level ordering of
Hg 6s and Te 5p states is that the Hg —Te covalent
bond is much weaker than the Cd —Te covalent bond. '

In Hg& Cd„Te alloys, Hg vacancies form easily and Hg
diffuses readily. In this paper the effects of Hg va-
cancies on the bulk and surface DOS's of Hg& „Cd„Te
are calculated. We determine how the cation-vacancy
levels shift when the vacancy is near a surface. We also
determine how the alloy-induced bimodal character of
the alloy surface states changes when the surface has
cation vacancies. The effects of Hg diffusion, as mani-
fested by variations in alloy composition x near a sur-
face, on the surface DOS's are also determined. The re-
sults reAect the dependence of the surface DOS's on the
bulk and surface composition.

Previously, we determined the surface states of ideal
(100) cation and anion alloy surfaces. The (100) sur-
faces were studied, in part, because the calculations are
easier for (100) surfaces than for other surfaces and, in
part, because alloy effects should be strongest (weakest)
for (100) cation (anion) surfaces. In this paper we again
consider (100) surfaces. In the previous studies the (100)
surfaces were ideal, unrelaxed, and unreconstructed.
While surface relaxation and reconstruction can greatly
distort the electronic structure of an ideal surface, infor-
mation presently available for Hg& Cd Te is not ade-
quate to suggest a realistic choice for the surface struc-
ture. In this paper we again consider ideal surfaces.
Until a reliable understanding of the surface structure of
Hg& Cd Te is developed, our studies of ideal surfaces
should provide a good qualitative measurement of the
importance of alloy effects, vacancies, and diffusion on
alloy surface states.

In Sec. II a brief review of the model used to study
Hg& Cd Te surface states is presented and the exten-
sion of the model to include vacancies and diffusion is
described. The results are presented in Sec. III and con-
clusions are made in Sec. IV.
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II. THEORY

The calculations are performed for (100) cation- and
anion-terminated alloy surfaces. Tight-binding (TB)
models are used to describe the alloy constituents. Ex-
trapolation of these tight-binding models, fitted to repro-
duce bulk-band properties, to studies of localized states,
especially in alloy systems where fiuctuations in local en-
vironment are significant, must be done carefully. We
use the second-nearest-neighbor TB Hamiltonians
developed by Hass to describe HgTe and CdTe. Spin-
orbit effects are included by using a 16-state model with
cation and anion s and p states for each spin. Hass
chose the energy levels to be the atomic energies and
determined the off-diagonal elements by fitting to experi-
mental energy gaps and pseudopotential calculations. In
Hass's model, the Te energy levels in HgTe and CdTe
are chosen to be the same, as one would expect if
charge-transfer effects are small. Other TB models'
have also been developed for HgTe and CdTe by fitting
predicted band structures to experimental energy gaps.
However, Hass's model should describe localized states
better than the other TB models in which the anion en-

ergy levels change as much between HgTe and CdTe as
the cation levels change, even though the anion is the
same. We generalized the Hass model by including cou-
plings previously ignored ' to obtain accurate conduc-
tion bands and masses. The tight-binding parameters
are given in Refs. 2 and 5.

The alloy disorder effects are incorporated by use of
eff'ective-medium models. In this approach, the random-
ly occupied cation sites are occupied by effective atoms.
In the VCA, the effective atom is defined by the compo-
sitionally weighted average of the HgTe and CdTe pa-
rameters. The VCA works well when the constituents
are similar, and can even work well for dissimilar con-
stituents like HgTe and CdTe if the states are well ex-
tended or insensitive to cation sites. Hass chose the
anion diagonal terms to be identical for the two constitu-
ents and the off-diagonal terms of the two to be nearly
the same. The VCA is assumed to be adequate for the
alloy anion diagonal elements and the off-diagonal ele-
ments. The VCA bulk values for these matrix elements
are used at all sites in all calculations reported here.

The cation diagonal elements must be modeled more
carefully. The VCA can be used for these matrix ele-
ments to describe well-extended states but not localized
states sensitive to the large difference between Hg and
Cd s-state energy levels (E, Hs

———1.32 eV, E, cd ——0. 12
eV). To provide a better model for the cation diagonal
disorder, the coherent-potential approximation is uti-
lized. The cation s-levels are described by self-energies
for each spin and spin-mixing terms. The cation p levels
are described with spin-independent self-energies. In the
absence of vacancies, the self-energies are determined by
requiring that the effective cation produce the same
scattering as the composition-weighted average scatter-
ing of Hg and Cd embedded in the effective medium. ' '

All bulk, cation sites are equivalent so the same self-

energy can be used for each bulk site. However, near a
surface, translational symmetry is broken and the self-

energy is site dependent. As a consequence, near a sur-

face, a self-consistent self-energy must be found for each
plane of equivalent sites. Model calculations' ' and
realistic calculations ' performed with the site-
dependent coherent-potential approximation (SDCPA)
confirm that the site dependence must be included to
adequately model alloy effects on the surface states.
Neither the VCA nor a site-independent CPA, in which
the bulk self-energy is used for all sites, adequately mod-
els the alloy effects on all surface states.

To study the effects of cation diffusion near a surface,
we assume that the Hg and Cd concentrations are con-
stant in an atomic plane parallel to the surface but can
vary from plane to plane. Furthermore, we assume that
diffusion by one cation is compensated by diffusion of
the other cation. Thus, if the Cd concentration in a par-
ticular plane is x, then the Hg concentration is 1 —x.
We also assume that the alloy is random so that x is the
same at all cation sites in the same plane. In effective-
medium alloy models which use compositionally weight-
ed averages, of the TB parameters in the VCA and the
scattering in the SDCPA, diffusion is included by using a
layer-dependent x in the averages. More complicated
models for the cation diffusion which include intraplane
diffusion could be considered. However, our calcula-
tions require that all cations in a plane be equivalent, so
intraplane variations in x have not been included.

To treat vacancies within the CPA or VCA, we as-
sume that the vacancy is another cation which must be
included in the compositionally weighted averages. We
assume that the vacancy concentration x, is constant in
a layer parallel to the surface but may vary from layer to
layer. If the Cd concentration in a layer is x, then the
Hg concentration is 1 —x —x, .

In the TB formalism the ideal point vacancy is usually
modeled' ' as an atom in an undistorted lattice with
orbital energies that are chosen to be infinite so that the
orbitals will be empty. We use this model but choose, in
practice, finite energies for the s and p orbitals.
Sufficiently large energies are used (1000 eV for s orbitals
and 1200 eV for p orbitals) to ensure that the results are
insensitive to the model ~ The results are sensitive when
orbital energies of about 10 eV are used.

In the previous calculations of Hg& Cd„Te surface
states, ' thick films with more than 2000 layers were
used to study bulk and surface states. Such films are
wide enough to eliminate all surface-surface coupling but
can still be treated efficiently by use of a
renormalization-decimation (RD) approach. ' ' ' ' We
use the RD approach for the present calculations as
well. In the previous SDCPA calculations, the site
dependence of the self-energy was included for the two
layers of cations closest to the surface. All other cation
layers were modeled with the bulk self-energy. Similar-
ly, in this paper x and x, differ from the bulk values
only for the two cation layers closest to the surface.

III. RESULTS

A. Bulk vacancies

Calculations' ' for the energy levels of isolated bulk
cation vacancies in Hg& Cd Te predict that the vacan-
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FICx. 1. Densities of states of Hg1 Cd Te at bulk cation (a)
and anion (b) sites when x, =0 (solid curves) and x„=0.01
(coded curves). In each case x =0.5.
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cies are shallow acceptors with energy levels near the
valence-band edge. Experimental results ' support this
prediction. Figure 1 shows the densities of states, near
the fundamental band gap, at bulk cation and anion sites
of Hg, Cd„Te (x =0.5 ) with no cation vacancies
(x„=0) and with 1% cation vacancies (x, =0.01).
When vacancies are present, the DOS near the valence-
band edge increases (see Fig. 2). Our results are con-
sistent with the expectation that the cation vacancy is a

FIG. 3. Real parts of the bulk, diagonal, s, and p self-
energies when x, =0.01 (coded curves) and x, =0 (solid
curves). The solid, straight line in the top panel is the VCA
cation s level. In all cases x =0.5.
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FIG. 2. The vacancy-induced change in the DOS near the
valence-band edge: The change in the bulk, anion-site DOS
when x, =0.01 at all sites (thick solid curve); and the change in
the DOS at an anion site next to a cation surface when
x, =0.01 at all sites (coded curve) and when x, =0.01 at the
bulk sites, 0.05 at cation sites next-nearest to the surface, and
0.1 at cation sites on the surface (thin solid curve). In all cases
x =0.5.
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FIG. 4. Imaginary parts of the bulk, diagonal, s, and p self-
energies when x, =0.01 (coded curves) and x, =0 (solid
curves). In all cases x =0.5.
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shallow acceptor. The increase near the band edge in
the cation-site DOS is similar to the increase in the
anion-site DOS, only reduced in scale by a factor of 5.
Small, insignificant changes occur in the conduction-
band DOS and in the valence-band DOS away from the
band gap.

Figures 3 and 4 show the real and imaginary parts, re-
spectively, of the bulk, diagonal, s, and p self-energies in

Hg &
Cd Te with and without vacancies. In

Hg& Cd„Te without vacancies, only the s self-energies
differ from the VCA value. However, large changes
occur in both the s and p self-energies near the valence-
band edge when vacancies are present. Changes in the s
self-energy also occur deep in the valence band and in
the conduction band at energies for which the DOS is
unchanged. While the structure in the p self-energy is
correlated with the changes in the DOS due to vacan-
cies, the significance of changes in the s self-energy is un-
clear since the changes can occur at energies for which
the DOS is unchanged.

B. Surface vacancies

The effects of vacancies on the surface DOS's of
Hg, „Cd„Te are shown in Figs. 2, 5, and 6 for (100)
cation and anion surfaces. Two cases have been con-
sidered. In the first case, the vacancy concentration is
the same (x, =0.01) at all cation sites. In the second
case, x, =0. 10 at the cation sites closest to the surface,
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x, =0.05 at the cation sites next nearest to the surface,
and x, =0.01 at all other bulk cation sites. In each case
the Cd concentration is x =0.5 at all sites. Results for
Hg& Cd„Te without vacancies are shown for compar-
ison.

The vacancy-induced increase in the DOS near the
valence-band edge of an anion site next to a cation sur-
face (Fig. 2) has two peaks which are deeper in the
valence band than the peak in the vacancy-induced DOS
of a bulk anion site. The peak at —0.6 eV ( —0.3 eV) is
identified with vacancies at cation sites on (next to) the
cation surface. The increase in the peak at —0.6 eV is
greater than the increase in the peak at —0.3 eV when
the concentration of vacancies at the surface increases
from 0.01 to 0.10, but the concentration at the site next
to the surface increases only from 0.01 to 0.05. Unambi-
guous identification of defect states at vacancies near
anion surfaces is difficult because the DOS for such
states overlaps with the anion surface-state DOS.

The bimodal character of the (100) ideal-cation-surface
DOS is apparent in Fig. 5. The band at lower energy in
the main gap is Hg Te-like, the upper band is CdTe-like.
Cation vacancies near the surface have little effect on the
surface-state DOS, especially when x, -0.01. The bands
do broaden when vacancies are present. Also the bands,
especially the HgTe band, shift to slightly higher ener-
gies because the band gap is wider when vacancies are
present. Moreover, the bimodal character of the cation-
surface-state DOS remains even when x, =0. 1. The bi-
modal character is reflected in the peak heights. The ra-
tio of Hg Te to CdTe surface-state DOS peak heights de-
creases when Hg vacancies are present at the surface.

The dispersion of the cation surface states is not
affected much by vacancy concentrations less than 10%.
Inspection of the k-dependent DOS shows that surface
states throughout the surface Brillouin zone shift by
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FIG. 5. Densities of states at cation (a) and anion (b) sites
closest to a (100) cation surface of Hgl Cd Te: with no va-
cancies (thick solid curves); x, =0.01 at all sites (thin solid
curves); and x, =0.01 in the bulk, x, =0. 1 at the cation surface
site, and x, =0.05 at the next cation site in from the surface
(coded curves). In all cases x =0.5.
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FIG. 6. Densities of states at cation (a) and anion (b) sites
closest to a (100) anion surface of Hgl „Cd Te. The curves
are labeled as in Fig. 5 ~ In all cases x =0.5.
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which has the same composition, x =0.5, at all sites as
the bulk composition of the alloy with an Hg-rich sur-
face. The peak heights and shapes are determined by
the surface composition while the positions are deter-
mined by the bulk composition. These relationships also
hold when the surface is Hg depleted.

The s self-energies at the Hg-rich cation surface and at
the cation surfaces of the uniform alloys are shown in
Fig. 9. The structure in the surface s self-energy for uni-
form alloys is located so that (1) the real part of the s
self-energy is approximately that of the s-level energy of
the dominant cation at the energies of the surface-state
band of the dominant cation and (2) so that variations in
the self-energy occur in the region of the other surface-
state band. As a consequence, the structure in the self-
energy of a uniform alloy shifts to lower energies as x in-
creases. The structure in the s self-energy of the Hg-rich
surface occurs at higher energy than the structure in the
surface self-energy of either uniform alloy.

Although the surface states of the Hg-rich surface
occur at the energies expected for the surface states of
the uniform alloy with the same bulk composition, the
Hg-rich surface does not behave like the surface of the
uniform, x =0.5, alloy. The peak heights and shape are
correlated to surface composition and the structure of
surface self-energy of the Hg-rich surface is at higher
rather than lower energies than the structure in the sur-
face self-energy of the uniform, x =0.3, alloy. Surface-

1.0

state energies are located in bulk-band gaps because the
states decay into the bulk. Also, the cation surface-
states are cation derived. Thus the surface states of the
Hg-rich surface are tied to the bulk (x =0.5 )

conduction-band edge even though the surface behaves
more like the surface of a uniform, x =0.3, alloy.

The surface states of the anion surface of uniform
Hg& Cd Te are VCA-like, with no bimodal character.
In fact, VCA and CPA calculations yield almost identi-
cal results. In alloys with diffusion, the anion surface-
state DOS is almost identical to the surface-state DOS of
the uniform alloy with the same bulk composition. The
positions of the structure in the surface DOS are the
same because the positions are determined by bulk-band
structure. Moreover, the peak heights are the same, be-
cause the states have no bimodal character and thus are
not sensitive to the surface composition. However, the
self-energy of the cation site closest to the anion surface
is sensitive to the surface composition. The self-energy
at that site in the alloy with diffusion is nearly identical
to the self-energy at that site in the uniform alloy with
the same surface composition.

In performing the calculations, we used the bulk VCA
values for anion matrix elements and off-diagonal matrix
elements at all sites. While this may not be the most ac-
curate modeling of these matrix elements when diffusion
is present, it is the simplest modeling to implement.
Off-diagonal matrix elements and anion matrix elements
should influence the dispersion of the surface states.
Since the bandwidths of the surface-state bands of the
uniform, x =0.3 and x =0.5, alloys are similar, we do
not expect the results to be sensitive to how these matrix
elements are modeled when there is diffusion.

IV. CONCLUSION
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FICx. 9. The real and imaginary parts of the s self-energy for
a cation at the (100) cation surface. The curves are labeled as
Fig. 7.

The structure in the surface-state DOS of
Hg &

Cd Te without vacancies reflects the bimodal
character, either HgTe-like or CdTe-like, of the cation
surface states. We have studied surfaces with up to 10%
cation vacancies. The vacancies do broaden and shift
the surface-state DOS. However, the distinct bimodal
character of the alloy cation-surface-state DOS is
preserved. Local perturbations such as vacancies do not
significantly distort the surface states because the surface
states are also local in character. Large concentrations
(x, &0. 1) of vacancies would be needed to distort the
surface states. The dispersion of the (100)-surface states
does not change dramatically when vacancies are
present. This is consistent with the finding for (110)
surfaces that the dispersion is insensitive to vacancy con-
centrations of less than 10%. The vacancies do induce
additional states near the vaLence-band edge. States
trapped at vacancies closest to the cation surface have
the lowest energies. States trapped at vacancies near
anion surfaces overlap anion-surface-state bands and are
difticult to identify.

We have studied ideal, cation vacancies. In principle,
lattice relaxation around the vacancy should be included.
However, the presence of ideal vacancies at the surface
does not significantly distort the surface states or their
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bi.modal character. We would not expect the extra per-
turbation of vacancy lattice relaxation to qualitatively
distort the surface states. Vacancy lattice relaxation
would, however, shift the energies of the vacancy levels
just as moving the vacancy from the bulk to the surface
shifts the vacancy levels.

Calculations for other surfaces, such as the (110) sur-
face, should be done. Cation (100) surface states are lo-
cal in character and insensitive to surface vacancies.
Surface vacancies might have more effect on other sur-
faces which have surface states with different character.

The surface DOS of Hg-rich and Hg-depleted surfaces
depend on both the bulk, xb, and surface, x„cation con-
centrations. When x, is different from xb, the number of
states in the Hg Te and CdTe surface-state bands is
correlated with x, . However, the positions of the bands
are correlated with x&. Since the states decay in the
bulk region, the bulk-band gap rather than the surface-
band gap determines the forbidden energy regime in
which surface states can exist. Concentration variations
which are larger than those we have studied or which
extended deeper into the bulk would be needed to sub-
stantially modify the surface states.

Only ideal (100) alloy surfaces have been considered
because adequate information for the alloy surface relax-
ation and reconstruction is not available. Surface relaxa-
tion or reconstruction can significantly change ideal-
surface states. Ho~ever, inclusion of surface relaxation
and reconstruction should not change the qualitative
effects of surface vacancies because the surface vacancies
do not significantly distort the surface states. The inter-
play between surface relaxation effects and diffusion
effects could be more complex. When diffusion occurs,
the surface-state energies are correlated with x~. How-
ever, surface relaxation and the shifts of surface state en-
ergies induced by the relaxation should be more strongly
correlated to x, because significant surface relaxations
would occur only in the layers closest to the surface.
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