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Defect physics of the CuInSe2 chalcopyrite semiconductor
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We studied the defect physics in CuInSe2, a prototype chalcopyrite semiconductor. We showed that~i! it
takes much less energy to form a Cu vacancy in CuInSe2 than to form cation vacancies in II-VI compounds~ii !
defect formation energies vary considerably both with the Fermi energy and with the chemical potential of the
atomic species, and~iii ! the defect pairs such as (2VCu

2 1InCu
21) and (2CuIn

221InCu
21) have particularly low

formation energies~under certain conditions, even exothermic!. Using~i!–~iii !, we ~a! explain the existence of
unusual ordered compounds CuIn5Se8, CuIn3Se5, Cu2In4Se7, and Cu3In5Se9 as a repeat of a single unit of
(2VCu

2 1InCu
21) pairs for eachn54, 5, 7, and 9 units, respectively, of CuInSe2; ~b! attribute the very efficient

p-type self-doping ability of CuInSe2 to the exceptionally low formation energy of the shallow defect Cu
vacancies;~c! explained in terms of an electronic passivation of the InCu

21 by 2VCu
2 the electrically benign

character of the large defect population in CuInSe2. Our calculation leads to a set of new assignment of the
observed defect transition energy levels in the band gap. The calculated level positions agree rather well with
available experimental data.@S0163-1829~98!01516-1#
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I. INTRODUCTION

CuInSe2 is a prototype member of the family of I-III-VI2
chalcopyrite semiconductors.1 The ABX2 chalcopyrite crys-
tal structure resembles the zinc-blende structure in that e
of the two cationsA andB are coordinated tetrahedrally b
four anionsX, but the anion is coordinated by 2A12B, with
generally dissimilar nearest-neighbor bond lengthsRAX
ÞRBX . The unit cell is thus tetragonal. The electronic stru
ture of bulk chalcopyrite has been studied in some de
including the calculated band structures, bonding cha
densities, and x-ray structure factors,2 the explanation of why
chalcopyrite band gaps are anomalously smaller than in
binary II-VI analogues in terms ofp-d repulsion,3 the analy-
sis and prediction2,4 of ‘‘bond alternation’’ RAXÞRBX , the
theory of the order-disorder transition between the orde
chalcopyrite and disordered zinc-blende phases,5 and the
prediction6 of optical bowing and band offset in chalcopyri
alloys and interfaces, respectively.

To understand the unusual defect physics of this clas
materials, it is useful to define their chemical analogu
among zinc-blende compounds: In fact, each ternary c
copyrite has a ‘‘binary II-VI analogue’’ derived by taking th
‘‘average cation’’ of A1B. Thus, ZnX is the binary ana-
logue of CuGaX2 ~X5S, Se, and Te! and Zn0.5Cd0.5X is the
binary analogue of CuInX2 , etc. The defect physics o
CuInSe2 shows three unusual effects with respect to the
nary II-VI analogues.

a. Structural tolerance to large off-stoichiometry.Unlike
the analogous II-VI pure binaries~ZnSe, CdS!, CuInSe2 and
other chalcopyrites appear to tolerate a large range of an
to-cation off stoichiometry~i.e., samples with a few percen
age of Cu-poor and/or In-poor stoichiometries are stable7–9!.
The extreme limit of ‘‘off stoichiometry’’ is manifested by
the existence of a series of compounds with differ
570163-1829/98/57~16!/9642~15!/$15.00
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Cu/In/Se ratios7–10 ~CuIn5Se8, CuIn3Se5, Cu3In5Se9, etc.!,
absent in II-VI compounds or their solid solutions such
Zn12xCdxSe or ZnS12xSex .

b. The ability to dopeCuInSe2 via native defects.Unlike
the II-VI analogue, CuInSe2 can be dopedn andp type to a
low-resistivity level merely via introduction ofnative de-
fects, without extrinsic impurities. Tell, Shay, and Kaspe11

noted that eitherp- or n-type CuInSe2 crystals could be
grown from the melt via stoichiometry control, and Miglio
ratoet al.12 and Noufiet al.13 further investigated this effect
noting that p-type samples can be created by making
sample Cu poor or via anneal in themaximumSe pressure,
while n-type samples can be made by making the sample
rich, or via anneal inminimumSe pressure. In contrast, th
~small! off stoichiometry attainable in II-VI sulphides an
selenides often leads todeeplevels, inducing in the sample
high electrical resistivity. The ability to makep- andn-type
CuInSe2 leads to the formation of ap-n homojunction,14 and
eventually to the fabrication of photovoltaic solar cells, r
viewed recently in Ref. 15 and in a series of photovolta
conferences.16–20

c. The electrically benign nature of the structural defec
While in Si and in ordinary III-V semiconductors, polycrys
tallinity leads to a high concentration of electrically activ
~grain-boundary! defects that have a very detrimental effe
on the performance of optoelectronic devices, polycrystall
CuInSe2 is as good an electronic material as its single-crys
counterpart~leading to a;17% efficient photovoltaic sola
cell21,22!, even though it has many nonstoichiometry defec

The three puzzling effects regarding the defect struct
of CuInSe2 are technologically beneficial: they led, in fact,
the utilization of CuInSe2 in low-cost ~i.e., polycrystalline!
devices.15–22 At the same time, these puzzles also led to
tempts to understand these unusual phenomena. Yet, de
extensive and successful efforts atcharacterization of the
9642 © 1998 The American Physical Society
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TABLE I. A comparison of the experimental cohesive energyEc ~Refs. 53 and 54! and Neumann’s mode
calculation of vacancy formation energyDH f(VA) ~Refs. 51 and 52! in ternaries and the correspondin
binaries. The results for Zn0.5Cd0.5Se are an average of ZnSe and CdSe. Note howDH f(VA) in the model
calculation is proportional toEc . The present calculation, using appropriate chemical potential do not s
such proportionality.

CuGaSe2 ZnSe CuInSe2 Zn0.5Cd0.5Se

Ec ~eV/bond! 1.81 1.32 1.63 1.25
DH f(VA) ~eV! 3.1–3.4 (A5Cu) ;2.6 (A5Zn) 2.6–3.2 (A5Cu) ;2.6 (A5Zn)
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defect levelsin CuInSe2 @via electrical measurements,23–28

absorption,29–31 luminescence,12,28,32–40deep-level transien
spectroscopy41–46 ~DLTS! and other means14,47#, very little
evidence exists as to the chemical and structuralidentifica-
tion of the defect centersproducing those levels. One of th
main reasons for the failure to reliably identify these def
centers in CuInSe2 is, in our opinion, the methodology use
in this process: While native defects in ZnSe were identifi
through a combination ofstructuralandelectroniccharacter-
ization experiments~electron paramagnetic resonance, ma
netic circular dichromatism, optically-detected nuclear m
netic resonance! with theoretical energy-level predictions
~see reviews, e.g., in Ref. 48!, attempts to identify defec
centers in CuInSe2 ~Refs. 15, 23, 25, 26, 30, 34–36, an
49–51! followed instead a different route.

~i! First, the formation energies of the leading point d
fects were estimated23,25,26,51 from a generalization of the
cavity model of Van Vechten~reviewed and revised in Ref
52!, using empirical atomic radii and model bond energies
input. In accordance with the fact that the cohesive~thus,
bond! energy of chalcopyrites53 is larger than that of the
binary analogue54 ~Table I!, Neumann found indeed large
vacancy formation energies in chalcopyrite relative to II-V
compounds~Table I!.

~ii ! It was then assumed that the formation energies
constants, independent of the chemical potentials and F
levels. The order of formation energies thus obtained51 was

InCu,CuIn,VSe,VCu,VIn,Cui , ~1!

whereVa denotes a vacancy of atoma, a i denotes ana-type
interstitial, andab denotes an antisite of atoma on siteb. It
was also assumed that the defect abundance follows Eq~1!,
i.e., that InCu, CuIn, VSe, and VCu are the most abundan
defects ~in this order!. Characterization experiments we
then interpreted in light of these expectations, e.g., that ICu
is the main defect.
t

d

-
-

-
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~iii ! It was assumed that only point defects are importa
in a few cases,55 the possible importance of defect complex
~e.g., InCu1VCu! was mentioned.

With these assumptions it was concluded30,36 that the
10–30 meV level seen electrically23–27 and optically34,35 in
In-rich n-type samples is an InCu shallow donor; that the
60–80 meV level seen in luminescence12,37,38both inn-type
andp-type materials is30,36a VSe donor, that the 20–40 meV
level seen in photoluminescence~PL! ~Refs. 12, 34, 35, and
38! and electrically24,25in n-type materials, or36 the 160 meV
level seen electrically, is30 a VCu shallow acceptor, etc.

While the pioneering work of Neumann had contributed
great deal to the understanding of defects in CuInSe2 in the
1980s, it has the serious shortcoming associated with the
of the Van Vechten model. Nowadays, better approach
be followed.56–59In the present work we used first-principle
self-consistent electronic structure theory to calculate the
mation energies and electrical transition levels of point
fects and defect pairs and arrays in CuInSe2. Our results
contradict the previously accepted common practice~i!–~iii !
above23,25,26,51in identifying point defects in CuInSe2. We
find the following.

~i! Due to the monovalent nature of Cu as compared w
the divalent Zn, and due to the weaker Cu-Se than Zn
covalent bonds, it is mucheasier to form a Cu vacancy in
CuInSe2 ~i.e., VCu! than to form a cation vacancy in II-V
compounds. This result is in contrast with the earlier exp
tation based on the relative cohesive energies of chalco
rites and zinc-blende compounds~Table I!, suggesting that
VCu are more difficult to form~hence, less abundant!.

~ii ! In accordance with previous first-principles calcul
tions on defect energetics,56–58,60–64but in contradiction with
Neumann,23,25,26,51 the defect formation energies are n
fixed constants, but vary considerably both with the el
tronic potential~i.e., the position of the Fermi level!, and
with the chemical potential of the atomic species. The or
of formation energies are~excluding VSe!
VCu,CuIn,VIn,Cui,InCu ~Cu rich; In rich; n type!,

VCu,CuIn,InCu,Cui,VIn ~Cu rich; In rich; p type!,

VCu,VIn,InCu,CuIn,Cui ~Cu poor; In rich; n type!,

VCu,InCu,VIn,CuIn,Cui ~Cu poor; In rich; p type!,

CuIn,VIn,VCu,Cui,InCu ~Cu rich; In poor; n type!,

CuIn,VCu,VIn,Cui,InCu ~Cu rich; In poor; p type!, ~2!
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to be contrasted with the order of Eq.~1! assumed in all
previous analyses of the identity of point defects in CuInS2.

~iii ! Pairing of defects can alter the electric activity. F
example, an isolated VCu is a shallow acceptor, while a
isolated InCu is a deep donor, but a defect pair based on 2VCu
and InCu is electrically inactive.

In addition to challenging the basic assumptions comm
in the analysis of defects in CuInSe2, we explain puzzles
~a!–~c! as follows.

a. Structural tolerance to large off-stoichiometry.The
large concentration of off stoichiometry in CuInSe2 is ex-
plained here by the unusual stability of (2VCu1InCu). Figure
1 illustrates that forming this defect take less energy than
corresponding lowest-energy defect pairs in GaAs and Zn
The figure shows the calculated formation energies57,58,63us-
ing the local-density-functional approximation~LDA !. We
see that in GaAs the lowest-energy defect pair (GaAs

0 1AsGa
0 )

requires 5.2 eV to form, while the lowest-energy defect p
in ZnSe, i.e., (VZn

0 1SeZn
0 ) requires;6 eV to form. In con-

trast, in CuInSe2 the formation of (2VCu
0 1InCu

0 ) at the opti-
mal chemical potential is21.46 eV. Furthermore, there is
strong interaction between the components of the de
pairs, lowering significantly the pair formation energy. F
instance, charging of (2VCu

0 1InCu
0 ) to form (2VCu

2 1InCu
21)

lowers the minimum formation energy from21.46 to
25.67 eV/pair. Finally, there is also an interaction amo
different defect pairs in a dense defect array. For exam
the interaction between different (2VCu

2 1InCu
21) units is ;

20.4 eV/pair, thus lowering the formation energy of the p
riodically repeated arrays to around26.1 eV/pair. This low
formation energy explains the existence of the unusual ‘
dered defect compounds’’~ODC’s! CuIn5Se8, CuIn3Se5,
Cu2In4Se7, and Cu3In5Se9 as a repeat of a singl
(2VCu1InCu) unit for eachn54, 5, 7, and 9 units, respec
tively of CuInSe2.

FIG. 1. LDA calculated formation energies of the low-energ
neutral defect pairs in~a! GaAs ~Refs. 57 and 63!, ~b! ZnSe~Ref.
58!, and~c! CuInSe2, as a function of the respective atomic chem
cal potentials. For CuInSe2, Dm5(mCu2mIn)/2 and the plot corre-
sponds toms5(mCu1mIn)/2521 ~i.e., theBC line in Fig. 2!. The
shaded area highlights negative formation energies.
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b. The ability to dopeCuInSe2 via native defects.The
very efficientp-type self-doping ability of CuInSe2 is a con-
sequence of the low formation energy of the Cu vacanc
and its very shallow defect level~;30 meV above the
valence-band maximum!, as opposed to thedeepercation
vacancy levels in II-VI compounds.

c. The electrically benign nature of the structural defec
This is explained in terms of the electronic passivation of
InCu

21 deep level by VCu
2 . We find that the (2VCu

2 1InCu
21) pair is

electrically neutral and has nodeepgap levels, and conse
quently, the ordered defect arrays, e.g., CuIn5Se8, CuIn3Se5,
and Cu3In7Se12, all have larger band gaps~1.28, 1.21, and
1.17 eV, respectively! than CuInSe2 ~1.04 eV!.

II. METHOD OF CALCULATION

A. Calculation of the formation and transition energies

We use the supercell approach in which a defecta in
charge stateq is placed in an artificially large CuInSe2 cell
that is repeated periodically. The defect-defect dista
equals the dimension of the supercell. The dimension
thus to be large enough so that the~unphysical! interaction
among defects in different cells is negligible and that t
position of the Fermi energyEF ~with respect to a referenc
energyEi! can be accurately determined.

For a neutral (q50) cation defect~we do not consider
Se-related defects in this study! in CuInSe2 the formation
energyDH f(a,q50) depends on57,61the chemical potentials
m:

DH f~a,q50!5DE~a,q50!1nCumCu1nInm In , ~3!

where

DE~a,q50!5E~a,q50!2E~CuInSe2!1nCumCu
solid

1nInm In
solid. ~4!

Here,E(a,q) is the total energy of a supercell containing t
defect,E(CuInSe2) is the total energy for the same superc
in the absence of the defect, then’s are the numbers of Cu
and In atoms transferred from the supercell to the reserv
in forming the defect cell, andmCu

solid andm In
solid are the total

energy of ground-state solid Cu~fcc! and solid In~tetrago-
nal!.

To calculate the formation energy of charged defects s
as VCu

2 , we need to transfer an electron from an electr
reservoir and place it on the defect. Thus, the formation
ergyDH f(a,q) for a charged defect depends on the absol
Fermi energyEi1EF of the electron reservoir. HereEi is the
reference energy andEF is the Fermi energy relative to th
reference. In a supercell calculation,DH f(a,q) is given by

DH f~a,q!5DH f~a,q50!1dE~CuInSe2,2q!1dE~a,q!

1qEF . ~5!

The second term on the right-hand side of Eq.~5! is the
difference between the reference energy level of the def
free CuInSe2 given by the one-particle eigenvaluese i ~e.g.,
i 5VBM or CBM, where VBM is valence-band maximum

,
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and CBM is conduction-band minimum! and the energy
level determined from total-energy calculations,Ei . Specifi-
cally,

dE~CuInSe2,2q!5E~N1q!~CuInSe2!2E~N!~CuInSe2!

52q~e i2Ei !, ~6!

Here,E(N)(CuInSe2)5E(CuInSe2) is the total energy of the
~defect-free! N-electron host. Forq,0 ~i.e.,a is an acceptor
and usuallyi 5VBM !, E(N2uqu)(CuInSe2) is the total energy
of the CuInSe2 with uqu holes in the valence-band maximu
~usually at theG point! anduqu electron in the reservoir~rep-
resented by ‘‘jellium’’! having an eigenvaluee i 5VBM .
For q.0 ~i.e., a is a donor and usuallyi 5CBM!,
E(N1q)(CuInSe2) is the total energy of the CuInSe2 with q
electrons in the CBM andq hole in the reservoir having a
eigenvaluee i 5CBM . Notice that, taking the supercell and th
jellium reservoir as a whole,E(N1q)(CuInSe2) is still the
total energy of anN-electron system. In a supercell calcul
tion, dE(CuInSe2,2q) is usually small for ordinary semi
conductors such as GaAs and ZnSe (;0.03 eV), thus is of-
ten neglected. However, for semiconductors with localized
character at the VBM, this term can be large. For example
CuInSe2 dE~CuInSe2,21!50.25 eV, thus it has to be in
cluded in our calculation.

Taking the third term on the right-hand side of Eq.~5!,

dE~a,q!5E~M2q!~a,q!2E~M !~a,q50!. ~7!

Here,E(M )(a,q50)5E(a,q50) is the total energy of the
neutral defect withM electrons. E(M2q)(a,q) is the total
energy of defecta with uqu electron removed from~for q
.0! or added to~for q,0! the defect level and compensa
ing electrons placed in a reservoir~represented by ‘‘jel-
lium’’ !, having eigenvaluee i . Notice that, taking the super
cell and the jellium background as a whole, we still have
M -electron system. Since in a periodic supercell calculat
the potential is determined only up to a constant, we nee
make sure that the reference eigenvaluese i used in the cal-
culations are the same with or without the defects~i.e., fixed
with, e.g., vacuum level!. This is done by requiring that all o
the calculations are performed using the same supercell
samek-point sampling and by lining up the core levels
those atoms that are far away from the defect in the de
cell with the same core levels of the defect-free cell.

The defect transition energy levelea(q/q8) is defined as
the value of the Fermi level where the formation energy oq
equals that ofq8, i.e.,

ea~q/q8!5@DE~a,q!2DE~a,q8!#/~q82q!. ~8!

The formation energy of an ordered defect array is a
calculated using Eq.~3!. However, in this case, the equilib
rium unit-cell volume is determined by total-energy minim
zation. In contrast, for isolated defects and isolated de
pairs, the unit-cell volume is fixed, equal to that of defe
free CuInSe2.

B. Limits on Fermi energy and atomic chemical potentials

There are some thermodynamic limits to (m,EF): EF is
bound between the valence-band maximum (EV) and the
in

n
n
to

nd

ct

o

ct
-

conduction-band minimum (EC), and $mCu,mIn% are bound
by ~i! the values that will cause precipitation of solid eleme
tal Cu, In, and Se, so that

mCu<0, m In<0, mSe<0; ~9!

~ii ! by the values that maintain a stable CuInSe2 compound,
so that

mCu1m In12mSe5DH f~CuInSe2!, ~10!

whereDH f~CuInSe2!522.0 eV is the calculated formation
energy of solid CuInSe2, and ~iii ! by the values that will
cause formation of binaries, so that

2m In13mSe<DH f~ In2Se3!,

2mCu1mSe<DH f~Cu2Se!, ~11!

where our calculatedDH f ~tetragonal In2Se3!522.1 eV
~Ref. 65! andDH f~Cu2Se!520.3 eV, respectively. Figure 2
gives the calculated ‘‘stability triangle’’ in the two
dimensional (mCu,mIn) plane as defined by Eqs.~9! and~10!.
The vertices areA ~the Cu-rich and In-rich limit!, B ~the
Cu-poor and In-rich limit!, andC ~the Cu-rich and In-poor
limit !. Equation~11! defines the regions where In2Se3 and
Cu2Se are stable. The stability regions for ordered def
arrays shown inside the triangle of Fig. 2 will be discuss
later in Sec. II B.

C. Computational details

We calculatedDH f(a,q) for a5VCu, VIn, InCu, CuIn,
and Cui using a supercell approach where a uniform cha
density ofr52q/Vcell is added to the unit cell of volume
Vcell so that the whole system is charge neutral. We pl
defecta at the center of a 32-atom tetragonal supercell w
lattice vectors (1,1,0)a, (21,1,0)a, and (0,0,2h)a, where

FIG. 2. The calculated stability triangle of the Cu-In-Se syste
@Eqs.~9! and~10!# in themCu,mIn plane. The vertices correspond t
(A) Cu rich, In rich; (B) Cu poor, In rich, and (C) Cu rich, In poor,
respectively.
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TABLE II. Defect formation energies in term ofDE(a,q) in Eq. ~3! and defect transition levelsea(q/q8)
of Eq. ~8!. The nCu and nIn are the numbers of Cu and In atoms andq is the number of excess electron
transferred from the defect-free crystal to the reservoirs to form one defect.

Defecta DE(a,q) ~eV! nCu nIn q

VCu
0 0.60

11 0
0

VCu
2 0.63 21

Defect transition level: (2/0)5EV10.03 eV

VIn
0 3.04 0

VIn
2 3.21

0 11
21

VIn
22 3.62 22

V4n
32 4.29 23

Defect transition levels: (2/0)5EV10.17 eV; (22/2)5EV10.41 eV; (32/22)5EV10.67 eV

CuIn
0 1.54 0

CuIn
2 1.83 21 11 21

CuIn
22 2.41 22

Defect transition levels: (2/0)5EV10.29 eV; (22/2)5EV10.58 eV

InCu
21 1.85 12

InCu
1 2.55 11 21 11

InCu
0 3.34 0

Defect transition levels: (0/1)5EC20.25 eV; (1/21)5EC20.34 eV

Cui
1 2.04

21 0
11

Cui
0 2.88 0

Defect transition level: (0/1)5EC20.20 eV
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a55.768 Å andh5c/a51.008 are the calculated lattic
constants for CuInSe2. The total energiesE in Eq. ~5! are
calculated using the LDA as implemented by the gene
potential linearized augmented plane-wave~LAPW!
method.66 The same muffin-tin radius of 2.2 a.u. is used f
Cu, In, and Se. The basis set cut-off energy is 10 Ry.
used the Ceperley-Alder exchange correlation potential67 as
parametrized by Perdew and Zunger.68 The core states ar
treated relativistically, while the valence states are trea
nonrelativistically. In a scalar relativistic or fully relativisti
approach, the CuInSe2 band gap is negative. The nonrelati
istic direct band gap is 0.17 eV. This LDA band-gap er
@the experimental gap is 1.04 eV~Ref. 69!# is corrected by
adding a constant energy shift of 1.04– 0.1750.87 eV to the
conduction states so as to match the experimental gap.
isolated defects and defect pairs, we assume that the en
levels of the acceptorlike defects follow the VBM and a
thus unchanged while donorlike defect levels follow t
CBM and are thus shifted upward by the same amount as
band gap. Defect formation energies were corrected acc
ingly, e.g., we did not add any correction to the formati
energies of the Cu vacancies, but added 030.87 eV to InCu

21,
130.87 eV to InCu

1 , and 230.87 eV to InCu
0 , respectively.

The Brillouin-zone integration is performed using th
equivalentk points70 of the 10 specialk points in the irre-
ducible zinc-blende Brillouin zone. The atomic positio
were fully relaxed for theq50 charge state, but no furthe
relaxation was attempted forqÞ0.

The computational error for defect formation energy
estimated as follows:~i! The first source of error is the basi
set cutoff energy of 10 Ry used in the calculation, whi
introduces an error of,0.03 eV/atom. ~ii ! The second
al

r
e

d

r

or
rgy

he
d-

source of error is the limited accuracy of the LDA in calc
lating the heats of formation (,0.05 eV/atom). ~iii ! The
third source of error is the unphysical cell-cell interaction
the 32-atom supercell. To estimate it, we assume that
long-range Coulomb interaction among charged defe
dominates the cell-cell interaction. Using a dielectric co
stant ofe516,69 the cell-cell interaction energy is estimate
to be less than60.1 eV. ~iv! The fourth source of error is the
atomic relaxations for qÞ0 including the symmetry-
breaking Jahn-Teller effect. We did not find any Jahn-Te
effect here, which could be due to the general restriction
the LDA formalism. Otherwise, relaxation forqÞ0 is esti-
mated to lower the defect formation energy by less than 0
eV. Thus, the total uncertainty in the calculated defect f
mation energy is less than 0.2 eV. The uncertainty in po
defect transition energy levels is60.05 eV, and60.1 eV for
defect pairs. The uncertainty in determining the transit
energy levels comes mainly from the difficulty in determi
ing the valence- and conduction-band edges in the def
containing 32-atom supercell.

III. DEFECT FORMATION ENERGIES

A. Formation energies of isolated point defects

Table II lists the point defect formation energie
DH f(a,q) in terms ofDE(a,q), nCu, nIn , andq, as in Eq.
~3!, and the defect transition energy levelea(q/q8) @Eq. ~8!#.
The chemical potential and the Fermi-energy dependenc
the defect formation energy depicted in Table II are sho
graphically in Figs. 3 and 4, respectively. We see from
figures and Table II the following.
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~i! The relative stability of various defects depends cr
cally on the chemical potentials~see Fig. 3!: DH f(VCu)
can vary by as much as 2 eV from pointA to B, and
DH f(CuIn) can vary by as much as 4 eV from pointB to C.

~ii ! The formation energies also have a significant dep
dence on the Fermi energy. In general, as shown in Fig
acceptor states such as VCu

2 form more easily inn-type ma-
terial, while donor states such as InCu

21 form more easily in
p-type material. The solid dots in Fig. 4 denote points wh
the slope ofDH f(a,q) versusq changes; the correspondin

FIG. 3. Formation energies@Eq. ~3!# of VCu, VIn, InCu, CuIn, and
Cui , as a function of the chemical potentials,mCu, mCu2mIn, and
m In with the Fermi energyEF at the conduction-band minimum~a!
and at the valence-band maximum~b!. The shaded area highlight
negative formation energies.

FIG. 4. Formation energies@Eq. ~3!# of VCu, VIn, InCu, CuIn, and
Cui , as a function of the electron Fermi energyEF at chemical
potentialsA, B, andC shown in Fig. 2. Charge stateq ~in circles!
determines the slopes of each line segment. The shaded area
lights negative formation energies. Solid dots denote values ofEF

where transition between charge states occurs.
-

-
4,

e

value ofEF is the defect transition energyea(q/q8) defined
in Eq. ~8!. @Later, in Sec. IV, we will compare the calculate
ea(q/q8) with experiment.#

~iii ! Some of the formation energies of single neutral d
fects in CuInSe2 are extraordinary low, e.g.
DH f~VCu

0 !521.4 eV~at B! andDH f~CuIn
0 !520.5 eV~at C!.

In particular, the formation energy of the neutral Cu vacan
is significantly lower than neutral vacancy formation en
gies for cations in II-VI compounds. Both~a! E(a,q)
2E(CuInSe2) and~b! mCu

solid in Eq. ~3! contribute to the low
DH f(VCu

0 ): ~a! The lowE(a,q)2E(CuInSe2) has two rea-
sons~‘‘ionic’’ and ‘‘covalent’’ !. The ionic reason is that Cu
is monovalent, while cations in II-VI compounds are div
lent, so the point-ion~Madelung! contribution to the remova
energy of the cation is larger in II-VI compounds. The cov
lent reason is that the Cu-Se bond is easier to break than
of Zn-Se because the Cu 4p energy is higher than the Zn 4p
energy~thus the Cu-Se bond is less covalent!. Furthermore,
the formation ofsp3 hybrids costs more energy in CuInSe2.
This is so because the high-lying Cu 3d orbital ~relative to
the Zn 3d orbital! repels the Se 4p orbital to higher energy,71

thus raising the Se 4s→4p promotion energy.~b! The low
mCu

solid originates from the fact that solid Cu is more stab
@mCu

solid52Ecohesive523.49 eV~Ref. 72!# than either solid In
@22.52 eV ~Ref. 72!# or solid Zn @21.35 eV ~Ref. 72!# for
VZn in ZnSe.73

~iv! The crucial dependence ofDH f on the atomic chemi-
cal potentials and the Fermi levels was not addressed in
vious calculations25,26,30,34and discussions25,30,51 of defects
in CuInSe2. Table III compares our calculated formation e
ergies in terms of the lower bound, the upper bound,
average value, and the range of variation with those
Neumann.51 We see that besides missing the important va
tion of ;5 eV due to changes in the chemical potentials a
Fermi energy, Neumann’s results sometimes are also v
different from our calculated average values. For exam
Neumann’s formation energy for the Cu vacancy is about
eV higher than our calculated average value. This discr
ancy is due, in part, to the fact that in Neumann’s calculat
atomic Cu was used as reference reservoir. As we discu
in Sec. II B, the correct limit of the Cu chemical potential
the solid form of Cu.

B. Formation energies of a defect pair and defect pair arrays

We will discuss association of defects in three steps:

DH f~a1b!5DHneutral1dH int1dHord. ~12!

Here,DHneutral is the formation energy of neutral, noninte
acting defectsa andb. dH int is the change in energy whena
and b are located next to each other to form a defect p
dHord is the ordering energy, i.e., the change in energy wh
the defect pairs form an ordered array.

1. A pair with noninteracting (neutral) constituents:DH neutral

Figures 3 and 4 reveal the coexistence of several lo
energy point defects of opposite charges at the sameEF and
m. This signals the possibility of association of defects a
the formation of charge-compensated defect pairs of low
ergies. The first three lines of Table IV give, for a few ass

igh-
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TABLE III. The lower and upper bounds, the average value, and the range of variation of the calc
point defect formation energies~in eV! in CuInSe2. The corresponding chemical potentials and Fermi ene
for the lower and upper bounds are given in parentheses~see Fig. 2 for notationsA, B, and C!. For
comparison, the results of Neumann~Ref. 51! are also shown.

Defect Lower bound Upper bound Average Range Neuman

VCu 22.41 (B,EC) 0.63 (A–C,EV) 20.89 3.04 2.6
VIn 20.83 (C,EC) 4.29 (A–B,EV) 1.73 5.12 2.8
CuIn 21.67 (C,EC) 4.41 (B,EV) 1.37 6.08 1.5
InCu 20.15 (B,EV) 5.93 (C,EC) 2.89 6.08 1.4
Cui 2.04 (A–C,EV) 5.08 (B,EC) 3.56 3.04 4.4
n
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ciated defect pairs, the formation energyDHneutral
5DH f(a)1DH f(b) of neutral, noninteracting defectsa
and b at the chemical potentialsA, B, and C. Notable in
Table IV are the low formation energy extrema of the no
interacting vacancy1antisite complexes: (2VCu

0 1InCu
0 ) of

21.46 eV atB. Also, the neutral antisite pairs (CuIn
0 1InCu

0 )
have a~chemical potential independent! energy of 4.88 eV.

2. A pair with interacting (charged) constituents:dH int

In reality, two defects, located at nearby positions in
crystal, can lower considerably their formation ener
through interaction. The interaction includes~a! charge com-
pensation, i.e., transfer of electrons from donor to acce
levels, ~b! subsequent Coulomb attraction between
charge defects, and~c! atomic relaxations driven by, for ex
ample, strain relief in case of size mismatch. To find
stable structure of the interacting defect pairs, we cons
pair configurations that maximize the point-ion Coulomb
teraction and strain relaxation. The final defect pair geome
is obtained by minimizing the quantum-mechanical~LDA !
forces on all the atoms inside the unit cell. Figure 5~a! shows
the schematic geometry for (CuIn

2212Cui
1) in which two Cu

interstitials are collinear with the CuIn antisite. Figure 5~b!
shows the schematic geometry for (2VCu

2 1InCu
21) where the

two Cu vacancies are fcc nearest neighbors of the InCu anti-
site and third fcc neighbors between themselves.

The interaction energy made of contributions~a!–~c!
noted abovedH int is calculated~using the 32-atom supercel!
as the difference,

FIG. 5. Calculated minimum Madelung energy configurations
the isolated defect pairs:~a! the (CuIn12Cui) pair and ~b! the
(2VCu1InCu) pair. The actual supercell used in our calculation
twice as large as shown here.
-

e

or
e

e
er
-
ry

dH int5DH f~aq1b2q!2DH f~a0!2DH f~b0!, ~13!

between the cell containing the charged, interacting pair
two cells containing one defect each~thus, noninteracting!.
Total-energy minimization shows that~fourth line in Table
IV ! dH int is between24.2 and22.0 eV. Note that the en
ergy DHneutral1dH int of the antisite pair (CuIn

221InCu
21)

dropped to only 0.65 eV, and that this energy f
(2VCu

2 1InCu
21) is 25.67 eV atB.

We have analyzed the physical origins ofdH int by break-
ing it into the three terms~a!–~c! above: For (2VCu

2 1InCu
21),

for example,dH int524.21 eV of which~a! the transfer of
two electrons from the high-energy InCu donor level to low-
energy VCu acceptor level contributes;21.4 eV ~this is
smaller than twice the band-gap value since InCu is not a
shallow level!, ~b! a strong electrostatic attraction betwe
the ensuing charged defects contributes, additiona
;22.5 eV, and~c! atomic relaxation upon pairing contrib
utes20.3 eV.

It is interesting to compare the antisite-pair formation e
ergy of (CuIn

221InCu
21) in CuInSe2 with that of (GaAs

221AsGa
21)

in GaAs. Such antisite pairs are the building blocks of ra
dom alloys, e.g., random substitution of Cu and In on cat
sites forming a ‘‘zinc-blende’’ phase~Cu, In!Se. We find that
forming (CuIn

221InCu
21) in CuInSe2 costs 0.65 eV/pair,

whereas forming (GaAs
221AsGa

21) in GaAs costs much highe
energy, being 1.8 eV.57,63 Full randomization of a crysta
usually costs much less energy than the formation of a sin
antisite pair due to pair-pair interaction. It has been show74

for example, that randomization of the GaAs lattice co
only 0.72 eV/pair. For CuInSe2 the randomization energy i
only about 0.2 eV/pair.75 Thus, a disordered ‘‘zinc-blende’
~Cu, In!Se phase is expected to be stable at relatively
temperatures (;810 °C), unlike GaAs that stays ordered u
til it melts.

3. Defect pair ordering:dH ord

Defect pairs whose components are charged may orde
low temperature in a low-energy configuration to gain t
Madelung energy. The formation reaction of the ordered
rays of the (2VCu

2 1InCu
21) defect pairs can be written as

n~CuInSe2!1m~ In!→Cu~n23m!In~n1m!Se2n13m~Cu!

2DH f~n,m!, ~14!

wherem51,2,3, . . . andn53,4,5, . . . , andwhere~In! and
~Cu! denote In and Cu in their respective equilibrium chem

f
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cal reservoirs. The search for the minimum-energy confi
ration ~see discussion in Sec. V A below! indicated that at-
oms on the Cu sublattice form alternativ
¯Cu-VCu-InCu-VCu-Cū planes along the~110! directions.
Table IV shows the pair-pair ordering energydHord(n,m)
for m51 for the most stable structure. We calculatedHord
by subtracting from the LAPW total energy of the defe
array the LAPW total energy of isolated interactin
(2VCu

2 1InCu
21) pair, i.e.,

dHord~n,m!5DH f~n,m!2H f~2VCu
2 1InCu

21!. ~15!

dHord(n, m51) depends weakly onn with an average value
of ;20.4 eV.

We can see from Table IV that the sum of interaction a
ordering energiesdH int1dHord for the defect pair array
(2VCu

2 1InCu
21) is about24.64 eV, which cancels most of th

~positive! formation energy of the isolated noninteractin
pair: 2DH f(VCu

0 )1DH f~InCu
0 !54.54 eV at pointA in Fig.

2. Table V shows the formation energiesDH f(n, m51) for
a few ordered arrays of (2VCu

2 1InCu
21) for the chemical po-

tentialsA, B, andC, respectively. We see thatspontaneous
formation of stable defect arrays is predicted. The horizontal
arrows in Fig. 2 point to the chemical potential domai
where these ODC’s will be thermodynamically stable.

Table VI lists the predicted ODC’s that haveDH f(n,m)
,0. This list is compared with the observed series
ODC’s.10 We find that the experimental ODC’s can be d
vided into two classes: those that are on the Cu2Se-In2Se3 tie
line, i.e., the compounds can be written
(Cu2Se)y(In2Se3)12y with 0<y<1 ~Table VI, fourth col-
umn! and those that are not~Table VI, fifth column!. We
predict the stability of all the In-rich on-tie-line compound

TABLE IV. The calculated formation energiesDHneutral

5DH f(a)1DH f(b) ~in eV! of noninteractingneutral defects, the
intrapair interaction energiesdH int and the pair-pair ordering ener
giesdHord(n,m51) at chemical potentialsA, B, andC shown in
Fig. 2.

2VCu
0 1InCu

0 CuIn
0 12Cui

0 VCu
0 1Cui

0 InCu
0 1CuIn

0

4.54(A) 7.30(A) 3.48(A) 4.88(A)
DHneutral 21.46(B) 13.30(B) 3.48(B) 4.88(B)

6.54(C) 5.30(C) 3.48(C) 4.88(C)

dH int 24.21 24.19 21.96 24.23
dHord ;20.43

TABLE V. Calculated formation energiesDH f(n,m51)
5DHneutral(m)1dH int1dHord of Eq. ~12! ~in eV! of the ordered
arrays ofn units of (2VCu

2 1InCu
21) for every m units of CuInSe2.

dHord(n,m51) are20.43,20.45, and20.46 eV forn54, 5, and
6, respectively, whiledH int and DHneutral(m) are taken from the
second column of Table IV.

n m5A m5B m5C

CuIn5Se8 4 20.10 26.10 1.90
CuIn3Se5 5 20.12 26.12 1.88
Cu3In7Se12 6 20.13 26.13 1.87
-

t

d

f

as resulting from repetition ofm units of (2VCu
2 1InCu

21) in
everyn units of CuInSe2. These are CuIn5Se8 ~n54, m51!,
CuIn3Se5 ~n55, m51!, Cu2In4Se7 ~n57, m51!, and
Cu3In5Se9 ~n59, m51!. In addition, in light of the low for-
mation energy of the neutral Cu vacancy~Figs. 3 and 4!, we
can rationalize the stabilities of the three observed off-
line compounds: CuIn7Se12, Cu4In9Se16, and Cu3In6Se11 as
emerging from the creation of 2, 1, and 1 Cu vacancies
molecule in the on-tie-line compounds Cu3In7Se12 ~n56, m
51!, Cu5In9Se16 ~n58, m51!, and Cu4In6Se11 ~n511, m
51!, respectively. Thus, the observed ODC’s have a sim
explanation in terms of defect physics.

IV. DEFECT TRANSITION ENERGY LEVELS

A. Calculated transition energies

Figure 6 and Table II show the calculated defect transit
energy levelsea(q/q8) of Eq. ~8!. We see from Fig. 6 tha
the Cu vacancy has a shallow acceptor levelE(2/0)5EV
10.03 eV, the In vacancy has a somewhat deeper leve
E(2/0)5EV10.17 eV. All other defect levels are relativel
deep, including the two In vacancy acceptor levels at 0

TABLE VI. Comparison between the predicted ‘‘ordered defe
compounds’’ made by repeating one unit (m51) of (2VCu

2 1InCu
21)

for everyn units of CuInSe2 @Eq. ~14!# and the observed series o
compounds~Ref. 10!. The valuex is deduced by expressing th
ODC in the first column in terms of a (4CuInSe2)x(CuIn5Se8)12x

alloy.

Predicted Observed~Ref. 5!
On tie-line n x On tie-line Off tie-line

CuIn5Se8 4 0.00 CuIn5Se8

CuIn3Se5 5 0.20 CuIn3Se5

Cu3In7Se12 6 0.33 CuIn7Se12

Cu2In4Se7 7 0.43 Cu2In4Se7

Cu5In9Se16 8 0.50 Cu4In9Se16

Cu3In5Se9 9 0.56 Cu3In5Se9

Cu7In11Se20 10 0.60
Cu4In6Se11 11 0.63 Cu3In6Se11

FIG. 6. Calculated defect transition energy levels, correspond
to the filled dots in Fig. 4. These defect levels are defined by Eq.~8!
and their exact values are given in Table II. The correspond
charge states for these transitions are given in parentheses.
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and 0.67 eV aboveEV , respectively. The CuIn antisite also
has two deep acceptor levels at 0.29 and 0.58 eV aboveEV .
The deep donors in CuInSe2 are the InCu antisite with two
levels 0.25 and 0.34 eV, and the Cu interstitial with one le
at 0.20 eV belowEC , respectively.

For the isolated interacting 2VCu
2 1InCu

21 pair, we find that
the pairing pushes up the deep InCu levels to positions much
closer to the conduction-band minimum. So the InCu levels in
the pair are no longer harmful electron traps. This, combi
with the fact of very low formation energy for this pai
explains the surprising electric tolerance of CuInSe2 to a
large amount of structural defects.69 We also calculated the
(0/1) transition energy for (InCu1VCu) and find that it has a
donor level located atEC20.20 eV.

The calculated Cu vacancy levelE(2/0)5EV10.03 eV
is considerably shallower than that of theisovalentdouble
acceptor E(22/2)5EV10.47 eV of the Zn vacancy in
ZnSe. The measuredE(22/2) level of the Zn vacancy73 is
EV10.66 eV. The difference between the calculated a
measured values here may be accounted for by Jahn-T
distortion not considered in the calculation. One reason
the difference between VCu and VZn is that theE(22/2)
level of the Zn vacancy is pushed up by itsE(2/0) level.
More importantly, however, in CuInSe2 the VBM is pushed
considerably higher by the repulsion between Cu 3d and Se
4p levels3 than the VBM of ZnSe. Thus, the VBM of th
CuInSe2 is much closer to the defect level.

B. Comparison of the calculated and measured transition
energies

In Fig. 7, our predicted defect transition levels@Fig. 7~a!#
are compared with experimental data@Fig. 7~b!#, tabulated in
Tables VII and VIII, respectively. Table VII contains th
results from various experimental methods including elec
cal measurements, electrical absorption and photocondu
ity, photovoltage, optical absorption, and photolumine
cence. These types of measurements in most cases d
however, only the shallow levels. Table VIII contains, on t
other hand, the most recent DLTS measurements on d
levels in CuInSe2. The scattering of the data in Tables V
and VIII is represented in Fig. 7~b! by the width of the his-
togram, whereas the height of the histogram indicates
number of experiments reporting that defect level. Comp
ing Figs. 7~a! and 7~b!, we see the following.

~i! Our calculated defect levels are in good accord w
experiment, especially those of low ionizations, i.e., (2/0)
or (0/1). Thus, the calculated VCu(2/0) acceptor level cor-
responds to the observedA1 level; the VIn(2/0) level cor-
responds to theA3 level; the CuIn(2/0) level corresponds to
theA4 level and the VIn(22/2) level corresponds to theA5
level. The CuIn(22/2) level, within the uncertainty of the
calculation, could be theA6 level. For donors, both the
Cui(0/1) and InCu(0/1) levels may be responsible for th
measuredD3 level, which has a broad range of;90 meV.
The InCu(1/21) level corresponds to theD4 level.

~ii ! A number of our assignments of the defect levels
different from those in previous literature, including that~a!
the A1 level was assigned to VIn,

25 ~b! the A1 level was
assigned to CuIn,

76 and~c! theD1 level was assigned to bot
l

d

d
ller
r

i-
iv-
-
ect,

ep
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InCu ~Refs. 39 and 76! and Cui .39 Our calculations do not
support these assignments~Fig. 7!.

~iii ! The shallow donor levelsD1 and D2 are not as-
signed from the above calculations. However, it has b
speculated that VSe ~which was not calculated here! is re-
sponsible for theD1 level.30,36 TheD2 level may be caused
by the (0/1) transition of the (InCu1VCu) pair or by VSe
(1/21). On the other hand, theA2 level could be the
(2/0) transition of the (CuIn1Cui) pair. The uncertainty
(;60.1 eV) in the current calculation for defect pair ener
levels makes it difficult to make a definitive conclusion.

~iv! The calculated VIn(32/22) level is yet to be as-
signed experimentally. This level is characterized by
deep position inside the band gap and a high charge s
(32/22).

V. PROPERTIES OF THE ODC’S

A. Crystal structure of the ODC’s

Our search of stable crystal structure of ODC’s is guid
by the model electrostatic energy calculation and by con
eration of the octet rule. We adopt the following rules.~a!
Minimum Madelung energy. In calculating Madelung ene
gies, we assume nominal charge, i.e., VCu, Cu, In, and Se of
0, 1, 3, and22, respectively.~b! Minimal deviations from
the octet rule. There are four cations~including possibly VCu!
on the four vertices of the tetrahedron surrounding each
atom. To minimize the deviation from the octet rule~eight
valence electrons for the four cations!, the sum of the cation

FIG. 7. Defect transition energy levels from~a! the current
theory and~b! experiments~taken from Tables VI and VII!. The
filled bars indicate acceptor levels while the open ones indic
donor levels. In~b!, the horizontal axis indicates the number
publications that have made these assignments and the widths o
histograms indicate the spread of the experimental values. A sim
histogram plot for experimental data has been given~Ref. 89! ear-
lier by Daganet al.
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TABLE VII. Observed donor and acceptor ionization energies~in meV! for CuInSe2, measured by
various means. Data compiled in Ref. 76 are included. Under the column heading ‘‘Method,’’ ‘‘Ele
denotes electrical measurement, ‘‘Opt. abs.’’ denotes optical absorption, PL denotes photoluminesce
denotes photoconductivity measurement, and PV denotes photovoltage measurement. Donors (D) are mea-
sured with respect to the CBM, while acceptors (A) are given with respect to VBM.

Method ED1 ED2 ED3 EA1 EA2 EA3 EA5 Ref.

n-type samples:
Elect. 10 220 23
Elect. 12 180 24
Elect. 7 25
Elect. 5 80 26
Elect. 6 27
Elect.1PL 35 75 145 105 28
Opt. abs. 6 41 29
Opt. abs. 26 90 54 30
Opt. abs. 232 154 31
PL 70 40 12
PL 35 72 100 150 33
PL 10 33 34
PL 35 45 130 35
PL 60–80 40 38
PC 7 225 400 47
PV 11 14

p-type samples:
Elect. 20–28 24
Elect. 35 100 400 25
Opt. abs. 232 38 154 31
PL 40 12
PL 85 32
PL 35 72 100 150 33
PL 55 30 85 130 35
PL 70 40 80 37
PL 60 40 80 38
PL 43 17 162 40
DLTS 16–39 87–92 166–191 46
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electrons~denoted ask! should be either 7, 8, or 9. There a
therefore only three types of local tetrahedral cationic cl
ters around each Se: VCu1Cu12In (k57), 2Cu12In (k
58), and VCu13In (k59). The k57 and k59 clusters
must occur in equal numbers to maintain charge neutralit
the overall system. In addition, since thek57 and 9 clusters
are oppositely charged, they need to be close to each oth
enhance mutual Coulomb attractions.

Using these rules, any ‘‘on-tie-line ODC’’~Table VI! rep-
resents a weighted distribution of the three clusters. For
amples, CuInSe2 in the chalcopyrite structure consists
100% of thek58 clusters; CuIn5Se8 consists of 50% of the
k57 and 50% of thek59 clusters; CuIn3Se5 has 20% of the
k58 cluster and 40% each of thek57 andk59 clusters,
etc.

Following the rule above, we find that for stoichiometr
CuInSe2 the chalcopyrite structure@Fig. 8~a!# has the lowest
energy, while for CuIn5Se8, the lowest-energy order defec
compounds has the structure shown in Fig. 8~b!. This struc-
ture can be obtained from chalcopyrite CuInSe2 by having
one (2VCu1InCu) defect pair in every 16-atom Cu4In4Se8
-

f

to

x-

unit cell. In this case, the In and Se sublattices are unp
turbed while atoms on the Cu sublattice form alternat
¯Cu-VCu-InCu-VCu-Cū planes along the@110# direction.
Our first-principles total-energy calculations confirmed th
these are indeed the lowest-energy structures.77 However, we
also find that as long as two crystal structures have the s
local environment~i.e., the same type of tetrahedral cluste!
the energy difference between the two structures will be v
small.77 For example, CuInSe2 in the CuAu structure has
only thek58 tetrahedral clusters, same as the CuInSe2 in the
chalcopyrite structure. We find that its total energy is on
slightly higher (;2 meV/atom) than the chalcopyrite stru
ture. The LDA calculations here do not involve any appro
mations used for isolated defects and defect pairs~Sec. II C!
and are thus accurate to within 0.5 meV/atom. Similarly,
LDA ordering energy of ODC’s~see below! are also more
accurate than the energy of isolated defects.

The calculated lattice constant of CuIn5Se8 is 5.715 Å,
which is about 1% smaller than the calculated lattice c
stant of CuInSe2. We find that in this ODC structure th
Cu-Se and In-Se bond lengths are similar to their ideal v
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ues in CuInSe2, while the Se-VCu distance is about 10%
shorter than the Se-Cu bond length.

To aid in experimental identification of this crystal stru
ture, Table IX gives our calculated static x-ray structure f
tors ur~G!u! of ground-state CuInSe2 and CuIn5Se8 ~Fig. 8!,
respectively. The structure factorsr~G! are Fourier transform
of the electron charge densityn(r ), i.e.,

r~G!5
1

V E
V

n~r !eiG•rdr . ~16!

HereG is the reciprocal lattice vector andV is the unit-cell
volume. Experimental diffraction intensity is proportional
ur(G)u2 and associated Debye-Waller factors.78 To find r~G!
for other ODC’s that can be expressed as
(4CuInSe2)x(CuIn5Se8)12x alloy ~see Table VI!, we can use
the approximation that the structure factors of these OD
for the G vectors given in Table IX are the weighted ave
ages of the structure factors of CuInSe2 and CuIn5Se8.

The calculated structure factors for CuIn5Se8 ~Table IX!
contain a~ 1

2
1
2 0! spot, signaling the formation of the~110!

¯Cu-VCu-InCu-VCu-Cū superlattice. It also has a stron
~001! spot reflecting the existence of the~001! vacancy
planes. Since CuIn3Se5 can be viewed as a superposition

FIG. 8. Crystal structure of~a! chalcopyrite CuInSe2 and~b! the
ground state CuIn5Se8. Structure~b! can be derived by forming
defect chain̄ Cu-VCu-InCu-VCu-Cū in the Cu sublattice of struc
ture ~a! along the@110# direction.

TABLE VIII. Deep donor and acceptor ionization energies~in
meV! for CuInSe2, measured by DLTS on Schottky junction
and/or homojunctions. The defect concentrations, if reported,
rather low, in the range of 1012– 1014 cm23. Donors (D) and accep-
tors (A) are given with respect to the CBM and VBM, respective

Type ED3 ED4 ED5 EA3 EA4 EA6 Ref

n 370 41
n 182 335 43
n 350 570 44
p 200 540 41
p 280,320 41
? 250 520 42
? 120–190 260–280 45
p 186 250 520 43
p 220–280 44
p 166–191 276 46
-

a

’s
80% CuIn5Se8 and 20% CuInSe2, the above features shoul
be carried over to CuIn3Se5. Electron diffraction observed by
Xiao, Yang, and Rockett79 indeed suggests that Cu vacanci
form ~001! planes in CuIn3Se5.

There are already a number of x-ray studies of the orde
defect compounds, from which several structure models h
been proposed to describe the ODC.80–87 Our calculations77

suggest that at a given Cu/In ratio, many ODC polytyp
with the same local environment have nearly degenerate
energy~within 8 meV/atom!, growth kinetics, and history o
annealing, and the configuration entropies are likely to c
trol the final structure of the ODC’s.

B. Electronic structure of the ODC’s

To further aid in experimental characterization of t
ODC’s, we calculated their band structures and band offs
We corrected the LDA band gaps for all the ODC’s by t
value of stoichiometric CuInSe2 ~0.87 eV!. We find that for
CuIn5Se8, CuIn3Se5 and Cu3In7Se12 the LDA-corrected band
gaps are 1.34, 1.26, and 1.21 eV, respectively, all larger t
the 1.04-eV gap of CuInSe2. The increase in the band gap o
the ordered defect compounds is caused by a reduced
p-Cu d interband repulsion due to the diminishedd character
attendant upon forming dense, periodic Cu vacancies. T
lowers the VBM of CuIn5Se8.

re

TABLE IX. Calculated magnitude of structure factorsur~G!u
@Eq. ~16!# ~in electron per chalcopyrite cell! of CuInSe2 and
CuIn5Se8. Here,G is the reciprocal lattice vector, in units of 2p/a
~2p/ha for thec axis!, wherea andh;1 are the tetragonal lattice
parameters. Due to the symmetryur(G)u5ur(2G)u and are the
same for allG vectors in a star.

G
CuInSe2
ur~G!u

CuIn5Se8

ur~G!u

0,0,0 292 273
1
2,

1
2,0 5.04

1
2 , 1̄

2 , 1
2

4.66

0,0,1 0.00 20.36

1,0,12
13.05 27.75

0,1,12
13.05 27.58

1
2 , 1

2 ,1 4.00

1,1̄,0 0.00 30.98
1,1,0 0.00 30.93
3
2 , 1̄

2 ,0 15.90

1
2 , 3̄

2 ,0 2.13

1
2 , 1̄

2 , 3̄
2

9.36

3
2 , 1

2 , 1̄
2

8.46

1
2 , 3

2 , 1̄
2

14.55

1,1̄,1̄ 177.51 162.22
1,1,1 177.51 162.76

1,0, 3̄
2

36.08 54.90

0,1, 3̄
2

36.08 54.56
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Figure 9 shows our calculated band structure and den
of states~DOS! of CuInSe2 ~a! and CuIn5Se8 ~b!. The fea-
tures in the DOS are identified according to their ma
atomic characters. For CuInSe2 @Fig. 9~a!#, we see that~i! the
bottom of the valence band~at VBM;213 eV! consists of
mostly Se 4s orbitals, hybridized with the In 4d semicore
states below~not shown!, ~ii ! the bottom of the upper va
lence band~at ;VBM26 eV! has the bonding Ins and Sep
characters,~iii ! the largest peak at VBM2;2 eV is due to
the nonbonding Cud(e2) states, and~iv! most of the upper
valence bands~0–5 eV below the VBM! consists of the hy-
bridized Cud and Sep characters. Thep-d repulsion is very
large in CuInSe2 that a p-d repulsion gap of 0.2 eV is
formed at VBM;22.5 eV @Fig. 9~a!#, which separate the

FIG. 9. Calculated band structure and density of states for~a!
CuInSe2 and ~b! CuIn5Se8. The energy zero is at the VBM. Th
features of the density of states are identified according to t
main atomic characters. Notice thep-d repulsion gap at
VBM;22.5 eV in CuInSe2.
ity

bonding p-d states below and the antibondingp-d states
above. This analysis is substantiated by an inspection of
calculated charge density of the VBM state show in F
10~a!. It indicates that for CuInSe2, the VBM is anantibond-
ing Cu d and Sep state with a node along the Cu-Se bon

FIG. 10. Contour plot of the calculated charge density of
VBM states for~a! CuInSe2 and ~b! CuIn5Se8.

FIG. 11. Contour plot of the calculated total valence cha
density for ~a! CuInSe2 and ~b!–~d! CuIn5Se8. For CuIn5Se8, the
respective results of three atomic planes passing the Cu atom~b!,
the Cu vacancy~c! and the In-on-Cu antisite~d!, are shown.

ir
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For CuIn5Se8 the main character of its DOS@Fig. 9~b!# are
similar to that for CuInSe2 @Fig. 9~a!#, except that the peak
are broadened. The major differences occur at the uppe
lence bands. In CuIn5Se8 three Cu atoms in each unit cell a
replaced by two VCu and one InCu, thus, thep-d hybridiza-
tion ~repulsion! is much weaker in CuIn5Se8 than in
CuInSe2. This weakerp-d repulsion lowers the VBM and
diminishes thep-d repulsion gap observed in CuInSe2. The
charge density of the VBM state in CuIn5Se8 @Fig. 10~b!#
also shows strongerbondingcharacter along the Cu-Se bon
than that in CuInSe2 @Fig. 10~a!#.

Figure 11 depicts the total valence charge density
CuIn5Se8 in three atomic planes passing the Cu atom~b!, the
Cu vacancy~c! and the In-on-Cu antisite~d!, compared with
that of CuInSe2 ~d!. It shows that after the formation of th
(2VCu1InCu) defect array, thechangeof the bonding charge
surrounding the Se atom is small. This is consistent with
small formation energy of CuIn5Se8.

Finally, using a procedure analogous6 to the one em-
ployed in the photoemission core-level spectroscopy,
have calculated the band alignment between CuInSe2 and
CuIn5Se8 ~see the structures in Fig. 8!. We find that the un-
strained VBM of CuIn5Se8 is 0.42 eV lower than that o
CuInSe2, while the CBM of CuIn5Se8 is 0.18 eV lower than
that of CuInSe2. This lowering of the CBM of CuIn5Se8 is
due to a combined effect of the Cu vacancies and InCu anti-
sites. It is relatively small because the effective electrost
potentials of the vacancies and antisites have opposite s

FIG. 12. Calculated band offsets~in eV! between CdS, CuInSe2,
and CuIn3Se5.
-

a-

r

e

e

ic
ns,

thus canceling each other. Band alignment between o
ODC’s and CuInSe2 can be obtained by interpolation of th
values between CuInSe2 and CuIn5Se8. We find that, for
CuIn3Se5 ~x50.2, see Table VI!, its VBM and CBM are 0.34
and 0.17 eV lower than CuInSe2, respectively. This results
are depicted in Fig. 12. Our predictions are in good agr
ment with the recent measurement of Schock and Sto88

who found the the valence- and conduction-band offsets
tween CuInSe2 and CuIn3Se5 are 0.28 and 0.02 eV, respec
tively. We noticed that the actual band offset depend on
CuIn3Se5 crystal structure realized in the experiment.77

VI. SUMMARY

We summarize our results as follows:~i! it is much easier
to form neutral Cu vacancy in CuInSe2 than cation vacancy
in II-VI compounds.~ii ! Defect formation energies are no
fixed constants, but vary considerably with both the el
tronic potential and with the chemical potential of the atom
species. Negative defect formation energies are thus pos
at optimal chemical potentials.~iii ! Defect pairs are abun
dant, and can alter significantly the electric activity in t
sample. Based on~i!–~iii !, we explained~a! the existence of
the off-stoichiometric ordered compounds, as a repeat om
units of (2VCu

2 1InCu
21) pairs for eachn units of CuInSe2. ~b!

We attribute the very efficient self-doping ability of CuInS2
to the exceptionally low formation energy of Cu vacanc
and to the existence of ashallowCu vacancy acceptor leve
~c! The electrically benign character of the large defect po
lation in CuInSe2 is explained in terms of an electronic pa
sivation of the InCu

21 by 2VCu
2 . With new assignments for sev

eral key defect levels, the calculated defect transition ene
levels appear to agree rather well with available experime
data.
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