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Chlorine-impurity-related defects in ZnSe

S. Pöykkö,* M. J. Puska,† and R. M. Nieminen‡

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 results.@S0163-1829~98!02519-3#
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I. INTRODUCTION

The wide-band-gap semiconductor ZnSe has rece
considerable attention during the last ten years. The la
and direct band gap makes ZnSe a potential material
many optoelectronic applications. Sincep-n junctions are
needed for most of these applications, controllable dop
methods to achieve bothn- andp-type material are required
For ZnSe, an effectivep-type doping has been extreme
difficult to obtain. The highest hole concentrations have b
achieved by the incorporation of active atomic nitrogen1,2

Chlorine has turned out to be the most successfuln-type
dopant in ZnSe. The net donor concentration has been fo
to increase linearly with the incorporated chlorine concen
tion up to 1019 cm23. For higher Cl concentrations the n
donor concentration saturates and eventually begins to
crease in uniformly doped samples.3 Using planar-doping
methods even higher free-electron concentrations have
achieved.4 In the case of ZnSe, the interest has mainly be
directed towards the problems with thep-type doping. In
spite of numerous theoretical studies of doping in ZnSe5–9

there exist only a few theoretical studies of the effect
chlorine in ZnSe. In fact, to our knowledge, chlorine h
been studied using modern electronic structure calculat
only by Chadi.6 In his paper, Chadi shows that chlorine do
not form aDX center in ZnSe.

We have made first-principles electronic-structure cal
lations of the formation energies and lattice relaxations
various chlorine-related defects in ZnSe. The defects stu
here include the most feasible defect complexes formed
chlorine-impurity atom and a native point defect. In this p
per only the most interesting Cl-related defects from an
tensive set of studied defects are discussed in detail. The
of the present paper is to shed light on the question of
actual fate of Cl in ZnSe. Our calculations are based on
density-functional theory with the electron exchange corre
tion treated in the local-density approximation.10 In our cal-
culations we have employed supercells containing 32 and
zinc-blende lattice sites. The Brillouin-zone sampling co
sists of a 23232 Monkhorst-Packk-point mesh11 in the
case of the 32-atom supercell. For the larger supercell
23232 Chadi-Cohenk-point mesh12 has been used. For th
chlorine ion a Vanderbilt-type ultrasoft pseudopotential13 has
been employed. The use of ultrasoft pseudopotentials
creases the kinetic energy cutoff needed to describe
heavily peaked electronic states of Cl and a good con
gence is obtained already with a 27 Ry cutoff energy. Furt
570163-1829/98/57~19!/12164~5!/$15.00
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computational details can be found in our earlier study
nitrogen-related defects in ZnSe.14 The defect formation en-
ergies given in this work have been calculated using a s
dard method.14,15 We use neutralizing uniform backgroun
charge in order to avoid long-range Coulomb interactio
between supercells. The energy bands of the defect su
cells are aligned with those of the perfect lattice using
average-potential correction.15,20

The organization of the paper is as follows: In Sec. I
detailed analysis of possible isolated chlorine impurities
different lattice sites is given. The analysis of the defe
complexes is given in Sec. III. Section IV summarizes t
paper.

II. ISOLATED CHLORINE IMPURITIES

We have investigated all possible substitutional and in
stitial sites for an isolated chlorine atom. For every site f
ionic relaxation without any symmetry restrictions has be
performed. The formation energies and ionization levels
any, are given in Table I. The chemical potential for t
chlorine ion has been taken from the chlorine dimer (C2).
The absolute values given in Table I are thus not unamb
ous, but the differences between them are. In other wo
the values cannot be used to estimate the solubility of ch
rine to ZnSe, but the numbers are intended to be use
predict the effect of incorporated chlorine. From the valu
listed in Table I it is evident that most of the incorporat
chlorine ions occupy selenium sites. This is also the exp

TABLE I. Formation energies for chlorine-impurity defects
ZnSe. The formation energies under different growth conditions
be calculated by setting 0<l<1 so that the formation energies i
Zn-rich conditions correspond tol50. The heat of formation
(DH) calculated for ZnSe is 1.5 eV. The positions of the ionizati
levels are given for the defects having states in the band gap.me is
the electron chemical potential. All the energies given are in eV

Defect Formation energy Ionization level

ClSe
11 21.131lDH1me

ClZn
11 5.382lDH1me (1/2) 0.04

ClZn
12 5.462lDH2me

Cli
11(TZn) 3.711me (1/2) 0.02

Cli
12(TZn) 3.752me

Cli
11(TSe) 2.011me (1/2) 1.46

Cli
12(TSe) 4.922me
12 164 © 1998 The American Physical Society
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57 12 165CHLORINE-IMPURITY-RELATED DEFECTS IN ZnSe
mental observation, even in the case of Cl-ion implan
ZnSe.16

The substitutionalchlorine ~chlorine on the selenium sit
ClSe) has only one stable charge state: the singly posi
one. This is because the substitutional chlorine does no
troduce any electronic states into the band gap. Thus, ClSe is
an efficient donor. The relaxations around the chlorine
are very weak: the neighboring zinc ions move away fr
the chlorine site by; 0.02 Å. TheTd symmetry is conserved
during the relaxation. We do not find any displacement of
chlorine ion away from the substitutional site observed fo
significant fraction of chlorine ions by ion channeling tec
niques for samples doped using the ion implantat
method.16 The formation energy of the substitutional chl
rine is relatively low and therefore most of the incorporat
chlorine atoms are expected to occupy the substitutiona
lenium sites.

The chlorineantisite ClZn has five possible charge stat
(31, 21, 11, 0, and 12), but it turns out that only the
singly positive and singly negative ones become therm
occupied. The negative-U transition between these states
located just above the valence band maximum. The for
tion energies for the chlorine antisites are so much hig
than those for the substitutional chlorine that the creation
the chlorine antisite is unlikely during the crystal-grow
process. The symmetry-breaking lattice relaxations show
Fig. 1 are strong around the defect. The relaxation pus
two of the neighboring Se ions further away from the ch
rine ion, whereas the other two Se ions remain appro
mately at the distance of the ideal-lattice bond length fr
the Cl ion. The chlorine impurity ion does not stay in th
fourfold-coordinated zinc sublattice site.

Possible charge states for theinterstitial chlorine in the
tetrahedral site surrounded by zinc ions Cli(TZn) are 11, 0,
and 12. From them only the negative and the positive o
can become thermally occupied. The negative-U transition
between these charge states is located just above the val
band maximum. In the negative charge state the zinc i
neighboring the chlorine ion move away from the chlori
by ;2% of the ideal~bond! length. When electrons ar
transferred away from the defect, the outwards relaxa
weakens and finally for the 11 charge state a slight inward
relaxation takes place.

FIG. 1. Ionic structure of the negatively charged chlorine an
site (ClZn

2) defect. The bond lengths are given in percent of
ideal bond length.
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The only isolated Cl-impurity defect, which has stat
deep in the band gap is the chlorine interstitial in the tet
hedral selenium site@Cli(TSe)#. Its possible charge states a
the singly positive, the neutral, and the singly negative o
The neutral charge state is metastable and the negativU
transition level between the positive and negative cha
states is located;1.46 eV above the valence-band max
mum. Ionic relaxations of the surrounding lattice are extra
dinary: the nearest-neighbor selenium ions move away fr
the chlorine ion while the next-nearest-neighbor zinc io
move towards it. As a result, in the positive charge state
chlorine ion bonds to three neighboring zinc ions and to o
selenium ion. In the negative charge state the chlorine
pushes all four selenium nearest-neighbor ions further a
from itself and all the six next-nearest zinc ions are close
the chlorine ion than any of the original nearest-neighb
selenium ions. These relaxation patterns reflect a strong i
character in the interactions between the chlorine interst
and the neighboring zinc and selenium ions.

III. CHLORINE-IMPURITY NATIVE-DEFECT
COMPLEXES

According to the previous section, the formation ener
for the substitutional chlorine donor is much lower than t
formation energies of any possible compensating ce
formed by an isolated chlorine impurity. Therefore the co
pensation observed3 has to be due to native defects or due
complexes formed by the chlorine impurity bound to som
native defect. Among the native defects inn-type ZnSe the
doubly negative zinc vacancy has been shown to be ener
cally the most favorable one.14 Thus the compensation in
n-type ZnSe is due to the formation of isolated zinc vaca
cies, to some other impurities, or to the presence of de
complexes. Recently, Saarinenet al. have identified zinc va-
cancies in n-type ZnSe:Cl using positron annihilatio
experiments.17 The defect complex ClSeVZn has been sug-
gested to be formed in high-dose Cl implantation in
ZnSe.16 We have studied possibilities for the creation of d
fect complexes formed by the zinc interstitial and by se
nium or zinc vacancies with the substitutional or interstit
chlorine. Our results for the formation energies of the m
feasible of such complexes are listed in Table II.

The stablest defect complex formed by the chlorine imp
rity and a native defect inn-type ZnSe is ClSeVZn. This
nearest-neighbor pair is tightly bound: in the negative cha
state the binding energy relative to the isolated VZn

22 and
ClSe

11 defects is 1.44 eV. Although we do not find any oth
stable charge states for this defect complex, there is a po
bility for the formation of a triply negative defect. This i
because just above the conduction-band minimum there i
electronic state with localized character. The occupancy
that state could be possible under certain circumstances.
matter of fact, the recently found emergence of a defect s
as hydrostatic pressure is applied ton-type, chlorine-doped
ZnSe ~Ref. 18! is probably related to this state. The ion
relaxations around the Cl-impurity Zn-vacancy pair shown
Fig. 2 conserve theC3v symmetry of the defect. The nega
tive charge state~favoring positron trapping at the defec!
and the low formation energy of the ClSeVZn complex give

-



n

Al
t

te
en
-
h
er
tra
d

u

d-
ily

ted
nd-
he

o of
r of
rge
the
the
nc
ax-
de-

rge
the
ase
ting
nen
at
ub-

e-

sti-
ry
he
ir
are

ant
te.
m-

t a
ncy

ine
ice
0%

av-
plex
ced

-
i-
c

ll

h
a
he
in

on

12 166 57S. PÖYKKÖ, M. J. PUSKA, AND R. M. NIEMINEN
strong evidence that the zinc vacancy seen in positron a
hilation measurements17 is due to this defect complex.

The lattice relaxations around the ClSeZni defect in its
only stable state, singly positive, are visualized in Fig 3.
the bonds around the chlorine ion, except that between
substitutional chlorine and a zinc ion away from the cen
increase from the ideal-lattice bond length. The binding
ergy of the ClSeZni defect is low, since both of its constitu
ents are, in principle, positively charged. The effect of t
substitutional chlorine near the zinc interstitial is, howev
to pull the electronic state corresponding to the neu
charge state of Zni from the conduction band into the ban
gap. This state stabilizes the complex. Since the ClSeZni de-
fect is stable only in the positive charge state it cannot ca
donor compensation.

The next-nearest-neighbor defect complex ClSeVSe has
stable charge states ranging from 31 to 12. The triply posi-

TABLE II. Formation energies of chlorine-impurity native
defect complexes in ZnSe.l50 corresponds to the Zn-rich cond
tions. The positions of the ionization levels are given for the defe
having states in the band gap. The heat of formation (DH) calcu-
lated for ZnSe is 1.5 eV.me is the electron chemical potential. A
the energies given are in eV.

Defect Formation energy Ionization levels

(ClSeVZn)
12 2.112me

(ClSeZni)
11 0.731lDH1me

(ClSeVSe)
31 20.8212lDH13me ~31/11! 0.97

(ClSeVSe)
11 1.1112lDH1me (11/12) 1.41

(ClSeVSe)
12 3.9212lDH2me

@Cli(TSe)VZn#
31 2.032lDH13me ~31/11! 0.65

@Cli(TSe)VZn#
11 3.322lDH1me (11/12) 0.93

@Cli(TSe)VZn#
12 5.182lDH2me

@ClZnVSe#
11 4.301me

FIG. 2. Ionic structure of the ClSeVZn defect complex. The bond
lengths are given in percent of the ideal-lattice bond length. T
center of the vacancy~white sphere! is defined as the position of
Zn ion in the perfect lattice and by thinking that ions far from t
defect do not remarkably move from their ideal-lattice positions
the defect superlattice. The symmetry of the defect pair is c
served in relaxation.
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tive charge state is, however, unlikely to form since the bin
ing energy is negative, indicating that the pair would eas
break to separated ClSe

11 and VSe
21 defects. Inn-type

ZnSe, when the ClSeVSe defect complex is in a singly-
positive or negative charge state, its creation from its isola
constituents is energetically favorable. The calculated bi
ing energy for the singly positive charge state is 0.3 eV. T
lattice relaxations around the Se vacancy are strong. Tw
the neighboring zinc ions relax strongly towards the cente
the vacancy in both of the positive and negative cha
states, whereas the two other zinc ions relax outwards in
positive and inwards in the negative charge states. At
chlorine-impurity end of the defect three neighboring zi
ions stay almost at their ideal lattice sites and their rel
ations do not depend strongly on the charge state. The
tailed structures of defect in positive and negative cha
states are visualized in Fig. 4. The formation energy for
selenium-vacancy–substitutional-chlorine pair is in any c
so high that it is not a good candidate for the compensa
center. Recent positron annihilation experiments by Saari
et al.17 show, in good agreement with our results, th
vacancy-type defects in ZnSe:Cl are created in the zinc s
lattice, not in the selenium sublattice.

The defect formed by a chlorine interstitial at the tetrah
dral site surrounded by selenium ions Cli(TSe) and a zinc
vacancy located at two bond lengths away from the inter
tial is depicted in Fig. 5. The ionic relaxations are ve
strong for this defect complex. Interstitial chlorine and t
selenium atom between Cli and Zn vacancy move as a pa
towards the vacancy, so that in the relaxed structure there
in fact two small vacancies (VSe and VZn); halfway between
them is a Se-Cl pair. The binding energy of this quite dist
pair is surprisingly high: 1.3 eV in the negative charge sta
The high binding energy makes this defect complex a pro
ising candidate for the compensating center inn-type ZnSe.

The chlorine-antisite–selenium-vacancy pair is in fac
metastable state of the substitutional-chlorine–zinc-vaca
pair. The barrier towards the re-creation of the ClSeVZn de-
fect is low even for the positive charge state. The chlor
ion does not stay at a fourfold coordinated zinc sublatt
site, but moves towards the selenium vacancy by about 5
of the ideal-lattice bond length. A similar metastable beh
ior connected to the change in the charge state of a com
has previously been found even in an even more pronoun
way for defect complexes in GaAs.19,20

ts

e

-

FIG. 3. Ionic structure of the ClSeZni defect complex. The bond
lengths are given in percent of the ideal-lattice bond length.
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57 12 167CHLORINE-IMPURITY-RELATED DEFECTS IN ZnSe
The formation energy of the substitutional chlorine imp
rity attains its lowest values if the material is grown und
Zn-rich conditions, whereas the formation energy of the m
probable compensating center, i.e., that of ClSeVZn, does not
depend on the stoichiometry. Thus, the increase in the
rameterl, dictating the stoichiometry, favors the generati
of the compensating centers instead of the formation of s
stitutional chlorine donors. Therefore the best growth con

FIG. 4. Ionic structure of the ClSeVSe defect pair. The center o
the vacancy~white sphere! is defined as the position of a Zn ion i
the perfect lattice and by assuming that ions far from the defec
not move from their ideal-lattice positions in the defect superlatt
The distances of the Zn ions~light gray spheres! from the vacancy
center and from the Cl ion~dark gray sphere! are given in percent
of the bond length of the ideal lattice for the positive~upper num-
bers! and for the negative~numbers in parenthesis! charge state.

FIG. 5. Ionic structure of the CliVZn defect pair. To clarify the
figure, only the nearest neighbors of the chlorine ion and the
vacancy are shown. The interatomic distances are given in pe
of the bond length of the ideal lattice.
-
r
st

a-

b-
i-

tions for obtaining the highest effective donor concentratio
are Zn-rich conditions. Figure 6 shows, as a function of
electron chemical potential, the formation energies for th
chlorine-related defects that have the lowest formation en
gies in ZnSe grown under Zn-rich conditions (l50). As the
Fermi level rises, for example, due to chlorine doping, t
formation energy of the donor impurity increases, and
formation of compensating defect complexes becomes m
favored. Thus these chlorine-related defect complexes
formed and further chlorine incorporated into ZnSe d
creases the doping efficiency.

IV. CONCLUSIONS

We have shown that most of the chlorine incorporated
ZnSe occupies selenium lattice sites indicating an effec
donor doping. The chlorine-induced lattice relaxations
shown to be generally small, but in the case of defect co
plexes the softness of the ZnSe lattice manifests itself
large distortions. Our calculations show that the donor co
pensation observed inn-type chlorine-doped ZnSe is due t
the creation of defect complexes. The most promising can
date for the compensating center is the substitution
chlorine–zinc-vacancy complex. Since in every good can
date for the compensating center there is a zinc vacancy
part of the complex or as an isolated defect, these results
in excellent agreement with the recent positron annihilat
measurements by Saarinenet al.17
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