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The chemical trends for the energy levels of sp>-bonded substitutional defects in
Hg(; - Cd,Te are predicted and appear to be in general agreement with what is known
about defect levels in this small-band-gap semiconductor alloy.

I. INTRODUCTION

The purpose of this paper is to present a theory
of the chemical trends for substitutional sp>-
bonded deep-trap energy levels in Hg(, _,,Cd, Te.
Hg(,_,)Cd,Te is a variable-band-gap zinc-blende
semiconductor that has important potential appli-
cations in infrared photodetection. Its band gap
varies continuously as a function of alloy composi-
tion x from 1.59 eV in CdTe (x =1.0) to zero for
x~0.16; HgTe is a semimetal. The most carefully
studied alloy compositions range from x =0.2 to
0.4. Traps associated with defects or impurities
degrade the performance of Hg(; _)Cd, Te elec-
tronic devices (i) by providing unwanted recom-
bination paths and (ii) by permitting undesirable
noise currents associated with valence electrons be-
ing thermally excited first to the trap level and
then to the conduction band.! Efforts to improve
the quality of device-grade Hg(;_,Cd, Te are ham-
pered by the problem of first identifying the de-
fects responsible for the unwanted trap levels and
then either removing the defects or altering the
material so that the trapping properties are suitably
modified.

The small band gap 0.1 —0.3 eV of the techno-
logically important Hg(;_,)Cd, Te presents a seri-
ous obstacle to the interpretatign of defect levels in
the gap, however. Most theories of “deep” traps
are uncertain by several tenths of an eV, and at
first examination would appear to be incapable of
assisting in the interpretation of data. Indeed, the
conventional definition of a “deep” level is that it
lies more than 0.1 eV from the nearest band edge;
a definition that is meaningless in a 0.2-eV band-
gap material. Progress can be made, however, if
we adopt the more recent theoretical and experi-
mental definitions of a “deep” level® as one that (i)
is bound by the defect’s central-cell potential and
(ii) does not necessarily follow the band edges as
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the host alloy composition is varied. The data of
Jones et al.! reveal two such deep levels in
Hg({_xCd,Te. While a 0.2-eV uncertainty theory
cannot predict with confidence which defects are
responsible for the observed deep levels, it can ex-
clude many possible defects as candidates and it
can exhibit the chemical trends in the deep-trap en-
ergies to be expected as the host alloy composition
is varied and as the impurities are changed. Such
an imprecise theory, if sufficiently global in its
predictions, can be useful for formulating and test-
ing hypotheses concerning defect levels. In this
paper we present such a theory.

II. THEORY

The theory draws heavily on ideas advanced for
GaAs,_, P, by Hsu et al.? and on the theory of
deep levels in III-V semiconductors by Hjalmarson
et al?> We seek to solve the Schrédinger equation
for the substitutional defect energy levels E:

det[1—(E —Hy)~'V]=0 (1a)
or
det[1—Gy(E)V]=0. (1b)

Here V is the defect-potential operator, H, is the
host Hamiltonian operator, and Gy(E)
=(E —H,)™ ! is the perfect-crystal Green’s func-
tion. Solution of the Schrddinger equation is
greatly simplified by an apt choice of basis, as con-
structed by Vogl et al.* for III-V semiconductors.
Two significant differences exist between the III-
V’s and Hg(,_,,)Cd, Te, however. Both HgTe and
CdTe have strong spin-orbit coupling, which must
be included, and the band gap of Hg(;_,,Cd,Te
vanishes for x~0.16; hence the host-crystal Hamil-
tonian H, must be treated carefully.

Following the general ideas of Harrison,’> Chadi,®
and Vogl et al.,* we construct the empirical tight-
binding Hamiltonian:
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(2)

Here H.c. means Hermitian conjugate, R are the face-centered-cubic lattice positions of the anions, i and j
are the basis orbitals s, px, p,, p;, and s*, o is the spin (1 or ), a and c represent the anion and cation,
respectively, and d is the position of the cation relative to the anion in the Rth cell: d =(ar /4)(1,1, 1). The
amon (cation) orbital with quantum number i and spin o centered at R (R+ d) 1s |a i a,R) (] ei, a,R
+d)). In this model, the off-diagonal matrix elements ¥ vanish unless R and R'+d refer to nearest-

neighbor atoms. The spin-orbit Hamiltonian is

Ho= 3

R ,0,0",0,j

Hg, in this atomiclike local basis is an off-diagonal
matrix which couples the different spin states with
the p states on the same atom.

We have used an sp>s* basis of five orbitals per
atom; the sp> part of the basis is necessary to ob-
tain correct covalent bonding, and the excited s
state s* is useful for simulating the higher energy
excited states in the conduction bands. The
parameters of the model for HgTe and CdTe are
listed in Table I. These parameters were deter-
mined by fitting the pseudopotential band struc-
tures of HgTe (Ref, 7) and CdTe (Ref. 8) at the
I (k=0) and X [k (2m/ay )(1,0,0)] points,
where the Hamiltonians are block-diagonal. In the
case of HgTe, the lowest valence bands were fitted
to photoemission data,” because these bands were
not included in Ref. 7. The spin-orbit parameters
A, and A, were determined from the I" point split-
tings of the band structures at I'; and 'y. (Appen-
dix A contains details of the band-structure fitting
procedure.)

The band structures of the alloys were obtained
using the virtual-crystal approximation, with the
Hamiltonian matrix elements being linearly inter-
polated as functions of x.!° Values of the energy
at high-symmetry points in the band structure are
tabulated in Table II. The resulting alloy band
structures for x =0, 0.16, and 1 are plotted in Figs.
1, 2, and 3, respectively. The host spectral density
operator 8(E —H,) and the Green’s function
Go(E)=(E —H,)~! can then be evaluated from
the band structure, using established procedures.

The defect potential can be formed as by Hjal-
marson et al. for III-V’s. The on-site matrix ele-
ments of the host Hamiltonian are approximated
by

Es,a - Es,c = Bs ( E;’z;tom) - Es(’a:‘tom ) ) (4a)

2

( |a,i,a,ﬁ)2}»af,, . 6’,,(a,j,a’,l_il + |c,i,a,§+a)2kcfc . Ec(c,j,a’,ﬁ—i—(—fl )

(3)

-

and

(atom) (atom)
Epa—Epc=By(Epa —Epc) ,

(4b)

where the superscript (atom) refers to the free
atomic orbital energy. A good fit to the band
structures of HgTe and CdTe is obtained with the
proportionality constants 3; and B,, chosen to be

TABLE 1. Nearest-neighbor tight-binding parameters
of HgTe and CdTe. The off-site matrix elements (V’s)
are related to the standard notations for the two-center

Slater-Koster® approximation as follows:
Vep=(1/V3W,sp0, Vps=
”-—(1/3)(1’},”+2V,,,,,,) Viy=
Viep=(1/V3)Winpr Vyso=(—1/V3)Vp 500

(-1/x/§)Vp,,,
(1/3)Vppo—Vppm>

V:,s = Vs,.v,m

CdTe HgTe

E;, —8.891 —9.776
E,, 0.915 0.155
E,, —0.589 —1.404
E,. 4.315 4.300
4V, —4.779 —3.267
4V« 2.355 1.443
4av,, 4.124 3.639
4V, 1.739 2.412
4V, —4.767 —3.243
Eqq 7.0 6.0
E;., 7.5 6.5
4V, 1.949 3.520
4Vp 0 —2.649 —0.323
Ag 0.367 0.299
Ac 0.013 0.286
2J. C. Slater and G. F. Koster, Phys. Rev. 94, 1498

(1954).
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TABLE II. Energies at symmetry points I', X, and L (in eV).
CdTe HgTe
Symmetry
points Present Others Present Others
| P —11.07 —11.07% —10.8° -10.8 —10.8¢
'y —0.89 —0.89° —0.728° —0.893 —0.893° —11d
—0.91¢ —0.94¢
| ' 0.00 0.00 0.00 0.00
| AP 1.59 1.59° 1.591° —0.280 —0.280° —0.4¢
1.59¢ —0.3¢
| P 5.36 5.36° 6.171° 4.179 4.179% 5.16¢4
6.13¢ 4.9¢
| P 5.61 5.61° 6.461° 5.040 5.040° 6.9¢
6.26° 5.41¢
Xew —-9.12 —9.12% —10.2
X7 —4.94 —5.05° —3.993 —4.00° —4.5¢
—-3.17° —4.0°
X —2.08 —1.98* —1.658° —2.108 —2.056° —1.64
—1.60° —1.5
Xev —1.60 —1.60° —1.320 —1.826 —1.826° —1.1d
—1.14¢ —1.15¢
Xee 3.48 3.48° 3.900° 1.822 1.830° 2.8¢
3.85¢ 3.15¢
X7 3.95 3.952 4.410° 2.705 2.705° 5.0¢
4.15¢ 3.9¢
Xee 6.98 6.283
Xie 7.18 6.518
Lg, —9.75 —9.64° —10.383
Lg, —4.41 —4.73* —3.988 —4.3¢
-3.17¢ —3.8°
L, —1.30 —1.18 —1.008° —1.355 —1.298° —1.27¢
—0.97¢ —1.02¢
Lys, -0.77 —0.65* —0.546° —0.755 —0.672° —0.48¢
—0.4° —0.4°
L, 247 2.82° 3.091° 0.896 1.252° 1.5¢
3.0° 1.8¢
L, 5.17 6.18° 6.606° 3.869 4.866° 6.42¢
6.39¢ 6.0°
Luse 6.18 6.35° 6.695° 5.232 5.194°
6.45¢ 6.26°

*Pseudopotential calculations of Ref. 8.
®Pseudopotential calculations of Ref. 7.

‘Photoemission data of Ref. 9.

4Orthogonalized plane-wave calculation, H. Overhof, Phys. Status Solidi B 43, 221 (1971).

“Pseudopotential calculation, D. J. Chadi, J. P. Walter, M. L. Cohen, Y. Petroff, and M. Balkanski, Phys. Rev. B 5,
3058 (1972).

0.7 and 0.5, respectively. (These values are close to
the values 0.8 and 0.6 for ITII-V’s.*) These scaling

relationships for the host provide rules for the con-
struction of the defect potential V; we take ¥ to be

diagonal in the site representation with diagonal
elements equal to

V;',b =ﬁi(Ei(,%efec”_Ei(,};;os“) , (5)
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BAND STRUCTURE OF HgTe
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FIG. 1. Band structure E(K) along the principal .
symmetry directions of HgTe (semimetal). The points k
in the Brillouin zone are I" =(0,0,0),

L =Q2w/a;X1/2,1/2,1/2), X =(27/a.)(1,0,0),
U=02n/a;)1,1/4,1/4), K =(2m/a;)(3/4,3/4,0),
where a; is the lattice constant.

BAND STRUCTURE OF Hgg g4Cdg gTe

10.0
8.0 :\ \
X7¢
6.0 E\'&/ |
Lasc
4.0 Toc Ty X7c /
20, . Xec
By
0.0 1:4; >
T LyNec Xev
-2.0fFsv —
v
-4.0 Tov rony
-6.0
-8.01
-10.0kLev - Xev
|
m12or T X UK r
3

FIG. 2. Band structure E(K) along the principal
symmetry directions of virtual crystal Hg(;_4Cd,Te at
x =0.16, which is the transition point from the semicon-
ductor to the semimetal (Eg,, =0).
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FIG. 3. Band structure E(K) along the principal
symmetry directions of CdTe (semiconductor).

where i signifies the angular-momentum quantum
number and b specifies the site (anion or cation).

For the sp 3_bonded defects that we consider, the
spin-orbit interaction is normally weak, and we ig-
nore it, as in Eq. (5). We also neglect the long-
range part of the defect potential associated with
the Coulomb interaction outside the central cell.
Lattice relaxation around the defect is also omit-
ted; this greatly simplifies the problem by making
the off-diagonal matrix elements of the defect po-
tential ¥ vanish, since we assume that all nearest-
neighbor Hamiltonian matrix elements follow
Harrison’s rule for scaling with the bond length d
in proportion to d =25 Of course, this is a one-
electron theory and electron-electron Coulomb in-
teractions are omitted; thus the different energy
levels of defects in different charge states are de-
generate in this model. With these approxima-
tions, the theory is likely to predict absolute ener-
gies in error by a few tenths of an eV. The trends
of the theory are likely to be less sensitive to the
approximations, however, because the omitted ef-
fects tend to be monotonic functions of the trap
depth.

In the absence of spin, the site symmetry is
tetrahedral (T;) and the possible bound-state ener-
gy levels in an sp? basis are a singly degenerate
A, (s-like) level and a triply degenerate T, (p-like)
level. Including spin but neglecting spin-orbit ef-
fects simply doubles the degeneracy of each level.
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Finally, the spin-orbit coupling breaks the now six-
fold degenerate T, level into a twofold 'y (P ,-
like) level and a fourfold Ty (P;,-like) level, since
the “good” quantum number is the total angular
momentum J =L +S. The doubly degenerate 4,
level remains doubly degenerate in the presence of
the spin-orbit coupling; we denote this level by I'¢
(S1,2-like) in the double-group notation. These
symmetry considerations reduce the secular equa-
tion (1a) to three scalar equations for either anion-
or cation-substitutional defects:

(Tyg)

V,'=G, *(E) (g=4, Py)-like), (6a)
(') .
V,'=Go " (E) (g=2, Pyp-like), (6b)
and
1 T .
Vi '=Gy ° (E) (g=2, Sy,-like), (6¢)

where g indicates the degeneracy. Details of the

derivation are given in Appendix B. The substitu-
tional impurity levels obtained by solving Egs. (6)
for Hg(;_,)Cd,Te alloys are shown in Figs. 4—6.
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FIG. 4. Predicted I'¢-symmetric (S ,-like) energy
levels of cation-site substitutional impurities as a func-
tion of the alloy composition x. The energy levels for
all the impurities in CdTe are shown on the right. The
trends with alloy composition x are shown only for
selected impurities. The dashed curves indicate resonant
levels.
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FIG. 5. Predicted I';-symmetric (P, /,-like) and T'g-
symmetric (P3;-like) energy levels of cation-site substi-
tutional impurities as a function of the alloy composi-
tion x. The energy levels for all the impurities in CdTe
are shown on the right. The trends with x are given
only for selected impurities. The P;,,-like bound and/or
resonant states are denoted by solid and/or dashed lines.
The P, ,-like bound and/or resonant states are denoted
by chained and/or dotted lines.

III. RESULTS

One of the most important conclusions is that,
in the alloy Hg(; _,)Cd, Te, the deep levels have
slopes dE /dx somewhat smaller than dE,,/dx.
Thus, a defect on a cation site with a level at
~Eg,,/2 in CdTe would tend to remain near the
center of the gap for a considerable range of alloy
compositions x. Anion site defects have dE /dx
very small, and so appear to be “attached” to the
valence band. The cation-site behavior, by which a
gap-center level remains near the gap center for a
range of alloy compositions, has been observed by
Jones et al.! for 0.2 <x <0.4. Those authors have
suggested that their level at ~E,,/2, and possibly
their ~3E,, /4 level, may be due to a cation va-
cancy (presumably singly and doubly charged,
respectively), an identification consistent with the
present work.

A. Cation-site defects

The predictions for cation-site defects are given
in Figs. 4 and 5. As an example, consider the im-
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FIG. 6. Predicted I';-symmetric (P;,,) and I's-
symmetric (P;,,-like) levels of anion-site substitutional
impurities as a function of the alloy composition x. The
energy levels for all the impurities in CdTe are shown
on the right. The trends with x are given only for
selected impurities. The anion vacancy “deep” level is a
conduction-band resonance above the figure. [The anion
vacancy I'¢-symmetric (S ,-like; not shown) level is also
a resonance at an energy that would lie above the figure.
This resonance would hold two electrons if it were a
bound state below the conduction-band edge. Hence the
bulk Te-site vacancy produces a shallow double donor.]

purity P in CdTe, which at low concentrations oc-
cupies primarily Te (Pr.) sites, but at high concen-
trations is likely to occupy Cd sites as well (Pcqy).
The Py impurity has three extra electrons relative
to the host and is expected to have a filled S -
like level near 1 eV (Fig. 4) and P, /,-like and

P; s;-like states resonant with the conduction band
(above the top of Fig. 5). (We measure all energies
from the valence-band maximum.) These P ;-
and P; ,-like resonance states are unable to localize
and bind the final (third) electron, since this elec-
tron seeks a lower-energy conduction-band state
where it can be captured into a shallow level by the
long-range Coulomb potential. These shallow
states have zero binding energy in the present
model, because the long-range Coulomb potential is
neglected. If it were included, the electron would
occupy an effective-mass-type shallow-donor level.

Thus the defect Pc4 will show the following elec-
trical properties depending on the background dop-
ing: In intrinsic or n-type material this defect will
act as a shallow donor; but in p-type material the
shallow donor electron will be trapped by an accep-
tor and the 1.0-eV level will become a deep elec-
tron trap, if it lies above the Fermi level.

The neutral vacancy V%, in CdTe has six elec-
trons (from its Te neighbors); two in the lowest-
energy S| ,-like valence-band resonance (Fig. 4),
two in the higher P, /,-like level, and two in the
P53 y-like level, leaving two empty P;,-like levels
(Fig. 5). Thus this vacancy is predicted to yield a
deep acceptor at 0.12 eV in CdTe (deep in the
sense that the localization is primarily produced by
the short-range central-cell potential) in good
agreement with the very recent theoretical results
of Daw et al.'! It should have an inclination to
accept one or two electrons, producing the singly
or doubly charged vacancy levels. The Coulomb
repulsion of these extra electrons, omitted in the
present model, would cause the level to move up in
energy, and would result in higher energy levels for
the singly charged and doubly charged states than
for the neutral state. Experimentally the energies
of the cation vacancy’s different charge states
remain uncertain. Levels have been reported at
0.05 eV (Ref. 12) and 0.20 eV (Ref. 13) and the
doubly charged vacancy has been reported to lie at
1 eV (Ref. 14); in all cases, however, the assign-
ment of these levels to the Vo4 has been only ten-
tative.

Further evidence supporting the predictions for
cation-site defects in CdTe comes from the
pressure-dependent studies on the shallow donor
dopants. Iseler et al.!® have found that application
of 2 kbar of pressure greatly reduces the conduc-
tion electron density for Ga-doped CdTe, indicat-
ing that the shallow Ga level is being converted
into a deep level. For In-doped samples 10 kbar is
necessary, while Al shows no signs of such conver-
sion. The present theory predicts that Ga, In, and
Al all have resonance levels near the conduction-
band edge in pressure-free CdTe, although we
place the In resonance above the Al resonance (see
Fig. 4). Each of these column-III impurities has
one more electron than Cd. The electron that
would naturally occupy this S| /,-like resonance
level decays to the conduction-band minimum,
where the long-range Coulomb potential omitted in
the present model binds it in an effective-mass
shallow donor level. With the application of pres-
sure, the conduction-band edge I moves up, expos-
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ing the resonance level and a genuine deep electron
trap is formed below the shallow donor level. The
observation of this dramatic deep-level formation
in response to pressure is a triumph of the theory,
which places these levels near the borderline of the
shallow-deep transition at zero pressure. The
present explanation of this phenomenon is natural
and requires neither a change in the local geometry
of the defect with pressure,'®~!2 nor that the deep
level be “attached” in an effective-mass approxi-
mation sense to a higher conduction-band
minimum.!® The nearest subsidiary conduction-
band minimum is at L, approximately 1 eV higher
in energy than the absolute minimum at I'—too
far away for an effective-mass treatment to be
credible.

With the experimental evidence for known
cation-site defects in CdTe supporting the predic-
tions of the model, we feel some confidence in the
predictions for Hg(,_,,Cd,Te alloys. For example,
the native antisite defect Te in Te-rich alloys
should naturally form a doubly occupied S ,-like
level in the gap (Fig. 4) and a shallow double
donor (the Py /,-like and P; ,-like resonances are
above the figure in Fig. 5). All the impurities
from Pb down to F on Fig. 4 and the cation va-
cancy are candidates for levels at the energies ob-
served by Jones et al. in the alloy.

The present work lends support to the assign-
ment of the Eg,,/2 level and possibly the 3E,,,/4
level in Hg(; _,)Cd, Te to the negatively charged
cation vacancies. Adding 0.3 to 0.4 eV to the
higher of our P;,-like or P, /,-like V2, levels, to
simulate the effects of electron-electron repulsion
in V4 (a reasonable charge-state splitting for this
material), brings either of these levels of Fig. 5 into
general agreement with the E,,,/2 level of Jones
et al.! Similarly, the 3E,,,/4 level can be assigned
to V2. The remaining isolated substitutional na-
tive defect, antisite Tecy appears not to be a
reasonable candidate for these energy levels—it
would act as a deep electron trap only if its shal-
low donor electrons were trapped by compensating
levels such as the cation vacancy. In this case the
concentration of deep traps would probably be con-
siderably less than the vacancy concentration,
while the data show that the defect responsible for
this deep level and the cation vacancy occur in
concentrations that are roughly equal, within a fac-
tor of 10. We must admit however, that an impur-
ity such as Tecy represents a very extreme case,
since four extra electrons must be taken into ac-
count, and may in fact lie outside the realm of va-

lidity of the present theory. This is so because in
the present theory we have taken the impurity
central-cell potential to be proportional to the
difference of neutral-atom orbital energies. Thus
the theory in its present form is most reliable for
impurity atoms that have nearly the same valence
structure in the solid (i.e., the same number of elec-
trons in the central-cell volume) as the free atom.
The effects of charge transfer and redistribution,
which for highly charged defects should be taken
into account self-consistently, have not been in-
cluded. In the absence of a more complete treat-
ment, we cannot rule out the antisite defect as re-
sponsible for the levels of Jones et al.; indeed in re-
cent private conversations, Jones has expressed the
opinion that these may be Tegy levels.

It appears likely that the Tec, antisite defect will
remain a shallow donor (above the figure in Fig.
5), even if it lies near or at a surface. The Tecy
resonance is so far up in the conduction band that
it is unlikely to be driven into the gap by the per-
turbation of even a surface, based on our experi-
ence with surface-defect calculations.!® Thus, if
we accept the Spicer-Bardeen® theory of Schottky
barrier heights determined by surface Fermi-level
pinning and assume that the pinning defect is ei-
ther an anion vacancy!! or an antisite defect on the
Cd site (Tecg),?! then we would expect the pinning
level to lie near the conduction-band edge for all
alloy compositions x in Hg(;_,)Cd,Te. This
would mean that n-type Hg(, _,)Cd, Te would be
expected to form Ohmic contacts with metals, but
that p-type material would have a barrier height
equal to the band gap. This result appears not to
agree with the observations,’>?* leading us to con-
clude that the CdTe Shottky-barrier height is not
controlled by either the anion vacancy or Tecy.
The remaining native substitutional surface defects,
the Cd vacancy and Cdr,, are potential candidates
for the observed Fermi-level pinning deep in the
band gap of CdTe, however. Since we find that
their bulk levels lie within or near the band gap,
they are likely to produce surface levels near or in
the gap also. These comments concerning the
behavior of defects at or near surfaces must be
considered as speculations at this point, however,
since a detailed surface calculation will be neces-
sary to predict the precise energy levels.

In bulk CdTe the column-IV impurities Si, Ge,
and C are all predicted to produce doubly occupied
S ,»-like deep levels. The column-V defects Bi, Sb,
As, and P produce doubly occupied deep S ,-like
levels and a singly occupied shallow donor level.
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The column-VI defects Se, S, and O are predicted
to yield very deep occupied S /,-like levels and
double donors (for Se and S) or a doubly occupied
P; ,-like deep level (for O). . All of the bound deep
levels in CdTe are “autoionized” and become
conduction-band resonances as Hg increasingly re-
places Cd in the alloy and the band gap decreases.

The neutral cation vacancy exhibits an especially
interesting behavior in the alloy. The deep V asion
acceptor of CdTe is predicted to merge into the
valence band as Cd is increasingly replaced by Hg,
producing a “deep” resonance and a shallow dou-
ble acceptor. The interference of the acceptor
states with the conduction-band continuum could
explain the anomalous conductivity dips (at ~2.2
and 9.5 meV) observed by Finck et al.,?* who
speculate that these states are associated with
cation-site vacancies. In fact, the present theory is
very similar in spirit to that of Liu and Vérié?®
who studied these resonance states theoretically in
detail. The fact that neutral cation vacancies in
Hg(, _,)Cd, Te form shallow acceptors also explains
why this material often tends to occur as a p-type
semiconductor.

B. Anion-site defects

The theoretical results for the anion-site defects
are given in Fig. 6. In the present model only the
P, ;-like and P /,-like levels of quite electroposi-
tive impurities produce levels in the gap; the S ,-
like levels (not shown) are not found in the gap.
Especially noteworthy are the antisite defects Hg
and Cd, which are predicted to yield naturally
empty P;/,-like states in the gap and full P, /,-like
levels at or near the valence-band edge.

An interesting feature of the theory is that the
derivative dE /dx for anion-site defects is consider-
ably smaller than for cation-site impurities. The
anion-substitutional defects in the alloy tend to
parallel the valence-band maximum and have
dE /dx~0. Thus the deep levels observed by Jones
et al., which have dE /dx smaller than dE,,/dx
by the factors fz';- and z%, are more likely to be
cation-site defects.

There is a problem with the theory for anion-
substitutional defects, however. Isoelectronic O
has been reported to act as a luminescent center in
CdTe,?® whereas the theory does not place it in the
gap. Furthermore, the pressure experiments of
Iseler et al.'> show that Cl and Br must produce
resonances only slightly above the conduction-band

edge, because the application of a modest amount
of pressure is known to drive these levels into the
gap (iodine does not become deep). The theory
does predict the observed ordering of these levels®’:
O is deeper than Cl, which is deeper than Br,
which is deeper than I; but the predicted level posi-
tions are too far away from the gap in absolute en-
ergy to explain the observations.

One possible explanation of these experimental
facts is that the defect levels assigned to O, Cl, and
Br are not associated with isolated substitutional
impurities but with some other defects, perhaps
pairs consisting of a donor and another defect on a
neighboring site. According to the theory, such
extended defects might produce levels near the ob-
served energies, and these defects would have the
observed ordering.?® Experiments resolving this is-
sue are needed. While keeping open minds con-
cerning the nature of these defects, we believe that
it is prudent, at least for the moment, to assign the
discrepancy between theory and data to a deficien-
cy of the theory.

We have examined how alterations of the
parameters of the theory might lead to changes of
the S /,-like level positions for the important iso-
lated substitutional column-VI and -VII defects.
These studies lead us to conclude that no reason-
able modification of the parameters will bring the
theory into quantitative agreement with the O, Cl,
and Br data. In order to do that, the S ,-like
spectral density in the conduction band must be
significantly increased so that the levels are re-
pelled downward. However, column-II and
column-VI or -VII atoms are very different and
their s atomic energy levels are quite out of reso-
nance. Thus no reasonable change of parameters
will lead to the needed transfer of spectral
conduction-band strength to the anion-site spectral
density. This problem occurs possibly because we
have tried to simulate a moderately ionic com-
pound, containing quite polarizable ions, with a ba-
sically covalent theory. Effects due to substantial
charge rearrangement have been neglected in this
theory, and these may be important.

We do not believe that there is much to be
gained by developing a more sophisticated theory
at this stage. Noting that the present simple
theory does successfully predict the relative order-
ing of the O, Cl, and Br levels, we merely mentally
adjust the predictions downward until they coin-
cide with the CdTe impurity data. With this
modification, the present theory can function as a
useful guide for interpreting data.



IV. SUMMARY

The chemical trends for the defect levels in
Hg(, _,Cd,Te generally appear to be in agreement
with the available data. The neutral cation-site de-
fect levels appear to be predicted with an accuracy
of typically ~0.2 eV. The anion-site defect levels
observed in CdTe have the same general trends
that the theory predicts, but we find sizable quanti-
tative discrepancies between the predicted absolute
trap energies and data. These discrepancies are
systematic, however, and the theory can be adjust-
ed to compensate for them. The theory provides
explanations of the principal experimental facts
concerning the energies of defect levels in CdTe
and the anomalous electrical properties of defects
such as the cation vacancy in Hg,_,)Cd, Te. It
also seems to provide a very natural explanation of
the pressure-dependent shallow-to-deep transition
data. We hope that the predictions of Figs. 4—6
will prove helpful for interpreting data.
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APPENDIX A: TIGHT-BINDING THEORY

In this appendix, we outline the procedure for
empirically determining the tight-binding Hamil-
tonian matrix elements. We begin by constructing
for each orbital i of atom b (b is the anion or ca-
tion) a Bloch sum of wave vector k:

| b,i,o0,K) =N“1/22 exp[z’l—{ (R4 )]
R

X | byi,o,R+73) , (A1)

where i corresponds to one of the sp 3s* basis orbi-
tals in the unit cell at R and the spin o may be
either up (1) or down (). The vector 7, is the po-
sition vector of the bth atom in the unit cell [viz.
(0,0,0) for the anion and (a; /4)(1,1,1)= d for the
cation].

Since HgTe and CdTe have large spin-orbit cou-
plings, it is convenient to represent the Hamiltoni-
an in the total angular momentum | j,m;) basis
rather than the |i,o') basis (i labels the orbital an-
gular momentum). The transformation between
these two bases is, for example,

|b,j=3/2,m;=3/2,R)=—2""%(| b,p,,1,R) +i | b,p,,1,K)) (A2a)
6,j,=3/2,m;=1/2,R) = —6""2(| b,py, 1,R) +i | b,p,, 1,R) —2| b,p,, 1,R)) . (A2b)

This transformation results in a diagonalization of the spin-orbit coupling Hamiltonian. We have retained
the interactions of the excited s* orbital with the valence p orbital of a neighboring atom, but have neglected
for simplicity interactions of the s* orbital with the s and s* orbitals of its neighbors. The resultant
nearest-neighbor tight-binding Hamiltonian matrix is given in Appendix C.

At high-symmetry points in the Brillouin zone, the matrix becomes block-diagonal. We can thus express
the energies at the I" and X points in terms of the tight-binding parameters, and empirically determine the
parameters, using the known energies at I" and X (Table II). The analytic forms at the I" point [we set

Ulj=(4V;; 7] are

E(Tg)=[(E4+E;.)/2)+[(E;; —E;.)*/4+U21"? (doubly degenerate), (A3)
E(T))=[(Eps+E,.—2A;—2A.)/2]+[(E, s —E, . — 2k, +2A.)*/4+ U2, 1'/* (doubly degenerate) ,

and
E(Te)=[(E, ¢ +E,c+As+A)/2]£[(Ep,

E

pc> Uxx» Ag and A, from the energies at the I" points.

(A4)

—E, . +A;—A.)*/4+ U2, 1? (fourfold degenerate) .  (A5)
Using Egs. (4a), (4b), (A3), (A4), and (AS5), we are able to determine the parameters E; ,, E ., U, E,

p,ar

The analysis at the X point is slightly more complicated due not only to the spin-orbit interaction but also
due to the interaction of the excited s* orbitals with the valence p orbitals of its neighbors as well. For the
moment, let us neglect the s*-p interactions. Then the doubly degenerate E (X,) are solutions of the

fourth-order equation
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TABLE III. Diagonal elements of H,;, for either b =anion or cation.

b,s* 1 b,s* | b,s, ! b,3/2,3/2
E., E, E,; E,p+As
b,3/2,1/2 b,3/2,—1/2 b,3/2,—3/2 b,1/2,1/2 b,1/2,—1/2
Epp+As Epp+As E,p+A E,;—2A, E,,—2A,

{ [Ep,a +)"a "'E(X6 )][Ep,c

This equation is to be regarded as an expression
for the unknowns Uy , and U, ,. Similarly the en-
ergies at X, are given by the corresponding equa-
tion with the interchange of the anion and cation.

Finally we insert the s*-p interactions into the
problem. This has the effect of further complicat-
ing Eq. (A6) and its X; counterpart. Our pro-
cedure to minimize these complications is to
choose reasonable values for the higher-lying on-
site energies E;, and E;, and then to solve (say at
Xg) for Uy, U;, and Uy, in an iterative fashion
using the values of U, , and U, from Eq. (A6) as
a starting point. One iteration is usually sufficient
to guarantee convergence.

APPENDIX B: SOLUTION OF THE
SECULAR EQUATION

In this appendix, we outline how the solutions of
the secular equation
I

—Ae—E(Xe)1— U2 {[Epc —E(Xo) [ Egs —E (X6)]— U2, }

—20;[Epa+Ae—E (Xe)[Es o —E (X()]=0. (A6)
[

det[1—(E —Hy)~'V]=0 (B1)

are obtained.

The Green’s function Go(E)=(E —H,)~! can be
expressed in terms of the eigenvalues and the
eigenfunctions of H, by inserting a complete set
of states

GoBE)= I |nk)E-E, ) "nkK| ,
n k

(B2)

where |1,k ) is a linear combination of the Bloch
sums |b,j,m;,k) [Eq. (A1)], but in the total
angular-momentum basis set [Eq. (A2)].

The general matrix element of Gy(E) in the site
basis |b,j,m;,R) is then

(b',j",m} ,R"| Go(E) | b,j,m;,R) = T, (b",j',mj,R'|n,KNE —E, v)""n,K | b,j,m;,R) . (B3)
n k

TABLE IV. The off-diagonal block matrix H, .

c,s%1 c,5% 1 ¢, 1 G, 1 c,3/2,3/2
a,s*,1 0 0 0 0 — iUy ,84/V2
a,s* | 0 0 0 0 0
a,s,1 0 0 U,.s&o 0 — iUy p84/V2
a,s, | 0 0 0 U, .80 0
a,3/2,3/2 — iU, gs5/V2 0 —iU,,.gs/V2 0 U,.x80
a,3/2,1/2 —V2U,083/V3  —iU,gs/V6 —V2U,,g3/V3  —iU,,gs/V6 —U,,gs/V3
a,3/2,—1/2  —iU,ugs/V'6 —V2U,eg3/V3  —ilU,gs/V’6 —V2U,83/V3  —iUy,gs/V3
a3/2,—3/2 0 — iUy e84/ V2 0 —iU,,84/V2 0
a,1/2,1/2 U, +g3/V3 — iUy egs/V3 U,:83/V3 —iU,.gs/V3 Uy,85/V'6
a,1/2,—1/2  iUpgs/V3 —U,83/V3 iU,.84/V3 ~U,.g3/V3 iV2U,,8:/V3
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Since the off-site matrix elements of the substltutlonal impurity potential ¥ =H — H, vanish, the secular
equation (B1) need only be solved for R=R'=0. Thus the secular equation reduces to

(b,j',m},0 [ 1=Go(E)V | b,j,m;,0) =0,
or

8]] 8’"]"‘]

for the anion site (b =a) impurity or the cation site
(b =c) impurity. Finally, since G has the same
symmetry as H,, we have

(b,j'sm],0 | Go(E) | b,j,m;,0) <8 Smm»  (B6)

diagonal in j and m;, and independent of m;.
Thus we have

Vi '—(b,j,m;,0| Go(E) | b,j,m;,0)=0. (B7)
For both of b =a and b =c the equations are

Vil =Go ¥ (E)=Go (B, (BSa)

Vil =G " (E)=6, (B, (B8b)

Vs =Gy 7 (E)=Go *(E) (BSc)

where we have

<b’.]rmj 70 l GO E) Ib’.]’mj 70) G(]) )

—(b,j’ mJ,OIGo E)|b,],ml,0) 0,

(B4)

(BS)

In the text, we ignore the spin-orbit coupling for
the defect potential; hence we have
Ve, ,=Vp,=Vp and Vs, =V

APPENDIX C: THE TWENTY-STATE
HAMILTONIAN

The E—space Hamiltonian in the 20-state basis
can be written in block form, with block
H,,, H, ., and H,:

—

Ho(k)=

Ha,a Ha,c
H}. H,,

The block matrices H, , and H, . are diagonal,
with the elements given in Table III.

The off-diagonal block matrix H,, is given in
Table IV. Here we have

go( K) =cos(kyay /4)cos(kya /4)cos(k,ar /4)—i sin(kya; /4)sin(k,ap /4)sin(k,ay, /4) ,
K

g1(k)=—cos(kya; /4)sin(kya; /4)sin(k,ay, /4)+i sin(kyar /4)cos(kyay /4)cos(k,ar /4) ,

TABLE 1V. (Continued.)

¢,3/2,1/2 ¢3/2,—1/2 ¢3/2,—3/2 ¢1/2,1/72 c1/2,—1/2
V2Uss,8:/V3 — iUy ,85/V'6 0 —Ugs pg3/V3 iUy ,g5/V3
— iU ,84/V'6 V2Uys,83/V3 — iUy ,85/V2 —iUse,84/V3 Uye,83/V3
V2U,,8:/V3 ~iU, ,85/V6 0 ~U,,g3/V3 iU, ,85/V3
—iU,,84/V'6 V22U, ,8:/V3 —iU,,g5/V2 ~iU,,84/V3 U,,8:/V3
- x,yg4/‘/§ iUJ:,ygS/‘/3 0 Ux,yg4/\/3 —i 2Ux’yg3/\/§
Usxx8o 0 iUy ,83/V3 0 —U,,84/V2
0 Ux,xgo Ux,yg4/‘/§ — U,‘,ygs/\/i 0
“‘iUx,yg.'i/‘/3 Ux,ygs/‘/3 U, 80 ——iﬁU,,,,.gg/\@ Ux,yg5/\/3
0 —Usx,y84/V2 iV2U,,8:/V3 Us.x80 0
—Uy,8s/V2 0 Usy84/V'6 0 U, <80
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8:(
83(
84l

o

The parameters U are related to the nearest-
neighbor matrix elements ¥ as follows:

U,,=4V,,=4(a,5,0,0 | Hy | ¢,5,0,d) ,
U,,=4Vy,=4(a,p,,0,0 | Ho|c,p,,0,d) ,
Upx =4y =4(a,p,,0,0 | Hy | ¢,py,0,d) ,
Us,p=4Vs,p=4(a,s,a,6|H0 |c,pj,o,3) ,
Up,s=——4lf},,s=—4(a,pj,a,6!Ho le,s,0,d) ,

)= —sin(k,ay /4)cos(kya; /4)sin(k,ar, /4)+i cos(kyay /4)sin(k,ay /4)cos(kayp /4) ,
)= —sin(k,ay /4)sin(kya;, /4)cos(k,ay, /4)+i cos(kyar /4)cos(k,ay, /4)sin(k,a;, /4) ,
)=g2(E)—ig1(E), and gs(E)=g2(f<')+ig1(E) .

|
Us‘,p =4;’s‘,p =4<a,s*’0',6 | Ho I C,pj,0,3> s

and

Upss=—4V, o= —4(a,pj,a,6 | Hy | c,s*,a,c_f) ,

where j =x, y, or z. We also have Uyy=U,,
=U,x and U, ,=U, ,=U,,. Note the phase con-
vention that we have adopted in defining the Us.
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