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We use a Green s-function technique to calculate the position of deep defects in narrow-gap semicon-
ductors. In order to predict chemical trends, we examine the effect of several different chemical ele-

ments. Substitutional (including antisite), (ideal) vacancy, and interstitial (self and foreign) deep defects
are considered. The compounds considered are mercury cadmium telluride (MCT), mercury zinc tellu-

ride (MZT), and mercury zinc selenide (MZS). The effect of relaxation of neighbors is considered for the
substitutional and interstitial cases. Relaxation effects can be greater for the interstitial case than for the
substitutional one. For all cases we find deep defects in the energy gap only for cation-site s-like orbitals
or anion-site p-like orbitals, and for the substitutional ease only the latter are appreciably effected by re-
laxation. For substitutional impurities in MCT, MZT, and MZS, we consider x (the concentration of Cd
or Zn) in the range 0. 1 (x & 0.3 and also for both the substitutional and interstitial cases we do extensive
calculations for x values appropriate to a band gap of 0.1 eV. Specific results are given in figures and
tables and comparison to experiment and other calculations is made in a limited number of cases. For
the substitutional case we find that I, Se, S, Rn, and N are possible defect candidates to form cation-site,
s-like levels in MCT, and Zn and Mg are for anion-site, p-like levels. Similarly, in MCT for the intersti-
tial case we find deep defect levels in the band gap for Au, Ag, Hg, Cd, Cu, and Zn for the cation site,
and N, Ar, 0, and F for the anion site. For the substitutional cases we have some examples where relax-
ation moves the levels into the band gap, whereas for interstitial cases we have examples where relaxa-
tion moves them out of the band gap. We find that the chemical trends of defect levels in MZT are simi-

lar to that in MCT. However, the same conclusion does not hold for MZS. We have also used perturba-
tion theory (see the Appendix) to look at the effect of nonparabolicity on shallow donor levels, and find it
can increase the binding by 10% or so. Although the absolute accuracy of our results is limited, the pre-
cision is good, and hence chemical trends are accurately predicted. Further work involves calculating
the effect of charged-state interactions and the effect of relaxation on vacancy levels.

I. INTRODUCmrON

The study of point defects in semiconductors has a
long history. ' In particular, the detailed understand-
ing of shallow defects in common semiconductors traces
back to the classic work of Kahn and Luttinger, and can
be regarded as basically understood. However, the study
of defects in narrow-gap semiconductors represents a
much less clear story. Here both shallow defects (caused
by long-range potentials) and deep defects (from short-
range potentials) are far from being completely under-
stood.

Narrow-gap semiconductors find important application
for infrared detectors. Typical ones such as mercury cad-
mium telluride (MCT) and mercury zinc telluride (MZT)
are diScult to grow uniformly under the stress of gravity
induced convection, and hence are of interest to NASA
for growth in microgravity. These semiconductors have
nonparabolic bands, and they are particularly interesting
because they have large mobilities and band gaps with
corresponding absorption frequencies in the infrared.

In order to evaluate a specific growth technique, one
needs to evaluate the perfection of the crystal. Until one
can identify and characterize the defects, it is impossible
to make accurate statements about the degree of crystal
perfection. Further, a full characterization of crystal per-
fection involves not only a theoretical study of a11 com-

mon defects, but also experimental verification of the pro-
posed models.

The main defects we will look at are deep defects
caused by short-range potentials. We will consider sub-
stitutional (including antisite), vacancy, and interstitial
(self and foreign) deep defects. For substitutional and in-
terstitial impurities, the effects of relaxation are included.
Of particular interest is which substitutional and intersti-
tial impurities produce energy levels in the band gap. In
the Appendix, some brief results will be given for shallow
defects caused by long-range potentials, where perturba-
tion theory will be used to look at the effects of nonpara-
bolic bands.

The energy levels of deep defects may or may not be
near the band edge. Deep defects are often very impor-
tant as recombination centers and they control lifetime
and noise, but they may also be donors or acceptors;
hence they have an important effect on the electronic
properties of crystals. Shallow defects have energy near
the band edge, and in narrow-gap semiconductors shal-
low defects are often assumed to be fully ionized. Their
main importance is in supplying carriers, but like a11 de-
fects they may also scatter the carriers.

In this study, all results are calculational and our focus
is on the chemical trends of deep energy levels in
narrow-gap semiconductors. As is standard, the
Green's-function technique will be used to calculate the
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energy levels of the deep defects. We start in Sec. II with
a summary of that method for the substitutional and
ideal vacancy cases. In Sec. III, we discuss relaxation
effects for interstitial impurities. In Sec. IV, we note how
to modify our techniques for interstitial defects. In Sec.
V, we make some comparison to experiment. In the Ap-
pendix, we present some brief perturbation theory results
for shallow donor impurities. Experimentally both shal-
low impurities and deep defects may produce energy lev-
els aear a band edge, so it can be difficult to separate
them experimentally.

II. GREEN'S-FUNCTION METHODS

A. General results

The general formulation, determination of the impurity
potential, and determination of the perfect crystal
function Green's function, as well as how these are
used to calculate defect energy levels, are well discussed
in the literature. We should mention, however, that the
idea of a perfect crystal for these ternary alloys assumes a
virtual-crystal approximation (VCA) in which the effect
of the local environment is lost. Li and Poltz have noted
that alloy disorder can be treated beyond the VCA by us-
ing a recursion method. The ideal vacancy model is also
discussed in the literature as a limiting case of a substitu-
tional impurity, and assumes a vacancy is formed by re-
moving an atom from the crystal, but leaving all other
atoms in the same position. This means that relaxation is
excluded.

We also should make a comment about the effects of
spin. Unlike III-V semiconductors, II-VI semiconductors
may have a strong spin-orbit coupling, which must be
and is included in the band-structure calculations we use.
Based on the band-structure theory of Vogl, Hjalmarson,
and Dow, Kobayashi, Sankey, and Dow' proposed a
theory for II-VI semiconductors which includes spin-
orbit coupling. The situation for the part of the Hamil-
tonian that describes the defect is different. The spin-
orbit interaction is weak and can be neglected, so that in-
cluding the degeneracy due to spin just doubles the de-
generacy of each level and the Hjalmarson theory is still
valid.

B. Lattice relaxation and molecular-dynamics approach

The formulation of the theory we will use here has al-
ready been fully reported in the literature, " '" so we just
summarize some pertinent facts here. Only the ofF-

diagonal elements of the defect potential matrix are relat-
ed to bond length, and when these elements are set equal
to zero the effects of lattice relaxation are excluded. The
off-diagonal elements are determined by parameters a;,
which are given by

where di is the bond length between the defect and the
nearest neighbors, dH is the bond length of the host crys-
tal, and c; is a proportionality constant which depends on

i and on the host materials. " Note that the sign of n,
determines the direction of lattice relaxation. In order to
determine a;, we need only determine di, since d~ is
known. This is accomplished by molecular dynamics in
the way already published. "

III. INTERSTITIAL DEFECTS AND RELAXATION

Interstitials are an important kind of point defect in
semiconductors. Self-interstitial impurities and vacancies
are the most common native defects in semiconductors.
We study tetrahedral-site s- and p-bonded interstitial im-
purities in MCT, MZT, and mercury zinc selenide (MZS).
The hexagonal interstitial configuration can probably also
be treated by a similar model to that which we use, but it
is not considered here. The situation of tetrahedral-site
interstitial impurities is different from substitutional de-
fects in the zinc-blende structure. The symmetry is the
same, but the four nearest-neighbor impurities have six
next-nearest impurities which are only 15%%uo further rath-
er than 12 which are 66% further. Sankey and Dow"
have proposed a model to calculate deep levels intro-
duced by an s- and p-bonded impurity occupying an in-

terstitial site of tetrahedral symmetry in Si. To extend
this model, the host Hamiltonian is now determined by
the band-structure theory proposed by Kobayashi, San-

key, and Dow, ' and the rest of the model will be the
same as Sankey's model.

IV. RESULTS AND DISCUSSION

Our results are for the narrow-gap semiconductors
MCT (Hg& „Cd„Te}, MZT (Hgl „Zn„Te), and MZS

(Hg& „Zn„Se}. Many of our results are quite similar and
are summarized in Tables I—III for the case of E~ =0. 1

eV (so x =0.22 for MCT, 0.15 for MZT, and 0.08 for
MZS).

We start our discussion by looking at how deep levels

vary as a function of x for the substitutional case without
relaxation. Figure 1 shows that Mg, Zn (antisite), and Cd
form anion-site, p-like deep levels in the band gap of
MZT provided x is not too small. Note that Cd does not
form a deep level for E (0.1 eV. By looking at these
and results of similar calculations, we find that the slopes
of the deep levels dE jdx are always smaller than
dE, /dx. This means that if the level is in the gap for

xo then it is for all x; xo & x & 1 (provided also dE/dx & 0
which is common). This has important consequences, as
it is much easier to detect deep levels in wide-gap semi-
conductors. We also find that the slopes of the anion-site
deep levels are very small. %'e characterize this by saying
they are "attached" to the valence level. This feature
holds for the deep levels in MCT and MZS.

In Fig. 2, we display results of similar calculations for
substitutional deep levels in MZT with F. =0. 1 eV for
cation-site, s-like levels. A few levels which are resonant
(above the conduction-band edge or below the valence-
band edge) are also shown; this is because the effects of
relaxation or other efFects may easily shift these levels
(into or perhaps further out of the band). Energetic con-
siderations indicate why anion-site p levels (with electron
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FIG. 1. Substitutional deep levels in MZT as a function of x
(anion site, p-like).

clouds near + cation sites) and cation-site s levels (with
electron clouds far from —anion sites) would be the only
cases found to produce deep levels.

We find, as expected, that impurities from rows to the
right of the cation atoms in the Periodic Table form
donorlike substitutional impurities because they are more
electronegative, while impurities to the left of the anion
atoms form acceptorlike substitutional impurities. We
also find that although the same impurities form different
energy levels in different materials, the order of these lev-
els in the materials is the same. For example, the order
of deep levels produced by impurities of Mg, Zn, and Cd
substitutional for anion atom Te in MCT is

EM& &Ez„&Ecd. The same order is found in MZT and
MZS. Therefore, if we can experimentally determine one
deep level produced by a specific impurity, we can then,
based on calculations, predict the positions of deep levels
produced by other impurities. This is really what we
mean when we say we can predict chemical trends.

We illustrate how we treat relaxation with Fig. 3. The
parameter a is involved in the off-diagonal parts of the
defect potential, and can be determined from the results
of the molecular-dynamics calculation; a =0 corresponds
to no relaxation. The on-diagonal parts of the defect po-
tential determine the impurity potential" of Fig. 3,
where we have noted its value for Mg. The intersection
of the vertical Mg line with the a=0 line determines the
predicted defect level without relaxation. The intersec-
tion of the line with the appropriate value of a deter-
mined the defect level with relaxation. If there is no in-
tersection for the predicted value of a, then there is no
predicted deep level. Typically, relaxation directions are
opposite for A

&
and T2 states for the same value of a,

and not symmetrical {e.g., in Fig. 4, ar =0.4 corre-
2
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0

FIG. 2. Substitutional deep levels in MZT for Eg =0.1 eV
(cation site, s-like).
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FIG. 3. Substitutional deep levels in MZT for Eg =0.1 eV
with lattice relaxation (anion site, p-like).
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FIG. 4. Vacancy deep levels for Eg =0.1 eV (cation site, s-
like).

sponds to 20/o inward relaxation, while ar = —0.4 cor-

responds to 48%%uo outward relaxation). We have only
shown the effect of relaxation on p- levels because relaxa-
tion on s levels is so small that it can be neglected as far
as its effects in deep levels goes. We find that this result is
in conflict with the results of IV and III-V materials

where the lattice relaxation is sensitive to the A& lev-
els. ' ' From an inspection of the calculations, we be-
lieve that this convict is due to the different properties of
the band structures between IV and III-V materials and
the II-VI materials of interest. This result may be ex-
plained by the fact that the "impurity potential" of the s
level is often much larger than that ofp level for the same
impurity in the case of II-VI materials. Also, the chemi-
cal trend for the aXO curves is similar to those for a =0.

Note also that aT &0 moves deep levels toward the

valence band, and o, T &0 moves them toward the con-

duction band. The effects of lattice relaxation can easily
move levels into or out of the band gap. The effects of
lattice relaxation on substitutional deep levels for all the
calculations we have done are summarized in Table I,
where we have assumed E =0. 1 eV for uniformity. Only
anion-site p-like levels are shown in Table I, as relaxation
does not effect cation-site s-like levels. For completeness
in Table II we give our predicted levels for substitutional
cation-site s-like levels. Typical lattice relaxations for the
substitutional case are in the range of 4—6.5 %, resulting
in shifts of typically less than E /2, so defects that are
predicted to be in the rniddle of the gap before relaxation
tend to stay in the gap.

Deep levels produced by vacancies in MCT, MZT, and
MZS are summarized in Fig. 4, which shows the cation-
site„s-like vacancies levels of MCT, MZT, and MZS.
The vacancy levels of MCT and MZT are resonant in the
valence band, and the vacancy level of MZS is in the mid-
dle of the band gap. The anion-site, p-like vacancy levels
are slightly below the corresponding levels in Fig. 4 and
are not shown. These levels are calculated by "the ideal
vacancy model" already mentioned. Since the effects of
lattice relaxation are not included in the calculation, the
accuracy of these levels needs to be improved.

Typical results for interstitial deep levels without relax-

TABLE I. Effects of lattice relaxation on substitutional deep levels.

System dH( A) di( A) Dx di % of relaxation
Deep levels'

(no relax) (relaxed)

MCT:CdT,
MCT:MgT,
MCT:ZnT,
MCT:HgT,

2.8
2.8
2.8
2.8

2.97
2.96
2.98
2.97

0.17
0.16
0.18
0, 17

6.1

5.7
6.4
6.1

CBc
0.3ER
0.5Eg
C.B.

C.B.
0.5Eg
0.9Eg
C.B.

MZT:ZnT,
MZT:MgT,
MZT:CdT,
MZT:HgT,

2.74
2.74
2.74
2.74

2.61
2.60
2.60
2.60

—0.13
—0.14
—0.14
—0.14

4.7
5.1

5.1

5.1

0.98Eg
0.5Eg
C.B.
C.B.

0.7Eg
0.3Eg
C.B.
C.B.

MZS:Bese
MZS:Tls,
MZS:Ins,
MZS:Hg~b
MZS:Zn~b

2.62
2.62
2.62
2.62
2.62

2.74
2.77
2.77
2.73
2.73

0.12
0.15
0.15
0.11
0.11

4.6
5.7
5.7
4.2
4.2

0.3Eg—0. 1Eg—1.1Eg
C.B.
C.B.

0.6Eg
0.4Eg
0.3Eg
C.B.
C.B.

'All deep levels in this table are anion-site, p-like deep levels.
"All these are antisite impurities.
'C.B.means conduction band.
Eg means energy band gap.
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TABLE II. Cation site, s-like substitutional levels.

Systems

MCT Br
MCT:N
MCT.S

MCT:Rn
MCT:Se
MCT:I
MZT:N
MZT:S

MZT:Rn
MZT:Se
MZT:I

MZT:At

Deep levels

0.01'
0. 14ER
0.52'
0.55Eg
0.87Eg
0.92Eg
—0. 1Eg
0. 15Eg
0.21Eg
0.27Eg
0.42Eg
0.82'

0.2

Br

C.B.
0.1-

Ar

ation are shown in Fig. 5. Our complete interstitial re-
sults with and without relaxation are shown in Table III.
In all of these, "cation site" means that the nearest neigh-
bors of the interstitials are anion atoms, and "anion site"
means the nearest neighbors of the interstitials are cation
atoms.

We only consider breathing-mode distortions for inter-
stitial impurities. At this time we have not yet included
Jahn-Teller distortions, which are symmetry-breaking
distortions. Therefore, the breathing-mode distortions
are only a first-order approximation for realistic calcula-
tions.

Since we only consider tetrahedral interstitial impuri-
ties, an interstitial impurity will have four neighbors. In
our calculations we consider two types of self-interstitials.

One type is the cation atoms in cation sites, and another
is the anion atoms in anion sites. Therefore we can use
the definitions of donorlike deep levels and acceptorlike
deep levels similar to the case of substitutional impurities.
For example, in the case of MCT, consider a Cd atom in
a cation site. This self-interstitial will produce a deep lev-
el. If an impurity comes from rows to the right of Cd in
the Periodic Table, then we say that this impurity will
form a donorlike deep level in MCT.

There are some interesting comments one can make for
the predictions without relaxation. Cation-site s-like
self-interstitials often produce deep levels in the energy-
band gap. For example, for MCT, both self-interstitial
impurities Hg and Cd produce deep levels well within the
band gap. In contrast to the deep levels produced by sub-
stitutional impurities, the cation-site deep levels produced
by interstitials are often acceptorlike. On the other hand,
the anion-site interstitial deep levels can be donorlike or
acceptorlike.

The effects of relaxation for the interstitial case are
seen in Table III. In Table III all interstitial impurities
are divided into two groups: cation-site interstitials and
anion-site interstitials. For each material the first group
in Table III is cation-site interstitials and the second
group is anion-site interstitials. From Eq. (1) the values
of a can be obtained easily with appropriate c;, therefore
we did not show the results of a in Table I and III. Simi-
lar comments to those made for the substitutional case
apply here. Relaxation can range from 0.0—16 %%uo and
may cause the level to move into or out of the band gap.

Through the calculations we can conclude that the
chemical trends of defects levels in MZT is similar to that
in MCT. They have almost the same slopes of deep levels
as a function of x for the same defects in both cation-site,
s-like and anion-site, p-like cases. They have similar
ranges of the impurity potential for the same impurity
site and symmetry. That is, if we predict a deep level in
the band gap for appropriate site and symmetry in MCT,
most likely this deep level will be predicted in the band
gap or near the band gap for the same site and symmetry
in MZT. In addition, the effects of lattice relaxation on
deep levels in both materials are almost the same. How-
ever, even though some characteristics of deep levels in
MZS are similar to those in MCT and MZT, generally
speaking the chemical trends of deep levels in MZS are
not the same as those in MCT and MZT.

'O

CO V.B.
oo-

-01 +g

0

FIG. 5. Interstitial deep levels in MZT for Eg =0.1 eV (anion
site, p-like).

V. FURTHER DISCUSSION
AND COMPARISON TO EXPERIMENT

Many experimental techniques can be used to study the
properties of defects in narrow-gap semiconductors, and
especially to detect energy levels in the band gap. These
techniques include photoluminescence (PL), deep level
transient spectroscopy (DLTS), ' electron paramagnetic
resonance (EPR), ' and several others. The details of the
techniques can be understood from these references.
Detecting the defects and identifying them with a model
is not easy. In the last two decades, much effort has been
devoted to MCT, ' but relatively little has been done on
MZT and MZS. ' Some experimental results which are
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firmly identified for MCT are shown and compared with
our predicted levels in Table IV. In this table all experi-
mental data are from samples with alloy composition x in
the range of 0.2(x &0.3. We know that when x is
changed, the width of the band gap is also changed.
Therefore the position of a deep level will be changed for
di8'erent values of x. However, since the range of x is
small, and the data are given by relative positions in the
band gap, we believe that any fluctuation due to x varia-
tion is in the range of the experimental error and there-
fore the comparison is reasonable. In the second and
third rows of the table, the experimental data indicates
that a Te interstitial or an antisite Te atom may produce
a deep level in the band gap, but there is not enough evi-
dence to identify which point defect produces the deep

level. We make theoretical predictions for both point de-
fects in the table. The last two rows in the table show a
similar situation. Our results favor the point defect being
interstitial Au*. We believe that more reliable experi-
ment data, especially the data for MZT and MZS, will

help us to understand the problem better. Our results
compare favorably with experiment for the case shown in
Table IV. Other comparisons, where the levels are not as
clearly identified, lead us to say we are never in error by
more than say 0.15 eV or more than can be accounted for
by, say, charged-state splitting, and the calculation Uis a
Uis relative positions of levels is much more accurate, i.e.,
the chemical trends really are preserved.

We should also mention that our results compare
favorably with other calculations, which also typically do

TABLE III. Effects of lattice relaxation on interstitial deep levels.

System Dx =dr dH % of relaxation
Deep levels'

(no relax) (relaxed)

MCT:Cdd
MCT:Mg
MCT:Zn
MCT:Hgb
MCT:AQ
MCT:Ag
MCT:Cu

MCT:Teb

MCT:N
MCT 0
MCT:Ar
MCT:F

MZT:Znb
MZT:Mg
MZT:Cd
MZT:Hgb
MZT:AU
MZT:Ag
MZT:Cu

MZT:Teb
MZT:N
MZT:0
MZT:Ar
MZT.F

MZS:Hg
MZS:Znb
MZS:Cd
MZS:CU
MZS:Ag
MZS Seb

MZS:N
MZS:0
MZS.F

2.8
2.8
2.8
2.8
2.8
2.8
2.8

2.8
2.8
2.8
2.8
2.8

2.74
2.74
2.74
2.74
2.74
2.74
2.74

2.74
2.74
2.74
2.74
2.74

2.62
2.62
2.62
2.62
2.62
2.62
2.62
2.62
2.62

2.94
3.10
2.81
2.90
2.90
2.91
2.91

2.95
2.56
2.54
2.59
2.52

2.92
2.80
2.82
2.81
2.80
2.80
2.88

2.35
3.10
3.14
3.15
3.18

2.71
2.78
2.72
2.75
2.71
2.58
2.61
2.37
2.51

0.12
0.24
0.01
0.10
0.10
0.11
0.11

0.15
—0.24
—0.26
—0.21
—0.28

0.18
0.06
0.08
0.07
0.06
0.06
0.14

—0.41
0.36
0.40
0.41
0.44

0.09
0.16
0.10
0.13
0.09

—0.04
—0.01
—0.25
—0.11

4.3
8.6
0.3
3.6
3.6
3.9
3.9

5.4
8.6
9.3
7.5

10

6.6
2.2
2.9
2.5
2.2
2.2
5.1

15
13
14.6
15
16

3.4
6.1

3.8
5.0
3.4
1.5
0.0
9.5
4.2

0.74Eg'
0.98Eg
0. 1Eg
0.82Eg
0.9Eg
0.87Eg
0.2Eg

C.B.
0.9Eg
0.8Eg
0.82Eg
0.44Eg

V.B.
0.9Eg
0.6Eg
0.68Eg
0.74Eg
0.70Eg
0. 18Eg

C.B.
C.B.

0.8Eg
0.9Eg
0.3Eg

0.98Eg
0.04Eg
0.86Eg
0.24Eg

C.B.
C.B.
C.B.

0.98Eg
0.50Eg

0.77Eg
CBd
0. 1Eg
0.83Eg
0.91Eg
0.88Eg
0.22Eg

C.B.
0.7Eg
0.6Eg
0.62Eg
0.24Eg

0.04Eg
0.91Eg
0.61Eg
0.69Eg
0.55Eg
0.71Eg
0.30Eg

C.B.
C.B.
C.B.
C.B.

0.5Eg

C.B.
0. 14Eg
0.88Eg
0.34EE

C.B.
C.B.
C.B.
C.B.

0.40Eg

All deep levels in this table are either anion-site, p-like deep levels or cation-site, s-like deep levels. All
interstitials are on the preferred positions.
All these are self-interstitials.

'Eg means energy-band gaps.
C.B.means conduction-band edge and V.B.means valence-band edge.
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TABLE IV. Comparison of the predicted deep levels in MCT
with experimental data.

System

Hgr' (donor)
Te&' (recom)'

TeHg (recom)
Cuz, (donor)
Cu&, (donor)
Au~, (donor)
Au&' {donor)

Deep levels
Experiment

0 7Eg (Rcf 18)
0.4Eg (Refs. 18 and 28)
0.4Eg (Refs. 18 and 28)
0.5' (Ref. 29)
E,+0.05 eV (Ref. 18)
0.8Eg (Refs. 18 and 29)
O. SEg (Refs. 18 and 29)

Theory'

0.83'
E d+0. 1

E, +0.06 eV'

E,+0.06 eV'

E, +0.06 eV'
E,+0.04 eV'

0.91ER

'These are interstitial impurities.
E~ means energy band gap.

'Recombination center.
E, means conduction-band edge.

'The difFerence between data and the theory result can be ex-
plained by the effects of charged-state splitting.
The x values for the experimental data here are in the range
0.2 &x &0.3. For our calculations, x =0.22. As seen in Fig. 1,
the change in the energy levels for 0.2&x &0.3 is very small
and can be ignored for rough comparisons.

not predict absolute energies with accuracy, but which do
predict chemical trends. Berding, von Schilfgaarde, and
Sher~' have made predictions for the eff'ects of lattice re-
laxation on substitutional impurities in HgTe. They
found that for the composition x =0, a Hg antisite defect
(in a Te site) and a Te antisite defect (in a Hg site) in
HgTe introduce 0.06 and 0.2 A outward relaxation, re-
spectively. In our calculation we found the correspond-
ing relaxations are 0.05 and 0. 13 A. Interstitial impuri-
ties in MCT have been studied by Morgan-Pond, Goettig,
and Schick. They predict that Cd, Hg, and In inter-
stitials in MCT have 3—4 % relaxation, while we predict
Cd and Hg interstitials in MCT have 4.3 and 3.6% relax-
ation, respectively. Their predictions for an s-like level in
the band gap due to a Hg interstitial, and for an In inter-
stitial resonant in the valence band, also agree with ours.

In summary, our defect energy level results, which in-
clude relaxation of neighbors, are useful because they
bear on the electronic characterization of real materials
used for real devices such as infrared detectors. The
chemical trends of the levels are usefully predicted, but
absolute accuracy requires the inclusion of charged-state
interactions (where relevant), and, in the case of vacan-
cies, the relaxation of neighbors needs to be added, as we
have already done for the other cases.

In the first column of the table we give a suggested
characterization of deep levels as given by experiments.
Interested readers can find detailed discussions in the
references cited. However, based on our theory, the
characteristics of deep levels are not unique. For exam-
ple, the deep levels produced by TeHg, Cu~„and Au, can
be either donorlike or acceptorlike. In Table IV we give
only the experimental assignment.
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TABLE V. Predicted energies for shallow donors in II-VI
materials.

MCT MZT

P (momentum matrix
e1ements)

k (dielectric const)
5 (spin-orbit splitting)

1.290X 10' 1.238 X
erg sec erg sec

0.19
17.56
1.05 eV

0.13
18.35
0.9 eV

g donorEground

hE
h,E

Es~p
hE

IEs:: ~l

0.1 eV
—0.0101 eV
—0.001 35 cV

1.35%

—13.4%

0.1 eV
—0.0099 eV
—O.Q0125 cV

1.25%

—12.6%

APPENDIX: RESULTS FOR SHALLO% LEVELS
IN II-VI MATERIALS

Although this is a paper on deep defects (defined as
arising from short-range potentials), some comments on
shallow defects and especially the Coulomb tail are still
appropriate. Our calculation may be fairly accurate for
neutral deep defects whose energies are near the center of
the gap. Even this relatively weak statement is called
into question by the fact that the central cell potential
tends to localize the wave function where the magnitude
of the Coulomb tail is greatest. Also, the Coulomb tail is
undoubtedly important for charged states. In fact it has
been shown quantitatively that a central cell potential,
which by itself does not cause binding, and a Coulomb
tail together can cause significant binding, far greater
than an estimate based on the effective-mass equation. In
addition, for energies near the band edge, we are still us-
ing only the central cell potential, and for these the
Coulomb tail is certainly important. Thus our deep de-
fect calculations that yield energy levels near the band
edges are intrinsically not very accurate because of the
neglect of the Coulomb tail; hence we thought it would
be interesting to look at shallow defects (which include
only the Coulomb tail) in narrow-gap semiconductors,
and in particular look at the effect of nonparabolicity on
these energy levels. The situation is complicated by
many factors besides nonparabolicity. These include
screening, site dependence, central cell corrections, alloy
disorder, lattice coupling, lattice relaxation, impurity in-
teractions, and band coupling and degeneracy. Because
of these complications, shallow levels, e.g., donors, are
often considered just to be fully ionized at all tempera-
tures of interest. To evaluate all these factors would take
us far beyond the present paper. We confine ourselves to
the effect of band nonparabolicity.

The Hamiltonian that corrects for nonparabolic
behavior is

H'=ap +bp, Pp, +cp Pp +dp Pp, (Al)

where p is the momentum operator and (() is the hydro-
genic potential. The coefficients a, b, c, and d are given
by Bastard. Using appropriate values for the parame-
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ters for MCT and MZT, we can evaluate E, , Ed,„„,
the ground-state energy, and the ground-state donor
wave function fo. To first order, the energy change is
given by

(A2)

Our results are given in Table V. Interestingly, the re-
sults predicted an approximate 10% downward shift in
binding energy due to the effect of nonparabolicity.
From this aspect, the Coulomb tail is more effective in
binding (e.g. , donor states) in nonparabolic than parabol-
ic semiconductors.
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