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PhotoluminescencéPL) of CuGaSe and Culn$ single crystals, either as grown or Cu annealed,
reveals a broad and clear deep emission bantratEy—0.6eV. In both of these as-grown
materials this band has a similar doublet structure with theDvi® 2 subbands separated by about

100 meV. After the Cu annealing all samples became highly compensated and an additional deep PL
band(W band appeared on the high energy side of thBsbands. This suggests a closely similar
origin of the emission for the both materials. By a straightforward model calculation we show that
the changes in the shape and intensity of these emission bands—due to variation of temperature,
excitation intensity or due to the Cu annealing—are well explained if we assume tHatltlaad

D2 PL subbands originate in the recombination between the closest and the second closest donor—
acceptor pairs, with the essential ingredient of the emission center being an interstitial donor defect,
i.e., either Cyor Ga in CuGaSegand Cy or In, in CulnS,. TheW band in both compounds appears

to be due to the recombination of an electron from this deep donor level with a hole in a deep
localized state of the valence band tail. 199 American Institute of Physics.
[S0021-897€99)00913-5

I. INTRODUCTION result of this, about the related deep electronic gap levels in
. _ these compounds. We have good reason to believe that these
The ternary chalcopyrite semiconductors I-lli;Viave  deep levels do play an important role in the optoelectronic
attracted considerable interest as candidates for applicationgoperties.
in the areas of ||ght emitting diodes and photovoltaic de- CuGaSeg and Culn$ have relatively large band gaps of
vices. In spite of Significant experimental and theoretical ef-Eg: 1.68 and 1.53 eV, respective|y, and therefore they are
forts devoted to the fundamental studies of the properties ahe most suitable materials for deep level PL studies. Deep

these materials, and to the successful preparation of quiteL pands in CuGaSehave been reported at 1.18 and 1.02
efficient devices based on them, the overall understanding is\!2 and at 1.142 eV.In CulnS, also, several deep PL

not yet as clear as we would like it to be. This is, partly atbands have been at least mentioﬁé_d_

least, due to the fact that the CompleX defect structures of There exists no f|rm|y established model of these deep
these compounds are not well understood. PL bands so far. This paper presents the first systematic

PhotoluminescencéPL) spectroscopy is a very general study and comparison of the deep PL bands in Cugage
and widely used method to analyze the defect structure ofuins,.

semiconductors. Unfortunately, most of the PL studies of

chalgopyrlte semiconductors, so far, have begn focused O EXPERIMENT

relatively shallow PL bands having a peak position near the

band gap energy. Much less is known about possible deep CuGaSeg and Culn$ single crystals were grown in

PL bands, with emission energiag<<E;—0.4eV and, as a closed ampoules from a stoichiometric mixture of the ele-
ments(6N purity) by chemical vapor transport at tempera-

IElectronic mail: krustok@ce.ttu.ee tures between 800 and 750 °C using iodiabout 3 mg/crf)

bpresent address: Bell Laboratories, Lucent Technologies, 600 MountaiS the tran;port e}gent- Some qf the crystals were also grown
Ave., P.O. Box 636, Murray Hill, NJ 07974-0636. by the vertical Bridgman technique. Tlpetype single crys-
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tals had typical dimensions of 0& X 6 mnt with well pro-  time, the Cu annealing always increased the intensity of the
nounced112) surfaces, which is characteristic of ternary Cudeep PL bands in both compounds.

chalcopyrites. The Cu annealing experiments were carried Several observations can be made from the measured PL
out in a closed system horizontal furnace at temperature$pectra:

ranging from 400 to 700 °C for annealing times of up 10 1205 The half width of theD2 band always exceeds the half

h in an inert gas flow. A small piece of Cq was mounted width of theD1 band:

about 3—4 cm upstream of the sample. The final sample comp,
position was analyzed by x-ray fluorescence measurements,

yvh|ch revealed_ no significant amounts of extrinsic |mpur|t|es samples, but the half width of both bands increases in
introduced during the growth process or due to the different the compensated samples;

annealing treatments. , d(c) the half width of thew band is larger than that of other
Resistivity and Hall-effect measurements were carrie bands: and

out in the temperature range from 30 to 400 K using a conc}d) the energetic distance betwe&l andD2 bands is
ventional dc measurement setup equipped with a closed- about 105 and 90 meV in CuGaSand CulnS, re-

cyc_:le He cryostat. Ohmic contacts were prepared by evapo- spectively, i.e., it is about 15 meV smaller in CupnS
rating Au dots orp-type samples.

A Kr ion laser (Spectra Physics model 165t a wave- From the temperature dependence of the PL spectra,
length of 568.2 nm was used as the excitation source foghown for the CuGaSecompensated sample in Fig. 2, one
steady-state PL measurements at temperatures ranging fradhserves that th&V band quenches very rapidly &sin-

2 to 300 K. The laser beam was focused onto the samplereases. Therefore, it was not possible to determine the pre-
with a spot diameter of about 1g@m and the luminescent cise magnitude of the thermal quenching activation energy
light was analyzed with a GCA/McPherson Instruments 1 nfor this band, but the activation energies fol and D2
grating monochromatofCzerny—Turner typeand detected bands are given in Table Il. It is worth noticing that the
by either a liquid nitrogen cooled germanium dete¢iorth ~ activation energy for th®1 band is always smaller than for
Coast EO-817).or a photomultiplier tube wittS1 charac- theD2 band, and that the peak positions of the @vbands
teristics. All samples were etched prior to measurement in gither remain unchanged or change very little with tempera-
solution of bromine in methanol in order to ensure good andure. Therefore we must exclude the possibility that the con-
comparable surface properties. duction or valence band states are involved in the recombi-
nation process of thB bands.

It is also of interest that the peak positions of tbe
IIl. RESULTS AND DISCUSSION bands did not seem to shift with increasing excitation power
(see Fig. 3 From this we conclude that we also must rule

grown and(2) compensated. Most of the as-grown CuGaSe OUt the model of distant donor—acceptor pabD#Ps), where

and Culn$ crystals had quite low resistivity values. After & Shift toward higher energies is expecteurther, we ob-

the Cu annealing all crystals became highly compensate§€"ve from Fig. 3 that the intensity of ti#2 band shows a
and the resistivity increased by more than 3 orders of mag2t€€Per dependence upon excitation power than that of the
nitude. These two types of crystals also had very different P21 band. The dependence of the integrated intenbityf
spectra both in the edge emission region and in the “deep’the D bands 3“ the excitation laser powlecan be repre-
region. The edge emission of compensated samples waSnted as~1% ForD1 andD2 bands the parameterhas
dominated by an asymmetric broad PL band while in thevalues of 0.73 and 1.03, respectively. This rather big differ-

as-grown samples several narrow PL bands were present. §fCe indicates that these two bands must have somehow dif-
is known that in the highly compensated samples conductioff"ent origins. _ _

and valence band edges are often disturbed by the potential | "€ overall properties of the deep PL bands in CuGaSe
fluctuations of charged defects and, therefore, so-called barf"d CuIng are very similar to each other and therefore it is
tails are formed:’” Due to the relatively large effective hole reasonable to believe that they have a related origin in both
mass of ternary compounds, localized hole states are easifP™Pounds. Even more, they actually seem to have proper-
formed within the valence band tails, which affect the shapdi€S comparable to those of the deep bands in Cdfahe

of the edge emission bands, especially in compensate%erti”e”t deep donor—deep acceptor defect model was pro-
samples. posed for the deep PL bands in CdTéccording to this

Low temperature PL spectra from the “deep” region of model the deep PL bands arise from a DA recombination

the two compounds studied are shown in Fig. 1. In both off€tWeen pairs of the nearest neighb{@sl band, and be-

the as-grown crystals the PL spectra consist of two distincf/€en pairs of the next-nearest neighb®2 band, respec-

PL bandsD1 andD2, while in the compensated crystals a tVely, so that the DAP pairs are chemically identical but
new W band appears on the high energy side of the Spectri§_tructurally slightly dl_fferent. Itis known_ that _the emission
The parameters of these PL bands obtained from the GausS™¢'9Y from a DA pair separated by a distande obtained
ian fitting of the spectra are presented in Table I. Annealind ™M

of as-grown CuGaSecrystals in vacuum or in a Ga atmo-
sphere reduces the intensity of these deep PL bands. The
same behavior was detected also in Cyln&t the same

the peak positions of botb1 andD2 bands do not
differ much between as-grown and compensated

Two types of samples were used in this studlly: as-

2
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HereE, is the band gap energia andEQ the acceptor and position, our calculation, based on H8), indicates that one
donor ionization energieg,is the dielectric constariy ,Z, of the DAP components is at an interstitial position and the
are the charges of donor and acceptor, respectivelyl'and  other one is at a lattice site, next to it.
is an additional term which includes interactions relevant at It is known that in both of the compounds studied here
very short distances only. There are different opinions rethe crystal lattice is affected by the tetragonal distortion and
garding the details of this last ter(aee for example Ref.)8 therefore the group-VI anion&Se and $ are slightly dis-
but the main result is that it gives only minor, second orderplaced from their ideal positions. In addition, it is known that
corrections to Eq.(1). However, as it was shown by atomic positions around a defect are relaxed. We may as-
Williams? the magnitude of'(r) may exceed 25 meV or sume that the highest value of displacement of nearby ions is
even more in case of very short DA distances. Therefore, theptained in the case of vacancies. As it was shdwnSobo-
theoretically calculated Coulombic energy is usually higherev et al, in the ternaries it is expected that the lattice relax-
than the energy found from experiment. An open question isition near vacancies gives less than a 10% displacement for
the appropriate value for the dielectric constaim the case the bond lengths of nearby ions. Thus it is safe to assume
of very close pairs. In compound semiconductors it is obvi+that the lattice relaxation, as such, never contributes an error
ous thate must be a combination of both optical and staticexceeding about 10% in oWE calculations. All these facts
dielectric constants, but the exact numerical value for it ismake it difficult to claim precise and correct calculated val-
hard to predict. Therefore, Eql) must be considered as a yes of AE, but, nevertheless, we can obtain a first order
very rough method to calculate the transition energy of C|05%1pproximation.
DA pairs. We use the lattice parametera=0.5607 nm, c

It is also known that the electrdhole) wave functionin  =1.1054nm for CuGaS¢g? and a=0.5523nm, ¢
the deep donofacceptor level must be highly localized. =1.1123 nm for Culng*® Valuese= 10.2 for Culn$,** and
Because of this, for more distant pairs, there is practically ng=9.6 for CuGaSg'>® and Z,=1 were used in calcula-
overlap of the initial and final state wave functions and, as @jons. Note that there are also just two types of interstitial
result of this, no observable recombination emission. liyositions in the chalcopyrite latticé, andi,). Taking the
seems to be a reasonable assumption that both the donqjgit cell corners to be defined by the catiofi®., at each
and the acceptors can occupy only certain energetically facorner either Cu or Gathese interstitial positions have the
vorable positions within the chalcopyrite crystal. Then it is coordinateg1/2; 1/2; 1/4 and(3/4; 3/4; 3/8, respectively. It
possible to calculate, using E(f), the approximate energy s jmportant to realize that these two interstitials have a dif-
separations\E between the DA pairs of the nearest or theferent surrounding. The first oné, is surrounded by six

next-nearest neighbors, respectively, cation sites and four anion sites, and the second oy)ebfy
) four cation sites and six anion sites, respectively. The results
AE- ZpZpe” (1 i) @) of the numerical calculations, for two possible charge states
€ r{ rp’ of the donor, are given in Table lll. In the present calculation

the interstitial ions were taken to be point charges positioned
In Eqg. (2) r, is the shortest DA distance and the next symmetrically within the interstitial volume.
shortest one. Although the components of a DAP pair could, From Table Il it becomes clear that donor and acceptor
in principle, be positioned at a lattice site or at an interstitialpairs cannot be situated in positions such g—Age,
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TABLE |. Average experimental values of the deep PL bands peak posttiong and half widthsW,, in
CuGaSe and Culn$ as-grown and compensated crystals.

W band D1 band D2 band
CuGaSe as-grown compens. as-grown compens. as-grown compens.
hvax (€V) — 1.246 1.148 1.146 1.042 1.043
W3, (MeV) — 169.5 96.5 122.5 134.2 160.1
CulnS,
hvax (€V) — 1.007 0.954 0.954 0.864 0.863
Wy, (MmeV) — 138.9 76.5 90.7 89.4 103.6

Aci—Dse, DgiAses Aci—Dses, Di—As, A—Ds, considering the possible effect of the additional tdf(n) in
Dcu—A, or Aq,—D,,, because the calculateslE value is  Ed. (1), may give an even more realistic result. Furthermore,
not consistent with the experimentally observed energy sepd? line with the present experimental observation, the calcu-
ration between thé®1 andD2 PL bands, i.e., 105 and 90 lated AE turned out to be smaller for CulaShan for
meV for CuGaSgand Culn$, respectively. The possibility CuGaSe. Therefore, we feel that we are able to assert that
that the DAP is situated at lattice sites suchfag—Dga, the D1 andD2 PL bands are due to a recombination be-
Dcui—Aga Of Acy—Din, Dey=Ann is, however, also quite im- tween such DAP states where one of the components is lo-
probable due to the rather small calculated value of the ercated in either of these two interstitial positions, and the
ergy separatiol\E in the case oZy=1. In this case, also, Other component is at a lattice site next to it. Considering our
both the donor and the acceptor would have the same su@nnealing experiments it is most probable that we are dealing
rounding in the first and second coordination spheres and—Wwith a Cy—a deep donor defect.
is apparent—the half width, in the first approximation at It is known that an interstitial copper ion is highly mo-
least, of the corresponding PL bands should also be thkile in most ternaries. Therefore all kinds of annealieg-
same. However, the experimentally observed difference iept the Cu annealinghould tend to reduce the concentra-
the half widths can clearly be explained in the case wheréion of Cy (and the intensity of the deep PL bands, also
one component of the DAP is located at an interstitial posithrough the simple reactiov,+ Cu= Cuc,. However, the
tion. These different surroungings of the two possible interdeep donor levels witk>0.4 eV are not so often observed
stitial positionsi; andi, would seem to explain in quite a in CulnSe and related ternaries. In Ref. 17 a deep donor
natural way the experimentally observed different halflevel Ep=0.57 eV was nevertheless detected in Cuine
widths of the PL bands—both qualitatively and quantita-the same time the most recent theoretical calculatforis
tively. have shown that Gus not such a deep donor in the ternaries
As it can be seen from Table Ill, the calculated values ofand, in fact, apparently does not exceed the valie
AE are somewhat smaller than the experimental ones for0.21eV in CuGaSg According to the theoretical
both compounds in the case Bf =1, but considering the estimate¥’ the deepest donor level in CuGaSe Ga, with
roughness of our calculations the obtained result is reasof=p=0.49 €V only. This means that it is difficult to find an
able. In the case oPp=2 the situation is opposite and, intrinsic donor defect with single charge state which would
be deep enough to satisfy our model. Therefore we may look
at other possibilities. One of them is a donor defect -
L AL L LA ing in CuGaSe three different charge state3a;”, Gai2+
5k CuGaSe, compensated | and Gai3+ . The same situation applies for the befect in
D2 . W CulnS,. It may be possible that after Cu annealing, the Cu
A atom substitutes Ga, forming an acceptorgCand forcing
the Ga atom into the interstitial positioG.a’* must have a
rather deep donor level and it easily forms a DA pair with
Cugz (CugGa) ©. This DA pair should also give a rather
deep donor level which compensates shallow acceptors in
CuGaSe
It is possible to argue that the simple defects Gaas,,
etc. cannot have large concentrations in the samples, since

PL intensity (a. u.)

TABLE Il. Experimentally determined temperature quenching activation
energiesE; (meV) for theD1 andD2 bands in CuGaSedsee Fig. 2

0 09 10 1.1 1213 14 15 1.6

Sample D1 band D2 band
Energy (eV)
as-grown 55.1 73.0
FIG. 2. Normalized PL spectra of compensated CuGaseasured at dif- compensated 59.0 78.4

ferent temperatures.
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T T ] TABLE lIl. Calculated approximate energy separatidi& for various in-

10000 CuGaSe, as grown terstitial and lattice site positions. In the table “Cu—-Ga” actually means
F ] donor at the Cu site and acceptor at the Ga site of the chalcopyritic lattice,
T EL T=2K or vice versa.
1000 & <

g 3 E AE (meV) (Zp=1) AE (meV) (Zp=2)

= 1=0.1

z b DAP lattice positions CuGaSg CulnS, CuGaSe Culns

& 100 F .

1‘-»; E Cu-Ga, Cu-In 110 106 220 212

= p =001, Cu-Se, Ga-Se, In-S, Cu—In 298 281 596 562

a 10k 1 Cu-i, Gad, In-i (i,,iq) 86 78 172 156
: D1 Sed, S (ig,ip) 86 78 172 156

08 09 10 LI 12 13 14  1s
In the PL spectra of all the compensated sampledithe

band appears at the higher energy side ofeband(see
FIG. 3. PL spectra of the as-grown CuGa%s a function of excitation ~ Fig. 1). It is known that the spatially fluctuating potential of
intensity. charged defects in compensated materials creates localized
states for holes deep in the forbidden gap and at low tem-
ratures the recombination probability through these states
quite high®’ Therefore we assume that thé¢band emis-

Energy (V)

. . . . e
they have high formation energies. The latest calculatlonT%
hoyvgver have showifithat the formation energy O_f a defect sion in both compounds is due to a recombination of an
pair is remarkably lower than the sum of two individual de- g|ecron from the donor level with a hole in these deep lo-

fects. Therefore, the concentration O_f defect pairs may Ir"c:falized states. The corresponding recombination model is il-
crease considerably, as compared with the concentration Klstrated in Fig. 4

individual defec’Fs, i _estlmated separately. ) Regarding the precise assignment of the electronic levels
Angthgr, quite different but maybe rather hypOt_het'Cal,(shown schematically in Fig.)4ome uncertainties remain.
possibility is that copper may be incorporated as an interstir.; jngtance, we might suspect that the PL emission contains
tial ion as Eﬁ , L.e., having the. valencg 2. In 1=V COM- 5 contribution from a deep acceptor level, suchvag in
ppunds Cé' is usually responsible for mfrareﬂR) €MIS= " cuIns, since these defects should be present in the samples.
sion. Unfortunately, up to now, there is no eXpe”memalNevertheless; regarding the DAP pairs given in Table Il

ewdgnce of the C%‘T state In copper containing ternares. \inin our simpleAE model calculation, we believe that we
Admittedly, there is also a possibility that the deep donoryiy not exclude any suitable acceptor defect from being a

state discussed here is formed by an uncontrolled impurity, air for our deep donor. Thus, although in principle
We think that this possibility is not a serious one, because W& 4 pe a possible accéptor candidate. we are not a:ble to
found the same deep PL bands in samples with very differe ropose a suitable precisely defined defect pair configura-

growth cond|_t|.o|ns and sta{tmg matgrlalsl. It_ma;]y be that thles on. Our conclusion remains, at this stage, that there must be
same interstitial cations play a major role in the recent elecy yeen interstitial donor defect involved,

tronic metastability and ionic electromigration observations
in the chalcopyritic materials, done by deep level transien}
spectroscopyDLTS),?° transient ion drift(TID)?! or radio-
active tracer techniqués. A systematic study of the deep PL bands in CuGaSe
It is important to realize that, from a single PL spectrum,and Culn$ was carried out. In both of these materials we
there is no trivial way to determine whether the deep DAPfound a very similar double deep emission band, but there
PL emission observed comes from a recombination centewas a difference between the PL spectra of compensated and
involving a deep donor or from a pair with a deep acceptoras-grown, nativep-type samples, respectively. In the as-
Our conclusions are based on the overall thermal behavior afrown p-type samples only two distinct deep PL barjbxsl
the measured PL spectra. If the deep component were andD2) were present in both compounds. After the Cu an-
acceptor the temperature quenching usually proceeds in twaealing all samples became highly compensated and an ad-
distinct stages. At the first stage electrons are thermally reditional deep PL ban@V band appeared on the high energy
leased from the donor level into the conduction band. Afterside of theseD bands. The temperature and the excitation
this thec band acceptor recombination follows, giving a PL power dependence determination of the photoluminescence
peak at higher energies and of characteristic shape. This r@tensity, carried out for both compounds, provided very spe-
combination is subsequently quenched at the second stage.dific and clear information about the nature of heand the
the case of a deep donor defect, the temperature quenchig bands.
usually shows only one stage, because the deep donor-to- It was found that the experimental results 94 and
band recombination has a fairly small probability. In our D2 PL emissions are consistently explained by a model of
samples we observed only one stage of thermal quenchindpnor—acceptor pair luminescence, where both donor and ac-
and no PL bands appear at the higher energies. This is tteeptor levels are relatively deep. In this model & and
main reason leading to our conclusion that we have a deep?2 bands are formed as a DAP recombination between pairs
donor defect. of the closest neighbors, and between pairs of the next-

V. CONCLUSIONS



J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Krustok et al. 369

as grown compensated edge Ch. Kloc and H. Riazi-Nejad for their help in the crys-
tal growth, and they thank M. Altosaar, N. llves, R. D.
Tomlinson, and T. Piibe for helpful discussions.

1J. H. Scha, E. Arushanov, L. L. Kulyuk, A. Micu, D. Shaban, V. Tezl-
evan, N. Fabre, and E. Bucher, J. Appl. Ph§4.1274(1998.
2J. H. Scha, O. Schenker, L. L. Kulyuk, K. Friemelt, and E. Bucher, Sol.
Energy Mater. Sol. Cells§1, 371(1998.
SA. V. Mudryi, I. V. Bodnar, V. F. Gremenok, I. A. Victorov, A. |. Patuk,
and I. A. Shakin, Sol. Energy Mater. Sol. Celi§, 247 (1998.
FIG. 4. The recombination model for deep PL bands in CuGaBel 4S. D. Mittleman and R. Singh, Solid State Comm@a, 659 (1977).
CulnS. SH. L. Hwang, Cryst. Res. Technd®1S 405 (1996.

81. Dirnstorfer, Mt. Wagner, D. M. Hofmann, M. D. Lampert, F. Karg, and

B. K. Meyer, Phys. Status Solidi A68 163 (1998.

closest neighbors, respectively. We conclude that the DAP'J. Krustok, H. Collan, M. Yakushev, and K. Hjelt, Phys. St8, 179

defects constituting thB1 andD2 band recombination cen- 8'219&%'-_ Phys. Status Solidi5, 493 (1968
. . . . . Willlams, yS. Status Solidy, .
ters appear to be chemically identical but structurally slightly ¢ ;"\ .\t v valdna, K. Hielt, and H. Collan, J. Appl. Phygg, 1757

different, and that this difference gives rise to the observed (199q.
difference in the energetic position and the width of theJ. Krustok, H. Collan, K. Hijelt, J. M@asson, and V. Valdna, J. Lumin.
bands. It is further concluded that the donor in these pairs 72-74, 103(1997.

11 H
m n interstitial | har ion. and | in A. B. Soboley, Aj Yu. Kuznetsov, R._D. Tomlinson, M. V_. Yakushev, and
ust be a terstitia dOUby cha QEd on, and located A. N. Varaksin, inTernary and Multinary Compoundgdited by R. D.

either of the two pogsﬂ_ale mters“t'f”‘l positions. We_alsq find Tomlinson, A. E. Hill, and R. D. Pilkington, Inst. Phys. Conf. Ser. No.
that theW band emission, which is present both in highly 152 (institute of Physics, Bristol, UK, 1998p. 797.

compensated CuGagand in highly compensated CulS '*S. Shirakata, S. Chichibu, R. Sudo, A. Ogawa, S. Matsumoto, and S.
appears to result from the recombination of an electron from,'semura, Jpn. J. Appl. Phys., ParG2, L1304 (1993.

. . ) . H. W. Spiess, U. Haeberlen, G. Brandt, A.uRar, and J. Schneider, Phys.
this deep donor level with a hole in a deep localized state of o, ' 14 B62, 183 (1974

the valence band tail. o _ 14p_W. Li, R. A. Anderson, and R. H. Plovnick, J. Phys. Chem. Sclids
It was recently shown that a similar interpretation, as 333(1979.

given here, was fully compatible with the experimental ob-°R. Marquez, and C. Rincon, Phys. Status Solidi®, 115 (1995.

. : : 163, Chichibu, S. Shirakata, S. Isomura, and H. Nakanishi, Jpn. J. Appl.
servations of the deep PL bands in CdTe &l§bSince the Phye.. Part B, 1703(109),

I—III—_VI , chalcopyrites, such as CuGeQSm_d Culng, are 17\ igaison and H. W. Schock, J. Appl. Phy0, 5765(1996.
the simplest ternary analogs of the II-VI zincblende binary8s.-H. wei, S. B. Zhang, and A. Zunger, Appl. Phys. L&, 3199(1998.
compounds, such as CdTe, this appears to provide additiondlS. B. Zhang, S.-H. Wei, A. Zunger, and H. Katayama-Yoshida, Phys. Rev.

support in favor of our interpretation of the origin of the , B 57 9642(1998. . . .
V. Nadazdy, M. Yakushev, E. H. Djebbar, A. E. Hill, and R. D. Tomlin-
present deep1 andD2 bands. son, J. Appl. Physa4, 4322(1998.
211, Lyubomirsky, M. K. Rabinal, and D. Cahen, J. Appl. Phgd, 6684
ACKNOWLEDGMENTS (1997.
. . . 22K, Gartsman, L. Chernyak, V. Lyahovitskaya, D. Cahen, V. Didik, V.

This work was partly supported by the Estonian Scien- kozlovsky, R. Malkovich, E. Skroyatina, and V. Usacheva, J. Appl. Phys.

tific Foundation Grant No. 3417. The authors also acknowl- 82, 4282(1997.




