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identification of defect centers in Hg, _,Cd, Te using their energy level

composition dependence

Charles W. Myles and P. Frazer Williams®
Departments of Physics and Electrical Engineering, Texas Tech University, Lubbock, Texas 79409

AR. A. Chapman and E. G. Bylander
Texas Instruments, Incorporated, Dallas, Texas 75222

(Received 11 September 1984; accepted for publication 15 February 1985)

We have extended the Kobayashi, Sankey, and Dow {Phys. Rev. B 25, 6367 (1982)] theory of deep
levels in Hg, _ , Cd, Te to include (vacancy, impurity) nearest-neighbor pairs. In qualitative
agreement with the results obtained by these workers for isolated point defects, we find that the
composition dependences (dE /dx) of the defect energy levels associated with such complexes
depend on the site occupied by the impurity atom. Furthermore, we find that the composition
dependences of some of the defect levels produced by such a complex are very different than the
dE /dx of levels associated with the correspondingisolated point defects. We thus suggest that this
theory can often be used as an aid in the identification of the defect center producing an observed
energy level. In particular, it can be used to obtain site information about an observed level and, in
favorable cases, to distinguish between levels produced by isolated point defects and those
produced by complexes. As an example, we compare our theoretical predictions for the dE /dx of
levels associated with {vacancy, impurity) pairs to the experimental slopes of the energy levels
observed in deep level transient spectroscopy by Jones, Nair, and Polla [Appl. Phys. Lett. 39, 248
(1981)] and find that the theory lends support to these workers’ interpretation of their data. In
addition, we present new photoluminescence data on both a previously observed and identified
acceptor and on an unknown center in Hg, _,Cd, Te. As a further example of the usefulness of
our theory, we compare the theoretical slopes of energy levels associated with (vacancy, impurity)
pairs with the composition dependences of the defect levels extracted from the
photoluminescence data. The results of both of the theoretical-experimental comparisons show

that the theory can be used successfully, in conjunction with experimental data, to aid in the
identification of the defect center which produces an observed energy level.

I. INTRODUCTION

The importance of the variable band-gap semiconduc-
tor Hg, _ ., Cd, Te for use in infrared detection devices is well
known.' It is also well understood that the performance
characteristics of such devices can be severely limited by
effects which are related to defects in this material. In parti-
cular, such defects may produce electronic energy levels
which lie in or near the fundamental band gap and these
levels can greatly influence the optoelectronic properties of
the material.? As a step towards the theoretical treatment of
defects in this material, Kobayashi et al.> have applied the
Hjalmarson eral.* theory of deep levels to obtain predictions
of the alioy composition (x) dependences (“chemical trends™)
of the energy levels due to isolated point defects in
Hg, _ . Cd, Te. We have extended this theory to include (va-
cancy, impurity) nearest-neighbor pairs, the simplest possi-
ble vacancy-associated complexes. In this paper we (1) pres-
ent some results of calculations obtained using this
generalized theory, (2) discuss the use of this theory to pro-
vide impurity site information for both (vacancy, impurity)
pairs and isolated impurities, (3) discuss how, in favorable
uses, this theory can be used to help distinguish between
observed energy levels due to complexes and those due to

* Present address: Department of Electrical Engineering, University of Ne-
braska, Lincoln, Nebraska 68588.
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isolated point defects, (4) illustrate these points by a compari-
son of the composition dependences of theoretical energy
levels produced by (vacancy, impurity) pairs with the x de-
pendences of energy levels observed by Jones et al.® in deep
level transient spectroscopy (DLTS) measurements, (5) pres-
ent some new photoluminescence data on both a previously
observed acceptor and an unknown center in Hg, _, Cd, Te,
and (6) apply the theory to an analysis of our photolumines-
cence data.

The results of our calculations of the defect energy lev-
els produced by {vacancy, impurity) pairs and those of Ko-
bayashi e al.® of the levels associated with isolated point
defects show that the variations with composition {dE /dx) of
the energy levels due to a particular defect depend strongly
on the atomic site (anion or cation) occupied by the impurity.
However, we also find that the composition dependences of
some of the defect levels which are produced by such a va-
cancy-associated complex are very different than the dE /dx
of levels due to the corresponding isolated impurity or va-
cancy. Thus, the dE /dx of a defect level is not only indicative
of which site the impurity occupies but can also be used, in
favorable cases, to distinguish between observed levels due to
isolated point defects and those due to complexes.

At present, most theories of deep level defects cannot
reliably predict absolute defect energy levels. The scheme we
discuss here does not require such absolute level predictions;
instead it requires only that the theory correctly predict the

© 1985 American Institute of Physics 5279



variation of defect energy levels with x. To illustrate the uti-
lity of our scheme, we compare the composition depen-
dences of the defect levels observed in DLTS by Jones et al.’
and of the defect levels extracted from our photolumines-
cence data with the theoretical slopes of particular levels of a
(vacancy, impurity) pair. These comparisons show that the
theory can be successfully used, in conjunction with experi-
mental data, as an aid in the identification of the defect cen-
ter which produces an observed energy level. In particular,
site information about such centers can certainly be obtained
from such experimental-theoretical comparisons and in
some cases, they can be used to obtain information about
whether an observed energy level is due to a complex or to a
point defect.

1. THEORY: SUMMARY OF THE METHOD

Our theory is an extension to Hg, _ , Cd, Te of the the-
ory of deep levels produced by (vacancy, impurity) nearest-
neighbor pairs in III-V semiconductors, recently developed
by Myles and Sankey.® While other theories have been pub-
lished which have predicted deep levels due to such com-
plexes, 7-'? these have usually only considered a few particu-
lar cases in a few materials. On the other hand, the theory
discussed in Ref. 6 is a global theory which can straightfor-
wardly be used to predict the trends in the deep levels due to
such complexes as a function of both defect and host. It is
thus a natural approach to use to explore such trends with
alloy composition x in Hg, _, Cd, Te.

The theory is based upon the sp’ s* semiempirical tight-
binding band-structure theory for CdTe and HgTe, devel-
oped by Kobayashi ef al.,> and on the Hjalmarson et al.*
theory of deep levels, as extended to {vacancy, impurity)
pairs by Myles and Sankey.® This theory was designed to
predict chemical trends in the ordering of the deep levels,
both as a function of x and as a function of defect. The Hjal-
marson et al.* theory and its various extensions and general-
izations, while containing uncertainties in its results for ab-
solute defect energies, has proven remarkably successful in
its predictions of such chemical trends in numerous previous
applications.®®'*""* Accordingly, our proposed impurity
center identification scheme is based entirely on a compari-
son of the dE /dx of experimental and theoretical defect en-
ergy levels and not on the absolute energy of a specific level.
If, however, some observed defect level could be unambi-
guously associated with a particular defect, and thus used as
a calibration, the resulting adjusted predictions of the theory
should give a correct semiquantitative picture of deep levels
inHg, _,Cd, Te. Clearly, this scheme is not restricted to this
material, but should also find use as an aid to defect center
identification in other alloy semiconductors.'?

In this paper, we thus describe the host Hamiltonian for
Hg, ,Cd, Tein the model of Kobayashi et al.,> where the
electronic bandstructures of the alloy constituents CdTe and
HgTe are modeled in a semiempirical tightbinding approxi-
mation and alloy effects are treated in the virtual crystal
approximation. This Hamiltonian is presented and dis-
cussed in detail in Ref. 3. The defects we consider are re-
stricted to ideal vacancies paired with nearest-neighbor sp*
bonded substitutional impurities. The defect potential due to
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such a complex is taken to be the same as that discussed by
Myles and Sankey® and is thus described in detail in Ref. 6.
We note that in combining the defect potential of Ref. 6 with
the bandstructures of Ref. 3, we have included spin-orbit
coupling effects in the host bandstructures, but have neglect-
ed them in the treatment of the defect potential. Details of
the theory will be discussed in a later publication. '

Ili. THEORETICAL RESULTS

We first discuss the results of our calculations of deep
levels produced by (vacancy, impurity) pairs in
Hg, .Cd,Te in a general, qualitative fashion. Following
this, we present and discuss our quantitative results for both
a {cation vacancy, anion impurity) pair and an (anion va-
cancy, cation impurity) pair for a particular choice of impu-
rty.

A. Qualitative discussion

The results of our calculations show that the composi-
tion dependence (dE /dx)of an energy level which is associat-
ed with a particular complex depends strongly on whether
the impurity occupies the cation or the anion site of the host
crystal. This is in qualitative agreement with the results of
Kobayashieral.’ for isolated point defects in the same mate-
rial and also in qualitative agreement with the recent isolated
impurity results of Tuncay and Tomak,'® which were ob-
tained using different host bandstructures for
Hg, _,Cd,Te. This dependence of the dE /dx on the impuri-
ty site has also been found before (for isolated impurities) in
other semiconducting alloys,'” butit does not appear to have
been utilized as a means to obtain site information from ex-
perimentally obtained defect levels, as we are proposing
here. It should also be emphasized that one of the new results
of the present paper is that this strong dependence of the
slope of a defect energy level on the impurity site is valid for
the energy levels produced by a vacancy associated complex
as well as for those due to isolated impurities.

In particular, the results of the present calculations,
taken together with the results of Ref. 3, show that both
isolated anion-site impurities and vacancy complexes which
contain such an impurity usually produce energy levels
which have a small dE /dx; such levels thus often appear to
be nearly “attached” to the valence band edge. On the other
hand, the energy levels produced by either an isolated ca-
tion-site impurity or by a complex containing such an impu-
rity usually have much stronger x dependences than their
anion-site counterparts; the slopes of such levels are often
comparable to the conduction band variation dE, /dx. The
cation and anion isolated vacancy levels are also distinguish-
able by their dE /dx.* In both cases, they have slopes which
are smaller than those of the levels due to any isolated impu-
rity on the same site; some of the cation vacancy levels are
almost independent of x, while some of the anion vacancy
levels have a negative dE /dx.

Another result that we find from our calculations of
deep levels due to (vacancy,impurity) pairs in Hg, ., Cd, Te
is that the slope of an energy level of particular symmetry
which is produced by a particular type of vacancy associated
complex (either an anion vacancy paired with a cation impu-
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rity or a cation vacancy paired with an anion impurity) is
almost independent of which impurity is present in the com-
plex, even though the energy of such a level certainly does
depend on the impurity. The dE /dx of a level due to such a
complex is instead primarily controlled by the site of the
impurity atom and on the level symmetry. This is also in
qualitative agreement with previous results for defect levels
due to isolated impurities in this same material.*'®

A significant new finding of our theory is that the dE /
dx for some of the energy levels produced by a (vacancy,
impurity) pair, in particular those whose wavefunctions are
primarily vacancylike, can be significantly different from ei-
ther those produced by the corresponding isolated defects or
those produced by the complex and whose wavefunctions
are primarily impuritylike. This raises the possibility of dis-
tinguishing at least some of the energy levels produced by
vacancy associated compiexes from those produced by iso-
lated impurities on the basis of their experimental slopes.

On the basis of all of these results we thus suggest that
the experimentally observed dE /dx of a defect energy level
can often be used to identify the site occupied by an impurity.
Furthermore, in favorable cases, it can also be used to distin-
guish between levels produced by isolated point defects and
those produced by vacancy associated complexes.

A final interesting and important qualitative result of
our calculations is that complexing an impurity with a va-
cancy can produce energy levels whose positions are substan-
tially altered in comparison with those of either the isolated
impurity or the isolated vacancy. This has been noted before
by Myles and Sankey® in their paper on deep levels produced
by (vacancy, impurity) pairs in 11I-V semiconductors.

B. Quantitative resuits for (vacancy, indium impurity)
pairs

As is mentioned above, although spin-orbit coupling
effects are included in the host band structures of
Hg, _,Cd, Te,’ in the present theory we neglect these effects
in our treatment of the defect potential. The point group for
an isolated point defect in a tetrahedrally symmetric zinc-
blende semiconductor is T,. Point defects with sp® hybrid
bonding can thus have defect states {neglecting spin-orbit
coupling) with either nondegenerate 4, (s-like) or triply de-
generate 7, {p-like) symmetry. Paired nearest-neighbor de-
fects in the same zinc-blende hosts are described (again neg-
lecting spin-orbit coupling) by a reduced “molecular” C,,
symmetry group. This results in splittings of the 7, levels
and mixing of the “atomic” 4, and T, levels on both sites.
The resulting “molecular’ states are nondegenerate @, -sym-
metric {o-like) levels, whose energies can be very different
thaneither the 4 ; or the T, levels of the isolated defects, and
doubly degenerate e-symmetric {7-like) levels, whose ener-
gies are almost identical to the isolated defect T, levels.

In Fig. 1 we show typical results of our calculations.
Figure 1(a) shows our predictions for the x dependence of the
a, -symmetric (o-like} and e-symmetric (w-like) levels pro-
duced by a cation vacancy compiexed with a nearest-neigh-
bor substitional indium impurity on the anion site. Figure
1{b) shows our results for the opposite case, where the va-
cancy is on the anion site, and the indium impurity has re-
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placed the host cation. There are two pair levels of each sym-
metry type in the region near the band gap; for one, the
associated wave function is derived mainly from the impuri-
ty and for the other, the wave function is derived mainly
from the vacancy (labelled “impuritylike” and “vacancy-
like,” respectively, in Fig. 1). The e-symmetric, vacancylike
level which is produced by an anion vacancy paired with an
indium impurity on the cation site occurs at an energy which
is above the scale of Fig. 1(b). It is thus not shown in that
figure. We show the results of our calculations for (vacancy,
indium impurity) defect pairs because the samples from
which we obtained the photoluminescence spectra discussed
below are believed to contain indium related defects. Our
predictions for the x dependences of levels produced by oth-
er (vacancy, impurity) pairs in Hg, _ , Cd, Te will be present-
edin alater publication.'® Asis discussed above, we find that
while the absolute energy level depths certainly vary with the
choice of impurity, the dE /dx of a level associated with a
particular site and symmetry is almost independent of which
impurity is present in the (vacancy, impurity) complex.
Thus, the slopes of the levels shown in Figs. 1(a} and 1(b} can,
to a good approximation, be taken as the slopes of energy
levels derived from a (vacancy, impurity) pair complex and
associated with a particular site and symmetry, independent
of the choice of impurity. This fact wiil be utilized below in
our comparisons of the theoretical slopes of defect energy
levels with the dE /dx of various measured levels.

Both the impuritylike and vacancylike a, -symmetric
levels predicted in Fig. 1 occur at energies which are substan-
tially shifted from the corresponding isolated point defect
levels predicted by Kobayashi et al.> One finding of these
calculations that is true generally is thus that complexing
with a vacancy can alter the position of an isolated point
defect level by a substantial amount. Also, the impuritylike
levels of both symmetries predicted in Fig. 1 have similar x
dependences as the corresponding isolated impurity levels
found in Ref. 3. Another finding of these calculations is thus
that the impuritylike levels produced by a (vacancy, impuri-
ty) pair cannot easily be distinguished, on the basis of their
dE /dx, from the corresponding isolated impurity levels.

The case of the vacancylike energy levels produced by
such a vacancy associated complex is, however, very different.
In particular, the vacancylike, a, -symmetric levels, shown
in Fig. 1, not only occur at very different energies than those
for the corresponding isolated defects, but they also have
strikingly different x dependences than those predicted in
Ref. 3 for either isolated defect. One of the most important
results of the present theory is thus that a vacancy-like a, -
symmetric level due to a (vacancy, impurity) complex can be
distinguished from an isolated impurity level by its x depen-
dence. This gives one the possibility of, at least in some cases,
being able to use the dE /dx of observed levels distinguish
between isolated point defect levels and levels produced by
vacancy associated complexes.

IV. COMPARISON WITH THE DATA OF JONES, NAIR,
AND POLLA

As an example of the utility of our theory, we have ana-
lyzed some published DLTS data of Jones et /. on defects
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FIG. 1. Theoretical predictions of the energy level positions and the x dependences produced by a (vacancy, indium impurity) nearest-neighbor pair in
Hg, _ ,Cd, Te. The slope of a level of a given site and symmetry is almost independent of the particular impurity contained in the complex. The slopes of the
impuritylike levels are almost the same as those obtained in Ref. 3 for the corresponding isolated impurity: (a) cation vacancy paired with an indium on the
anion site; (b) anion vacancy paired with an indium on the cation site. In this case, the e-symmetric, vacancylike level occurs at energies which are above the

scale of the figure; it is thus not shown.

in p-type Hg, _ . Cd, Te. These workers have found two de-
fect levels with energies varying nearly as (1/2)E, (x} and
(3/4)E, (x), where E_ (x}is the variation of the band-gap ener-
gy or conduction band edge with composition x. They have
associated the (1/2)E, level with a cation vacancy related
defect and state that the origin of the (3/4)E, level is un-
known.

The results of the theoretical-experimental comparison
in this case are shown in Fig. 2. In that figure we have plotted
the composition dependences of the two defect energy levels
observed by Jones et al.> The data for the (1/2)E, level is
represented by the closed circles and that for the (3/4)E,
level is represented by the plus signs. The solid lines drawn
through these two sets of data points are reproduced from
Ref. 5 and are included as a guide to the eye. The conduction
band-edge composition dependence shown in the figure is
that obtained from the present theory. Also shown in that
figure are the x dependences of the a, -symmetric, vacancy-
like level produced by a (cation vacancy, anion impurity)
nearest-neighbor pair and the e-symmetric, impuritylike lev-
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el associated with an (anion vacancy, cation impurity) pair.
These are shown as dashed lines in the figure. The theoretical
curves are derived from the energy levels of Figs. 1{a) and
1{b) by shifting the latter levels in energy (keeping their
dE /dx unchanged) until they pass through the region of the
experimental points. This makes direct use of and reempha-
sizes the fact that the slope of a particular level produced by a
(vacancy, impurity) complex depends very little on which
impurity is present in the complex, even though the absolute
energy of such a level does depend on the impurity atom.
Instead, thedE /dx of acomplex-produced level depends pri-
marily on the site of the impurity and on the symmetry of the
level. Ft should be noted that the slopes of the other theoreti-
cal levels shown in Fig. 1 will not provide a good description
of the data.

It is clear from Fig. 2 that the slope that we find for the
a, -symmetric, vacancylike level derived from the cation va-
cancy associated complex is nearly the same as the slope of
the experimental data for the (1/2)E, trap. As has been em-
phasized above, a vacancy-like pair level has a very different
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TRANSIEENT SPECTROSCOPY DATA
(JONES,ET AL) AND FROM THEORY

3204
280 T conpuction 3E4/4 LEVEL
BAND —— /&, IMPURITY- LIKE
T /" (ANION VACANCY, CATION IMPURITY)
240 1+
- “Eg/2 LEVEL
E 200
/
N '/~ 0}, VACANCY - LIKE
o 160 /" (CATION VACANCY, ANION IMPURITY)
W -+
9 0l
80 +
a0 +
1 VALENCE BAND EDGE\
o] +——y + + t + + e e |
oio 02 04 . 06 08 !fo
HgTe Hq‘_xCdXTe CdTe

FIG. 2. Deep level transient spectroscopy data of Jones, Nair, and Polla
(Ref. 5} for the x dependences of the (1/2)E, level {solid circles) and the
(3/4)E, level (plus signs) in Hg, _ . Cd, Te, along with the theoretical slopes
for the a, -symmetric, vacancylike level produced by a (cation vacancy, an-
ion impurity) pair and the e-symmetric, impuritylike level produced by an
(anion vacancy, cation impurity) pair {dashed lines). The solid lines through
the data are guides to the eye. It should be noted that the slope of the latter
level and the results of Kobayashi et al. (Ref. 3) for the slope of a T', -sym-
metric level produced by an isolated cation impurity are very nearly the
same. The conduction band edge shown is the one resulting from the present
theory.

dE /dx than the corresponding isolated impurity or vacancy
level. This enables such a pair related level to be distin-
guished from an isolated point defect level. The close agree-
ment between the theoretical and experimental slopes in this
case thus leads us to suggest that the (1/2)E, trap is associat-
ed with a (cation vacancy, anion impurity) complex. This
result is consistent with the interpretation of Jones et al.* for
this defect level and illustrates the utility of the theory for
distinguishing between complex related and point defect
produced energy levels.

From Fig. 2 it is also clear that the slope of the experi-
mental data for the (3/4)F, trap and the theoretical slope
that we find for the e-symmetric, impuritylike level pro-
duced by an (anion vacancy, cation impurity) complex are
very nearly the same. Unfortunately, as is discussed above,
the impuritylike levels produced by such a complex have
almost the same slopes as the corresponding isolated impuri-
ty levels found by Kobayashi e a/.> These cation impurity-
related slopes are, however, very different than the slopes of
energy levels produced by anion impurities or complexes
containing such impurities. Thus, while the theory in this
case is unable to distinguish between an isolated impurity
and a vacancy associated complex, we can conclude that the
(3/4)E, level is probably associated with a defect containing
a cation site impurity. This comparison therefore shows the
usefulness of the theory for obtaining site information about
experimentally observed levels.
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V. PHOTOLUMINESCENCE EXPERIMENTS AND
COMPARISON WITH THEORY

A. Experimental details

Photoluminescence experiments were carried out using
n-type samples fabricated with the solid-state recrystalliza-
tion technique. The samples were nominally 1X20 mm,
were chemically etched prior to post annealing, and were
subsequently cleaned with a bromine-methanol etch. A heli-
um-neon laser was used for excitation, and a Perkin Elmer
Model E1 spectrometer provided spectral discrimination. A
cooled photovoltaic InSb detector was used for emission
wavelengths down to 5.35 pm, and cooled photoconductive
Ge:Hg and Ge:Cu detectors to 13.7 and 20 um, respectively
were used.

Photoiuminescence spectra for three x values are
shown in Fig. 3. In these spectra, two clearly resolved peaks
which we label A and B can be seen. In most spectra there is
also a broader, more poorly resolved feature which we label
Cin the figure. In Fig. 3(c), feature C is not clearly separable
from the tail of peak B, and we show as dashed and dot-
dashed curves Lorentzians centered at 74.7 and 69.0 meV,
respectively, to aid in this separation. Similar spectra have
been reported for x = 0.32 and x = 0.48 by Hunter and
McGill,'"* who identified the peak corresponding to our
peak A as being produced by either band-to-band or bound
exciton recombination, and the peak corresponding to our
peak B as being associated with either a free-to-acceptor or
donor-to-acceptor transition. They also observe a feature on
the low-energy side of this peak, similar to the feature we
label C, which they do not identify. We note that there is
considerable variation in the linewidths of each of the spec-
tral features. We attribute this effect to compositional varia-
tions across the 0.1- mm diameter of the focussed excitation
laser beam. This interpretation is consistent with the esti-
mated local variation of x on this scale.’

Following Hunter and McGill,”® we identify our peak
A with a transition involving the recombination of a bound
exciton. We then make use of this identification to determine
the band gap for each spectrum. To do so, we assume that the
ionization energy of the exciton scales with x in the same way
as the band gap,

Ey(x) = aE,(x), (1)

where E, _{x) is the energy of the bound exciton and E, (x) is
the band-gap energy for the composition x. In Eq. (1), zis a
constant determined from the pure CdTe values by

E..(1) = aE,(1). 2)

In pure CdTe, the free exciton lies 10 meV below the band
edge.!” Assuming that the exciton is bound by an additional
5 meV and combining Egs.(1) and (2) then gives band gaps of
401, 275, and 86.9 meV for the samples for which photolu-
minescence spectra are shown in Fig. 3(a), 3(b), and 3(c), re-
spectively. Finally, we obtain the average alloy composition
x for our samples by making use of the data of Schmit and
Stelzer®® relating x to the band gap. The resulting x values
are0.364, 0.297, and 0.197 for the samples for which spectra
are displayed in Figs. 3(a), 3{b), and 3(c), respectively. These
values agree to within 20% with the x values obtained by
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FIG. 3. Typical photoluminescence spectrain Hg, _ , Cd, Te showing spec-
tra] features A, B, and C. (a) x = 0.364, (b) x = 0.297, (¢) x = 0.197. The
dashed and dot-dashed curves in (c} are Lorentzians in energy, centered at
74.7 and 69.0 meV, respectively, which are shown as aid to the eye in resolv-
ing spectral feature C.
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Brau using Hall effect measurements on the same samples.?!

Once the band gap is known and if we assume that peaks
B and C result from free to bound transitions, the energies of
the levels associated with these peaks can then be determined
for each x. Uncertainties in the exact positioning of the band-
gap for each x may introduce a systematic error in the abso-
lute positioning of the levels of up to 3 meV. In order to make
the experimental-theoretical comparison discussed below,
however, we are primarily interested in the x dependence of
these levels. Since such uncertainties have only a second or-
der effect on the slopes of the levels, they will not seriously
affect the resulting experimental slopes of the defect levels.
We estimate that in a worst possible case, such errors intro-
duce tess than a 10% error in the slopes of the levels derived
from our data.

B. Theoretical-experimentat comparisons;
interpretation of experimental results

In Fig. 4, we plot the results of this data analysis for the
x dependence of the energies of photoluminesence peaks B
(closed circles} and C (plus signs) for all compositions for
which we have data. Also shown in this figure are the com-
position dependences of the e-symmetric impuritylike and
vacancylike, and the @, -symmetric, impuritylike levels pro-
duced by a (cation vacancy, anion impurity) nearest-neigh-
bor pair (dashed lines). At x = 1, we show the energy ranges
of two known defect levels in CdTe: an acceptor level in the
range 40-60 meV, believed to be due to an anion-site impuri-
ty,?>?* and a level in the 140-150 meV range, believed to be
due to a (vacancy, impurity) complex.’*?* The solid straight
lines drawn through the two sets of data points are least-

ENERGY LEVELS FROM PHOTOLUMINESCENCE
DATA AND FROM THEORY
(CATION VACANCY, ANION IMPURITY)

160 JcoNDuCTION
BAND EDGE ~,|
) , . /_T_
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140 + / /
1 ! ,VACANCY - LIKE Ve
>
1204 e "
] / a), IMPURITY-LIKE > ~[40-150meV
3 / // CdTe
% 1001 / ~ COMPLEX
£
£ ] / by
/ 7
& 8o / s
e 7
¥ / 277 e, IMPURITY- LIKE
Yoot / z ’ Ci--
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204 J L
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o bz z
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FIG. 4. Composition dependences of the energy levels extracted from the
photoluminescence data for spectral features B (closed circles) and C (plus
signs), along with theoretical slopes for the e-symmetric, impuritylike and
vacancylike and the ¢,-symmetric, impuritylike levels produced by a {cation
vacancy, anion impurity) pair (dashed lines). The solid lines are least squares
fits to the data. Also shown at x = 1 are the energy regions where an accep-
tor level associated with an anion-site impurity (40-60 meV} and a level
related to a cation-site vacancy complex (140-150 meV) have been identified
in CdTe (Refs. 22 and 23). The conduction band edge shown is the one re-
sulting from the present theory.
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squares fits to the data. The percentage uncertainties in the
positions of the experimental energy levels, which are attrib-
utable to inaccuracies in our determination of the centers of
the luminescence peaks, are greater for spectral feature C
than for B at all x and become larger as x decreases. For the
smallest composition at which we have obtained data
{(x = 0.197), we estimate the uncertainties in the positions of
peaks B and Cto be 1.1 and 2.1 meV, respectively. The con-
duction band edge shown in Fig. 4 is the one calculated on
the basis of the present theory.

Similar to the case for Fig. 2 discussed above, in Fig. 4
the theoretical curves are obtained by shifting the theoretical
energy levels of Fig. 1(a) in energy, but keeping their vari-
ation with composition (dE /dx) unchanged, until they pass
through the region of the data. This again utilizes and em-
phasizes that the dE /dx of a particular level associated with
a (vacancy, impurity) pair is essentially independent of
which impurity is present in the complex.

It is evident from Fig. 4 that the slope of the e-symmet-
ric, vacancylike level produced by a (cation vacancy, anion
impurity) compiex will not provide a good description of the
data. Further, the slopes of the data and those of the other
levels shown in Fig. 1 but not reproduced in Fig. 4 (particu-
larly those due to the anion vacancy-related complex) di-
verge even more. On the other hand, the slopes of the e- and
a,-symmetric, impuritylike levels associated with this same
complex and reproduced in Fig. 4 closely match those of the
least-squares fits to the luminescence data of peaks B and C.
These facts suggest that both spectral features and thus the
energy levels extracted from the data for them are associated
with defect centers where the impurity atom has replaced an
anion host (Te) atom. However, because the impuritylike lev-
els for a (vacancy, impurity) pair have a very similar dE /dx
as the corresponding isolated point defect levels found by
Kobayashi et al.,> we cannot say definitively on the basis of
the theory alone whether peaks B and C are produced by
isolated anion impurities or by cation vacancy related com-
plexes containing such impurities.

In both cases, however, we can tentatively make such
identifications by other means. An acceptor level at nearly
the same energy as we find for peak B has been previously
observed in Hg, _,Cd, Te and associated with an isolated
anion-site impurity thought to be either As or P.'**
Further, the least squares fit to our data for that peak ex-
trapolates at x = 1 to an energy (59 meV) within the range of
that of the above-mentioned known acceptor level in
CdTe.**** These observations, taken together with the ex-
perimental-theoretical comparison discussed above, are
consistent with and strongly support the assignment of the
energy level extracted from the data for spectral feature B to
an isolated anion-site impurity. This assignment again illus-
trates the utility of the theory for use, in conjunction with
experimental data, in obtaining impurity site information
about experimentally obtained defect energy levels.

Peak C is a heretofore unobserved spectral feature in
Hg, _,Cd, Te, although Hunter and McGill'® have ob-
served, but not identified, a similar feature on the low-energy
side of the peak in their data which corresponds to our peak
B. In this case, our theory, used in conjunction with other
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information, can again be useful in helping to obtain at least
site information about the center which is associated with
this feature. The theoretical-experimental comparison dis-
cussed above suggests that the energy level extracted from
the data for peak C is anion impurity related. Furthermore,
we note that the least-squares fit to the data, in this case,
extrapolates at x = 1 toan energy (142 meV) in the range of a
level previously observed in CdTe and attributed to a {cation
vacancy, anion impurity) complex.”>?* These facts suggest
that spectral feature Cis associated with a (vacancy, impuri-
ty) complex where the impurity occupies the anion (Te) site.
We, therefore tentatively make such an identification for this
peak, while again emphasizing that such an identification
cannot be made on the basis of the theory alone, since the
dE /dx for isolated impurity levels and for the impuritylike
levels derived from a (vacancy, impurity) complex are (for
the impurity on the same site in both cases) similar. This
assignment is yet another illustration of the utility of the
theory, along with information obtained from data, for help-
ing in the identification of the centers which produce ob-
served defect energy levels.

As a final comment on our data, we note that we have
considered the possibility that peak C is a phonon replica of
peak B. However, both its energy differences with peak B
and its variation with x are wrong for this explanation.?> We
thus reject this explanation for that spectral feature in favor
of that just discussed.

VI. SUMMARY AND CONCLUSIONS

In summary, we have generalized the Kobayashi et al.’
theory of deep energy levels produced by point defects in
Hg, _.Cd,Te to the case of (vacancy, impurity) nearest-
neighbor pairs. The theory is based upon the theory of deep
levels due to (vacancy, impurity) pairs in semiconductors
developed by Myles and Sankey® and on the Kobayashi et
al’ semi-empirical tightbinding bandstructures for
Hg, _ ,Cd, Te. Furthermore, we have shown that, similar to
the case of point defects,® the slopes of the resulting vacancy
complex related energy levels as a function of alloy composi-
tion are strongly dependent upon the site occupied by the
impurity. 4 significant finding of our theory is that the a, -
symmetric vacancylike energy levels produced by such a (va-
cancy, impurity) complex have very different x dependences
than either the impuritylike levels coming from the same com-
plex or the corresponding isolated point defect levels. These
facts suggest that the theory can be useful, when used in an
analysis of experimental data on defect energy levels in
Hg, _,Cd, Te, to help to obtain impurity site information
about the defect centers which produce such levels and, in
Savorable cases, to help to distinguish between a vacancy com-
plex produced level and an isolated point defect level.

We have illustrated these points by comparing the pre-
dictions of our theory for the slopes of defect energy levels as
a function of x to the observed composition dependences of
such levels in Hg, _,Cd, Te in two different cases. In the
first case, we have made such a comparison with the so-
called (1/2)E, and (3/4)E, levels observed in DLTS by Jones
et al.’ In that case, we have shown that the theory can be
used, in conjunction with the data analysis of Ref. 5 to essen-

Myles et al. 5285



tially unambiguously associate the (1/2)E, level with a ca-
tion vacancy related complex (consistent with the interpreta-
tion of Jones et al’) and the (3/4)E, level with a cation
impurity related defect center. In the second case, we have
presented some new photoluminescence data on both a
known acceptor level and an unknown spectral feature. In
that case, we have shown that the theory can be used, in
conjunction with this and other data, to associate the known
acceptor level with an anion impurity-related defect center
(consistent with other assignments for this level*>**) and the
unknown spectral feature with an anion impurity related
defect center that probably also contains a cation vacancy.

The theory can thus be utilized to help in the identifica-
tion of the defect centers which produce observed energy
levels in Hg, _ ,Cd, Te. Clearly, the utility of this type of
theory is not restricted to the analysis of data on defect
centers in this material, but should be useful for similar anal-
yses in other semiconducting alloys. Work along these
lines,'® as well as efforts to generalize our theory to include
the effects of the spin-orbit splittings of the defect levels, is
underway.

Finally, we note that Tuncay and Tomak'® have recent-
ly developed a theory of isolated point defect states in
Hg, _,Cd, Te, using the tightbinding host bandstructures of
Podgorny and Czyzyk®® as a starting point. The x depen-
dences that they predict for both cation and anion site de-
fects are in qualitative agreement both with those found by
Kobayashier al.’ and with those that we find for the impuri-
tylike levels produced by (vacancy, impurity) pairs. This sug-
gests that our conclusions regarding the correlation of the
dE /dx of an energy level with the site occupied by an asso-
ciated impurity are independent of the model used for the
host band structure.

ACKNOWLEDGMENTS

C.W.M. and P.F.W. are grateful to Texas Instruments,
Inc. for a grant which partially supported this work and to
Texas Tech University for a grant of computer time to per-
form these calculations. We are also grateful to A. J. Syllaios
for several helpful suggestions, for many stimulating conver-
sations, and for a critical reading of the manuscript. C.W.M.
thanks O. F. Sankey, A. Kobayashi, and J. D. Dow for many
stimulating conversations and for use of the computer codes
and tightbinding parameter data which generated the
Hg, _ .Cd, Tebandstructures. We thank M. J. Brau for sup-
plying the samples from which we obtained the photolu-
minescence data.

5286 J. Appl. Phys., Vol. 57, No. 12, 15 June 1985

'See, for example, P. W. Kruse, *Mercury Cadmium Telluride” in Semi-
conductors and Semimetals, Vol. 18, edited by R. K. Willardson and A. C.
Beer (Academic, New York, 1981}, Chap. 1, p. 1; R. M. Brandy and V. J.
Mazurcyck, ibid., Chap. 5, p. 157; M. B. Reine, A. K. Sood, and T. J.
Tredwell, ibid., Chap. 6, p. 201; M. A. Kinch, ibid., Chap. 7, p. 313; and
the numerous references in these articles.

’See, for example, C.E. Jones, “Status of Point Defect Studies in
Hg, _,Cd, Te,” in Proceedings of the 1984 U.S. Workshop on Mercury
Cadmium Telluride, J. Vac. Sci. Technol. A 3, 131 (1985).

*A. Kobayashi, O, F. Sankey, and J. D. Dow, Phys. Rev. B 25, 6367 (1982).

“H. P. Hjalmarson, P. Vogl, D.J. Wolford, and J. D. Dow, Phys. Rev. Lett.
44, 810 (1980): this work drew heavily from earlier ideas by W. Y. Hsu, J.
D. Dow, D.J. Wolford, and B. G. Streetman, Phys. Rev. B1§, 1597 (1977).

*C. E. Jones, V. Nair, and D. L. Polla, Appl. Phys. Lett. 39, 248 (1981).
°C. W. Myles and O. F. Sankey, Phys. Rev. B 29, 6810 (1984).

"See, for example, Deep Levels in Semiconductors, by M. Jaros (Adam
Hilger, Bristol, 1982) and references therein.

M. Jaros and S. Brand, Phys. Rev. B 14, 4494 (1976); D. V. Lang, R. A.
Logan, and M. Jaros, Phys. Rev. B 19, 1015 (1979).

°0. F. Sankey, H. P. Hjalmarson, J. D. Dow, D. J. Wolford, and B. G.
Streetman, Phys. Rev. Lett. 45, 1656 (1980); O. F. Sankey and J. D. Dow,
Appl. Phys. Lett. 38, 685 (1981); O. F. Sankey and J. D. Dow, J. Appl.
Phys. 52,5139 (1981); J. D. Dow, R. E. Allen, O. F. Sankey, J. P. Buisson,
and H. P. Hjalmarson, J. Vac. Sci. Technol. 19, 502 (1981); O. F. Sankey
and J. D. Dow, Phys. Rev. B 26, 3243.

'9p. J. Lin-Chung and T. L. Reinecke, Phys. Rev. B 27, 1101 (1983); T. L.
Reinecke and P. J. Lin-Chung, Solid State Commun. 40, 285 (1981).

''S. Das Sarma and A. Madhukar, Phys. Rev. B 24, 2051 (1981); A. Madhu-
kar, Solid State Commun. 38, 500 (1981).

12See also the numerous references listed in Ref. 6.

BC. W. Myles and E. G. Bylander (unpublished).

!See, for example, P. A. Fedders and C. W. Myles, Phys. Rev. B 29, 802
(1984), and references therein.

15C. W. Myles (unpublished).

'C. Tuncay and M. Tomak, Solid State Commun. 50, 1065 (1984).

'"7H. P. Hjalmarson, Ph.D. dissertation, University of Illinois at Urbana-
Champaign, 1979.

'8A. T. Hunter and T. C. McGill, J. Appl. Phys. 52, 5779 (1981).

'%See, for example, Kenneth Zanio, “Cadmium Telluride,” in Semiconduc-
tors and Semimentals, Vol. 13, edited by R. K. Willardson and A. C. Beer
(Academic, New York, 1978).

J. L. Schmit and E. L. Stelzer, J. Appl. Phys. 40, 4865 (1969).

2'M. J. Brau (unpublished data). See also G. L. Hansen and J. L. Schmit, J.
Appl. Phys. 54, 1639 {1983).

22See Ref. 19, pp. 48 and 139 where data on both 40-60 meV acceptors and
on a 140-150 meV complex in CdTe is discussed. Further references are
given in the article by F. V. Wald, Rev. Phys. Appl. 12, 277 (1977).

BSeealso F. A. Kroger, The Chemistry of Imperfect Crystals, second edition
(North-Holland, Amsterdam, 1974), Vol. 2, p. 730.

M. A. Kinch, M. J. Brau, and A. Simmons, J. Appl. Phys. 44, 1649 (1973);
J. A. Moroczkowski, and D. A. Nelson, J. Appl. Phys. 54, 2050 (1983); W.
Scott, E. L. Stetzer, and R. J. Hagen, J. Appl Phys. 47, 1408 (1976); A. T.
Hunter, D. L. Smith, and T. C. McGill, Appl. Phys. Lett. 37, 200 (1980);
C. T. Elliot, I. Melngailis, T. C. Harmon, and A. G. Foyt, J. Phys. Chem.
Solids 33, 1527 (1972); S. W, Shen, M. Chu, A. H. B. Vanderwyck, M.
Lanis, and C. C. Wang, J. Appl. Phys. 51, 3772 (1980).

*See, for example, Solid State Physics, with contributions by R, Dornhaus,
G. Nimtz and W. Richter (Springer, Berlin, 1976), p. 90.

M., Podgorny and M. T. Czyzyk, Solid State Commun. 32, 413 (1979); M.
T. Czyzyk and M. Podgorny, Phys. Status Solidi B 98, 507 (1980).

Myles et al. 5286



	Identification of defect centers in Hg1-xCdxTe using their energy Ievel composition dependence
	

	tmp.1208280395.pdf.db_8t

