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Chlorine-impurity-related defects in ZnSe

S. Pokko,* M. J. Puskd, and R. M. Niemineh
Laboratory of Physics, Helsinki University of Technology, Helsinki FIN-02015 HUT, Finland
(Received 15 October 1997

Defect complexes formed by chlorine-impurity atoms and native defects in ZnSe are studied by first-
principles electronic-structure calculations. The strong tendency for the formation of vacancy-impurity pairs is
shown. The chlorine-impurity—zinc-vacancy complex is shown to be the most important source of donor
compensation. The results presented are compared with recent experimental [831L63-18208)02519-3

[. INTRODUCTION computational details can be found in our earlier study of
nitrogen-related defects in Zn$&The defect formation en-
The wide-band-gap semiconductor ZnSe has receivedrgies given in this work have been calculated using a stan-
considerable attention during the last ten years. The largdard method®*® We use neutralizing uniform background
and direct band gap makes ZnSe a potential material fogharge in order to avoid long-range Coulomb interactions
many optoelectronic applications. Singen junctions are between supercells. The energy bands of the defect super-
needed for most of these applications, controllable doping€lls are aligned with those of the perfect lattice using an
methods to achieve both andp-type material are required. 2verage-potential correctidf ,
For ZnSe, an effectivg-type doping has been extremely The orgamza}tlon of th? paper 1S as fOHO.WS: 'In Se.c.. Il a
difficult to obtain. The highest hole concentrations have beel‘ij.eta"ed ana_IyS|s .Of p955|_ble isolated chlor_lne Impurities at
achieved by the incorporation of active atomic nitrogén. different Iat'_uce_snes_ is given. The _analy3|s of the_ defect
. complexes is given in Sec. lll. Section IV summarizes the
Chlorine has turned out to be the most succeseftype
dopant in ZnSe. The net donor concentration has been fourPdaper'
to increase linearly with the incorporated chlorine concentra-
tion up to 18° cm3. For higher CI concentrations the net Il. ISOLATED CHLORINE IMPURITIES
S?engecionn%en?;g?m; gg;u;gtisaragd@ ;\g?:éuzllgng?-%g;ir:g de- We have investigated all possible substitutional and inter-

methods even higher free-electron concentrations have beéﬁiti.al sites f(_)r an _isolated chlorine atom. For every site ful
achieved In the case of ZnSe, the interest has mainly beerioN'C relaxation W'thOUt. any Sym'_metw restrlptlons has bee_n
directed towards the problems with thpetype doping. In performed..The .formatlon energies an.d ionization levels, if
spite of numerous theoretical studies of doping in ZiSe, any, are given in Table 1. The chemical p_otent_lal for the
there exist only a few theoretical studies of the effect ofChlorlne lon has been_take_n from the chiorine dlmerZIC!
chlorine in ZnSe. In fact, to our knowledge, chlorine hasThe absolute values given in Table | are thus not unambigu-

been studied using modern electronic structure calculation us, but the differences betweeq them are. In qt.her words,
only by Chad# In his paper, Chadi shows that chlorine doest. e values cannot be used to estimate the solubility of chlo-
not form aDX center in Zn,Se rine to ZnSe, but the numbers are intended to be used to
We have made first-princibles electronic-structure calcupred'ct the effect_ O.f mcc_)rporated chiorine. From the values
lations of the formation energies and lattice relaxations for]'StI(;?iAQ Lizligct IS zgigﬁ?Jr;hsiierzo'sl'thgf itshZIg(]JCtor:goeriti?i-
various chlorine-related defects in ZnSe. The defects studie(éh by ' P
here include the most feasible defect complexes formed by a
chlorine-impurity atom and a native point defect. In this pa- X ) ) »
per only the most interesting Cl-related defects from an exZnSe. The formation energies under different growth conditions can
tensive set of studied defects are discussed in detail. The ai%ﬁe c_alculated_ l_ay setting=OA <1 0 that the formation energie.s in
of the present paper is to shed light on the question of th An'“Ch foqd't'gr}s Correspond tm=oﬁ The.heat ?(f hfor.ma.t'on.
tual fate of Cl in ZnSe. Our calculations are based on thg H) calculated for ZnSe is 1.5 eV. The positions of the ionization
3C itv-functi I th ) ith the elect h | evels are given for the defects having states in the band gajs
tigrqstlrgz-ituer(]jciho?ﬁe Ioi?i:y dvev:15ity ?ir?pergxri?:a?iﬁnar(;%? ((::glrre 8ihe electron chemical potential. All the energies given are in eV.

culations we have employed supercells containing 32 and 6@qfact

TABLE I. Formation energies for chlorine-impurity defects in

h A . : & - Formation energy lonization level
zinc-blende lattice sites. The Brillouin-zone sampling con
sists of a 2 2x2 Monkhorst-Packk-point mesh! in the  Cls'™ — L1+ NAH+ ue

case of the 32-atom supercell. For the larger supercell th€lz, ** 5.38-NAH+ ue (+/-) 0.04
2x 2% 2 Chadi-Coherk-point mesh? has been used. For the Cly, 1 5.46- NAH — e

chlorine ion a Vanderbilt-type ultrasoft pseudopoteftibhs  CIi**(T,,) 3.71+ e (+/-) 0.02
been employed. The use of ultrasoft pseudopotentials desl; (T,,) 3.75~ pe

creases the kinetic energy cutoff needed to describe thel**(Tg) 2.01+ e (+/-) 1.46
heavily peaked electronic states of Cl and a good convere|l-(Tgy 4.92— p,

gence is obtained already with a 27 Ry cutoff energy. Furthet
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Se The only isolated Cl-impurity defect, which has states
deep in the band gap is the chlorine interstitial in the tetra-
hedral selenium sitgCl;(Tsg ]. Its possible charge states are
the singly positive, the neutral, and the singly negative one.
The neutral charge state is metastable and the neddtive-

Se transition level between the positive and negative charge
states is located-1.46 eV above the valence-band maxi-
mum. lonic relaxations of the surrounding lattice are extraor-
dinary: the nearest-neighbor selenium ions move away from
the chlorine ion while the next-nearest-neighbor zinc ions
move towards it. As a result, in the positive charge state the
chlorine ion bonds to three neighboring zinc ions and to one

Se selenium ion. In the negative charge state the chlorine ion

pushes all four selenium nearest-neighbor ions further away

from itself and all the six next-nearest zinc ions are closer to
the chlorine ion than any of the original nearest-neighbor
selenium ions. These relaxation patterns reflect a strong ionic

] ) o character in the interactions between the chlorine interstitial
mental observation, even in the case of Cl-ion implantethng the neighboring zinc and selenium ions.

ZnSe®®

The substitutionalchlorine (chlorine on the selenium site
Clgg has only one stable charge state: the singly positive
one. This is because the substitutional chlorine does not in-
troduce any electronic states into the band gap. Thug,i<lI
an efficient donor. The relaxations around the chlorine ion According to the previous section, the formation energy
are very weak: the neighboring zinc ions move away fromfor the substitutional chlorine donor is much lower than the
the chlorine site by~ 0.02 A. TheT, symmetry is conserved formation energies of any possible compensating center
during the relaxation. We do not find any displacement of thormed by an isolated chlorine impurity. Therefore the com-
chlorine ion away from the substitutional site observed for apensation observédhas to be due to native defects or due to
significant fraction of chlorine ions by ion channeling tech- complexes formed by the chlorine impurity bound to some
niques for samples doped using the ion implantatiomative defect. Among the native defectsriftype ZnSe the
method!® The formation energy of the substitutional chlo- doubly negative zinc vacancy has been shown to be energeti-
rine is relatively low and therefore most of the incorporatedcally the most favorable oné. Thus the compensation in
chlorine atoms are expected to occupy the substitutional se+type ZnSe is due to the formation of isolated zinc vacan-
lenium sites. cies, to some other impurities, or to the presence of defect

The chlorineantisite Cl,,, has five possible charge states complexes. Recently, Saarinenhal. have identified zinc va-
(3+, 2+, 1+, 0, and 1), but it turns out that only the cancies in n-type ZnSe:Cl using positron annihilation
singly positive and singly negative ones become thermallyexperiments! The defect complex GV, has been sug-
occupied. The negative- transition between these states isgested to be formed in high-dose Cl implantation into
located just above the valence band maximum. The formaZnSel® We have studied possibilities for the creation of de-
tion energies for the chlorine antisites are so much highefect complexes formed by the zinc interstitial and by sele-
than those for the substitutional chlorine that the creation ohium or zinc vacancies with the substitutional or interstitial
the chlorine antisite is unlikely during the crystal-growth chlorine. Our results for the formation energies of the most
process. The symmetry-breaking lattice relaxations shown ifeasible of such complexes are listed in Table II.
Fig. 1 are strong around the defect. The relaxation pushes The stablest defect complex formed by the chlorine impu-
two of the neighboring Se ions further away from the chlo-rity and a native defect im-type ZnSe is V7, This
rine ion, whereas the other two Se ions remain approxinearest-neighbor pair is tightly bound: in the negative charge
mately at the distance of the ideal-lattice bond length fromstate the binding energy relative to the isolateg, ¥ and
the Cl ion. The chlorine impurity ion does not stay in the Cls,!* defects is 1.44 eV. Although we do not find any other
fourfold-coordinated zinc sublattice site. stable charge states for this defect complex, there is a possi-

Possible charge states for tingerstitial chlorine in the  bility for the formation of a triply negative defect. This is
tetrahedral site surrounded by zinc ion$(T},) are 1+, 0,  because just above the conduction-band minimum there is an
and 1-. From them only the negative and the positive oneelectronic state with localized character. The occupancy of
can become thermally occupied. The negativéransition that state could be possible under certain circumstances. As a
between these charge states is located just above the valenceatter of fact, the recently found emergence of a defect state
band maximum. In the negative charge state the zinc ionas hydrostatic pressure is appliedrtagype, chlorine-doped
neighboring the chlorine ion move away from the chlorineZnSe (Ref. 18 is probably related to this state. The ionic
by ~2% of the ideal(bond length. When electrons are relaxations around the Cl-impurity Zn-vacancy pair shown in
transferred away from the defect, the outwards relaxatiorFig. 2 conserve th€;, symmetry of the defect. The nega-
weakens and finally for the& charge state a slight inwards tive charge statéfavoring positron trapping at the defgct
relaxation takes place. and the low formation energy of the £V,, complex give

Se

Cizn

FIG. 1. lonic structure of the negatively charged chlorine anti-
site (Cl,, ) defect. The bond lengths are given in percent of the
ideal bond length.

[ll. CHLORINE-IMPURITY NATIVE-DEFECT
COMPLEXES
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TABLE II. Formation energies of chlorine-impurity native-
defect complexes in ZnS&.=0 corresponds to the Zn-rich condi-
tions. The positions of the ionization levels are given for the defects
having states in the band gap. The heat of formatinhl) calcu-
lated for ZnSe is 1.5 eV, is the electron chemical potential. All
the energies given are in eV.

Se

Defect Formation energy lonization levels

(ClseVzn) - 211~ pe

(ClsZm)** 0.73+NAH + e

(ClsVsd3t —0.82+ 2MNAH + 3, (3+/1+) 0.97

(ClsVsdtt 112+ 2NAH + ug (1+/1-) 141

(ClsVsdt™ 3.92+ 20NAH — .

[Cli(TsdVznl® 2.03-NAH+3pu, (3+/1+) 0.65 FIG. 3. lonic structure of the GIZn; defect complex. The bond
[CL(TsdVznlt 3.32-NAH+ pe (1+/1-) 0.93 lengths are given in percent of the ideal-lattice bond length.
[Cli(TsdVznlt™ 5.18-NAH— _ _ _ _ _
[ClVed't 4.30+ g tive charge state is, however, unlikely to form since the bind-

ing energy is negative, indicating that the pair would easily
break to separated CI'" and Vs.2' defects. Inn-type

strong evidence that the zinc vacancy seen in positron ann17=nse’ when the GlVs. defect complex is in a singly-

hilation measurementtsis due to this defect complex positive or negative charge state, its creation from its isolated
The lattice relaxations around the (@n, defect iﬁ its constituents is energetically favorable. The calculated bind-
(|

only stable state, singly positive, are visualized in Fig 3. All ing energy for the singly positive charge state is 0.3 eV. The

the bonds around the chlorine ion, except that between thlt glziirer:%%téonzsir?cr?g:grtglzxssetr\cl)ic?nfgwj%ittrﬁ:%élg?(;f
substitutional chlorine and a zinc ion away from the center 9 9 gly

increase from the ideal-lattice bond length. The binding en:[he vacancy in both of the positive and negative charge

ergy of the CkZn, defect is low, since both of its constitu- states, whereas the two other zinc ions relax outwards in the

ents are, in principle, positively charged. The effect of theposltlve and inwards in the negative charge states. At the

substitutional chlorine near the zinc interstitial is, however,phlormeqmpur|ty end Of. the defecf[ thre_e nelghbor|ng ZInc
ons stay almost at their ideal lattice sites and their relax-

to pull the electronic state corresponding to the neutral®’
charge state of Zrfrom the conduction band into the band g:loer:js sdt(r)u::]t?J trgse%?nge?érccinigrl]ly ggitticg gu?jrgnee S;?it\?é Eﬂgrdg'
gap. This state stabilizes the complex. Since theAD| de- P 9 g

fect is stable only in the positive charge state it cannot caus%tates are visualized in Fig. 4. The formation energy for the

. Selenium-vacancy—substitutional-chlorine pair is in any case
donor compensation.

The next-nearest-neighbor defect complexs)Zs, has so high that it is not a good candidate for the compensating

. - ; ; center. Recent positron annihilation experiments by Saarinen
stable charge states ranging from & 1. The triply posi- etall” show, in good agreement with our results, that

vacancy-type defects in ZnSe:Cl are created in the zinc sub-
lattice, not in the selenium sublattice.

The defect formed by a chlorine interstitial at the tetrahe-
dral site surrounded by selenium ions;(@Tky) and a zinc
vacancy located at two bond lengths away from the intersti-
tial is depicted in Fig. 5. The ionic relaxations are very
strong for this defect complex. Interstitial chlorine and the
selenium atom between ;Gind Zn vacancy move as a pair
towards the vacancy, so that in the relaxed structure there are
in fact two small vacancies (§¢ and \s,); halfway between
them is a Se-Cl pair. The binding energy of this quite distant
pair is surprisingly high: 1.3 eV in the negative charge state.
The high binding energy makes this defect complex a prom-
ising candidate for the compensating centenitype ZnSe.

The chlorine-antisite—selenium-vacancy pair is in fact a
metastable state of the substitutional-chlorine—zinc-vacancy
pair. The barrier towards the re-creation of the &}, de-

FIG. 2. lonic structure of the GV, defect complex. The bond f€ct is low even for the positive charge state. The chlorine
lengths are given in percent of the ideal-lattice bond length. ThdON does not stay at a fourfold coordinated zinc sublattice
center of the vacancwhite sphergis defined as the position of a Site, but moves towards the selenium vacancy by about 50%
Zn ion in the perfect lattice and by thinking that ions far from the Of the ideal-lattice bond length. A similar metastable behav-
defect do not remarkably move from their ideal-lattice positions inior connected to the change in the charge state of a complex
the defect superlattice. The symmetry of the defect pair is conhas previously been found even in an even more pronounced
served in relaxation. way for defect complexes in GaA$2°
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FIG. 4. lonic structure of the GV defect pair. The center of 150 05 10 15 2.0 25
the vacancywhite sphergis defined as the position of a Zn ion in Electron chemical potential (V)
the perfect lattice and by assuming that ions far from the defect do
not move from their ideal-lattice positions in the defect superlattice. FIG. 6. Formation energies for the chlorine-related defects with
The distances of the Zn ioniight gray spheresfrom the vacancy the lowest formation energy values under Zn-rich conditions.
center and from the Cl iofdark gray sphepeare given in percent
of the bond length of the ideal lattice for the posititeoper num-  tions for obtaining the highest effective donor concentrations
berg and for the negativénumbers in parenthegisharge state. are Zn-rich conditions. Figure 6 shows, as a function of the
electron chemical potential, the formation energies for those
The formation energy of the substitutional chlorine impu-chlorine-related defects that have the lowest formation ener-
rity attains its lowest values if the material is grown undergies in ZnSe grown under Zn-rich conditions<0). As the
Zn-rich conditions, whereas the formation energy of the mostermi level rises, for example, due to chlorine doping, the
probable compensating center, i.e., that of)Z},, does not formation energy of the donor impurity increases, and the
depend on the stoichiometry. Thus, the increase in the pdormation of compensating defect complexes becomes more
rameter\, dictating the stoichiometry, favors the generationfavored. Thus these chlorine-related defect complexes are
of the compensating centers instead of the formation of susformed and further chlorine incorporated into ZnSe de-
stitutional chlorine donors. Therefore the best growth condicreases the doping efficiency.

IV. CONCLUSIONS

We have shown that most of the chlorine incorporated in
ZnSe occupies selenium lattice sites indicating an effective
donor doping. The chlorine-induced lattice relaxations are
shown to be generally small, but in the case of defect com-
plexes the softness of the ZnSe lattice manifests itself as
large distortions. Our calculations show that the donor com-
pensation observed im-type chlorine-doped ZnSe is due to
the creation of defect complexes. The most promising candi-
date for the compensating center is the substitutional-
chlorine—zinc-vacancy complex. Since in every good candi-
date for the compensating center there is a zinc vacancy as a
part of the complex or as an isolated defect, these results are
in excellent agreement with the recent positron annihilation
measurements by Saarinehall’
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