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We studied the defect physics in CulpSa prototype chalcopyrite semiconductor. We showed (hat
takes much less energy to form a Cu vacancy in Cujisan to form cation vacancies in 11-VI compoungis
defect formation energies vary considerably both with the Fermi energy and with the chemical potential of the
atomic species, andii) the defect pairs such as (gykln%t) and (2Clﬁn’+ln%:) have particularly low
formation energiegunder certain conditions, even exothermidsing (i)—(iii ), we (a) explain the existence of
unusual ordered compounds Cifm, CulnSe, Cwln,Se, and CulnsSe as a repeat of a single unit of
(2V5u+ln(2:t) pairs for eacm=4, 5, 7, and 9 units, respectively, of CulpSéb) attribute the very efficient
p-type self-doping ability of CulnSeto the exceptionally low formation energy of the shallow defect Cu
vacancies;(c) explained in terms of an electronic passivation of thg;lby 2V, the electrically benign
character of the large defect population in CulnS@ur 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 datfS0163-182¢08)01516-1

. INTRODUCTION Cu/In/Se ratio§*° (CulnsSg, CulnSe, CulnsSe, etc),
absent in 1l-VI compounds or their solid solutions such as
CulnSeg is a prototype member of the family of I-lll-¥l  Zn; _,Cd,Se or Zn$_,Se, .
chalcopyrite semiconductotsThe ABX, chalcopyrite crys- b. The ability to dop&CulnSe via native defectdnlike
tal structure resembles the zinc-blende structure in that eadhe II-VI analogue, CulnSecan be doped andp type to a
of the two cationsA andB are coordinated tetrahedrally by low-resistivity level merely via introduction ohative de-
four anionsX, but the anion is coordinated byA2- 2B, with  fects, without extrinsic impurities. Tell, Shay, and Kasper
generally dissimilar nearest-neighbor bond lengfRgyx  noted that eithemp- or n-type CulnSe crystals could be
#Rgx. The unit cell is thus tetragonal. The electronic struc-grown from the melt via stoichiometry control, and Miglio-
ture of bulk chalcopyrite has been studied in some detailtatoet al? and Noufiet al® further investigated this effect,
including the calculated band structures, bonding chargeoting thatp-type samples can be created by making the
densities, and x-ray structure factdithe explanation of why sample Cu poor or via anneal in theaximumSe pressure,
chalcopyrite band gaps are anomalously smaller than in thevhile n-type samples can be made by making the sample Cu
binary 11-VI analogues in terms gd-d repulsion® the analy-  rich, or via anneal irminimumSe pressure. In contrast, the
sis and prediction® of “bond alternation” Ray# Rgx, the  (small off stoichiometry attainable in 1I-VI sulphides and
theory of the order-disorder transition between the orderedelenides often leads tteeplevels, inducing in the sample
chalcopyrite and disordered zinc-blende phasesd the high electrical resistivity. The ability to make andn-type
predictiorf of optical bowing and band offset in chalcopyrite CulnSe leads to the formation of p-n homojunction* and
alloys and interfaces, respectively. eventually to the fabrication of photovoltaic solar cells, re-
To understand the unusual defect physics of this class ofiewed recently in Ref. 15 and in a series of photovoltaics
materials, it is useful to define their chemical analoguesonferenced®-2°
among zinc-blende compounds: In fact, each ternary chal- c. The electrically benign nature of the structural defects.
copyrite has a “binary II-VI analogue” derived by taking the While in Si and in ordinary IlI-V semiconductors, polycrys-
“average cation” of A+B. Thus, ZiX is the binary ana- tallinity leads to a high concentration of electrically active
logue of CuGX, (X=S, Se, and Teand Zn, CdysX is the  (grain-boundary defects that have a very detrimental effect
binary analogue of Cul,, etc. The defect physics of on the performance of optoelectronic devices, polycrystalline
CulnSe shows three unusual effects with respect to the bi-CulnSeg is as good an electronic material as its single-crystal

nary II-VI analogues. counterpartleading to a~17% efficient photovoltaic solar
a. Structural tolerance to large off-stoichiomettynlike  cell?>?3, even though it has many nonstoichiometry defects.
the analogous II-VI pure binarigZnSe, Cd$ CulnSe and The three puzzling effects regarding the defect structure

other chalcopyrites appear to tolerate a large range of aniomf CulnSe are technologically beneficial: they led, in fact, to
to-cation off stoichiometryi.e., samples with a few percent- the utilization of CulnSgin low-cost (i.e., polycrystalling

age of Cu-poor and/or In-poor stoichiometries are sfable  devices®>?2 At the same time, these puzzles also led to at-
The extreme limit of “off stoichiometry” is manifested by tempts to understand these unusual phenomena. Yet, despite
the existence of a series of compounds with differentextensive and successful efforts taracterization of the
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TABLE I. A comparison of the experimental cohesive engigyRefs. 53 and 54and Neumann’s model
calculation of vacancy formation energyH:(V,) (Refs. 51 and 5Rin ternaries and the corresponding
binaries. The results for Z2RCd, sSe are an average of ZnSe and CdSe. Note héiy(V,) in the model
calculation is proportional t&.. The present calculation, using appropriate chemical potential do not show
such proportionality.

CuGaSe ZnSe CulnSg Zny Cdy sSe
E. (eV/bong 1.81 1.32 1.63 1.25
AH{(V,) (eV) 31-34 A=Cu)  ~26(A=zn) 26-32QA=Cu)  ~2.6 (A=Zn)
defect levelsn CulnSe [via electrical measuremerfts,?® (iii) 1t was assumed that only point defects are important;

absorptiort?~3! luminescencé??832-40deep-level transient in a few cases’ the possible importance of defect complexes
spectroscopft~# (DLTS) and other mean$*, very litte  (e.g., Ity +V,) was mentioned.

evidence exists as to the chemical and structigntifica- With these assumptions it was conclutfetf that the
tion of the defect centersroducing those levels. One of the 10-30 meV level seen electricalfy*” and optically*** in
main reasons for the failure to reliably identify these defectn-fich n-type samples is an ¢ shallowgsdonor.; that the
centers in CulnSgis, in our opinion, the methodology used 6080 meV level seen in luminesceft& *both inn-type

in this process: While native defects in ZnSe were identifie?"dP-type materials f§"%°a Vg, donor, that the 2040 meV
through a combination aftructuralandelectroniccharacter-  1€Vel seen in photoluminescendel) (Refs. 12, 34, 35, and

. ’25. .
ization experimentselectron paramagnetic resonance, mag-39) and electricall§**°in n-type materials, 6f the 160 meV

netic circular dichromatism, optically-detected nuclear mag €Ve! seen electrically, i a V, shallow acceptor, etc.
P y g While the pioneering work of Neumann had contributed a

netic resonangewith theoretical energy-level predictions : ; ;

(see reviews, Oe.g., in Ref. )1,8attemptgsyto ider?tify defect 9reat deal to the understanding of defects in CujriBehe

centers in CulnSe(Refs. 15, 23, 25, 26, 30, 34—36, and 1980s, it has the serious shortcoming associated with the use

49-51 followed instead d'ff ’t ' ; A ’ of the Van Vechten model. Nowadays, better approach can
) followed instead a different route. be followed>*~>°In the present work we used first-principles

¢ (tl) First, thet_for;ré%tzlggﬁglnfergles of the I?_ad'tng pof'ntthde'self—consistentelectronic structure theory to calculate the for-
ects were estima rom a generalization ot e 445 energies and electrical transition levels of point de-

cavity model of Van Vechtefreviewed and revised in Ref. fects and defect pairs and arrays in CulnSeOur results

52), using empirical atomic radii and model bond energies a%ontradict the previously accented common pradiieiii
input. In accordance with the fact that the cohesitreus, abov§3'25'26'51iﬁ identify)i/ng po?nt defects in pCulﬁug{ea(Wt)a

bond energy of chalcopyrit@s is larger than that of the find the following
binary analogu® (Table ), Neumann found indeed larger (i) Due to the monovalent nature of Cu as compared with
vacancy formation energies in chalcopyrite relative to II-VIsthe divalent Zn. and due to the weaker Cu-Se than Zn-Se

COT.‘;O;tmdS(T?r?le . d that the f i . covalent bonds, it is muckasierto form a Cu vacancy in
)1t was then assumed that the tformation energies arEuInSQ (i.e., Vg than to form a cation vacancy in IlI-VI

lcovnsltar;'_[f], m?gprens?nrtmofﬂthﬁ crr:e:nlical tﬁoten%?l?ﬁ?d;j Fem(l'ompounds. This result is in contrast with the earlier expec-
evels. The order of formation energies thus obta S tation based on the relative cohesive energies of chalcopy-

Ny <Cly <V eV o <V, <Cl | 1 rites and zinc-blende compoundBable |, suggesting that
Cu=HUn=Vse=Veu=Vin=t4 @ V¢, are more difficult to formhence, less abundant
whereV , denotes a vacancy of atom «; denotes arm-type (i) In accordance with previous first-principles calcula-

interstitial, ande; denotes an antisite of atomon siteg. It tions on defect energetic8;>#¢°-%%put in contradiction with
was also assumed that the defect abundance follow$lEq. Neumanrf>252651 the defect formation energies are not
i.e., that I, Cu,, Vse and \, are the most abundant fixed constants, but vary considerably both with the elec-
defects(in this ordej. Characterization experiments were tronic potential(i.e., the position of the Fermi leveland
then interpreted in light of these expectations, e.g., thgt In with the chemical potential of the atomic species. The order
is the main defect. of formation energies ar@xcluding Vs

Ve<Cup<V|,<Cu<lIng, (Cu rich; In rich; n type),
Veu<Cup<Ing,<Cu<V, (Cu rich; In rich; p type),
VeiVin<Ing,<Cu,<Cu (Cu poor; In rich; n type),
Veu<Ing, <V <Cu,<Cu (Cu poor; In rich; p type),
Cun<V<Vce<Cu<ing, (Cu rich; In poor;n type),

Cun<Vce <Vp<Cu<lng, (Cu rich; In poor; p type), 2
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FIG. 1. LDA calculated formation energies of the low-energy,
neutral defect pairs ifla) GaAs (Refs. 57 and 68 (b) ZnSe(Ref.
58), and(c) CulnSe, as a function of the respective atomic chemi-
cal potentials. For CulnSeA p= (uc,—wmn)/2 and the plot corre-
sponds tous= (ucyt+min)/2=—1 (i.e., theBC line in Fig. 2. The
shaded area highlights negative formation energies.

to be contrasted with the order of E(l) assumed in all
previous analyses of the identity of point defects in CulnSe
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b. The ability to dopeCulnSe via native defectsThe
very efficientp-type self-doping ability of CulnSds a con-
sequence of the low formation energy of the Cu vacancies
and its very shallow defect level~30 meV above the
valence-band maximumas opposed to thdeepercation
vacancy levels in II-VI compounds.

c. The electrically benign nature of the structural defects.
This is explained in terms of the electronic passivation of the
In2! deep level by ¥, We find that the (2¥,+InZ!) pair is
electrically neutral and has nbeepgap levels, and conse-
quently, the ordered defect arrays, e.g., GBh, Culn;Se;,
and Culn;Se,, all have larger band gapd.28, 1.21, and
1.17 eV, respectivelythan CulnSg(1.04 eVj.

IIl. METHOD OF CALCULATION

A. Calculation of the formation and transition energies

We use the supercell approach in which a defedn
charge state is placed in an artificially large Culngeell
that is repeated periodically. The defect-defect distance
equals the dimension of the supercell. The dimension has
thus to be large enough so that thenphysical interaction
among defects in different cells is negligible and that the
position of the Fermi energl (with respect to a reference
energyE;) can be accurately determined.

For a neutral §=0) cation defectwe do not consider

(iii) Pairing of defects can alter the electric activity. For ge_rejated defects in this studin CulnSe the formation

example, an isolated , is a shallow acceptor, while an
isolated I, is a deep donor, but a defect pair based o2V
and Iy, is electrically inactive.

In addition to challenging the basic assumptions common

in the analysis of defects in Culngewe explain puzzles
(a)—(c) as follows.

a. Structural tolerance to large off-stoichiometrfhe
large concentration of off stoichiometry in CulnSis ex-
plained here by the unusual stability of (2@ Inc,). Figure

1 illustrates that forming this defect take less energy than the

energyAH(«,q=0) depends oti*®**the chemical potentials
o

AH¢(a,q=0)=AE(a,q=0)+ncycyt Ninptin,  (3)
where
AE(a,q=0)=E(a,q=0)—E(CuInSe) + nguM
+ s, 4

corresponding lowest-energy defect pairs in GaAs and ZnSedere,E(«,q) is the total energy of a supercell containing the

The figure shows the calculated formation enerjig&%3us-
ing the local-density-functional approximatiqghDA). We
see that in GaAs the lowest-energy defect pair{G#s,)

requires 5.2 eV to form, while the lowest-energy defect pairin forming the defect cell, ang.3'

in ZnSe, i.e., (\},+S&,) requires~6 eV to form. In con-
trast, in CulnSgthe formation of (2\¢,+In2) at the opti-
mal chemical potential is-1.46 eV. Furthermore, there is a

defect,E(CulnSe) is the total energy for the same supercell
in the absence of the defect, thés are the numbers of Cu
and In atoms transferred from the supercell to the reservoirs
2old and w2 are the total
energy of ground-state solid Qicc) and solid In(tetrago-
nal).
To calculate the formation energy of charged defects such

strong interaction between the components of the defeas Vi, we need to transfer an electron from an electron
pairs, lowering significantly the pair formation energy. Forreservoir and place it on the defect. Thus, the formation en-

instance, charging of (&(+In,) to form (2Vg,+In2,
lowers the minimum formation energy from-1.46 to

ergyAH;(a,q) for a charged defect depends on the absolute
Fermi energyE; + Eg of the electron reservoir. Hefs is the

—5.67 eV/pair. Finally, there is also an interaction amongreference energy ang is the Fermi energy relative to the
different defect pairs in a dense defect array. For examplgeference. In a supercell calculatiohH(«,q) is given by

the interaction between different (2y+InZ) units is ~

—0.4 eV/pair, thus lowering the formation energy of the pe- AHi(@,q)=AH(a,q=0)+ 6E(CulnSg, —q) + 6E(a,q)

riodically repeated arrays to around6.1 eV/pair. This low

formation energy explains the existence of the unusual “or-

dered defect compounds(ODC'’s) CulnsSg, CulnsSe,,
Cwln,Se, and CudinsSey, as a repeat of a single
(2V¢g,t+Ingy) unit for eachn=4, 5, 7, and 9 units, respec-
tively of CulnSe.

+qEg. (5)

The second term on the right-hand side of E9). is the
difference between the reference energy level of the defect-
free CulnSe given by the one-particle eigenvalues(e.g.,
i=VBM or CBM, where VBM is valence-band maximum
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and CBM is conduction-band minimymand the energy
level determined from total-energy calculatio&s, Specifi-
cally,

SE(CuInSe,—q)=EN*9(CulnSg) — EN(CulnSe)

—q(&—Ey), (6)

Here,EN)(CulnSe) =E(CulnSeg) is the total energy of the
(defect-freg N-electron host. Fog<O0 (i.e., « is an acceptor
and usuallyi =VBM), EN-19)(CuInSe) is the total energy
of the CulnSe with |g| holes in the valence-band maximum
(usually at thel™ point) and|q| electron in the reservoirep-
resented by “jellium” having an eigenvaluee;_\gy -
For g>0 (i.e., @ is a donor and usuallyi=CBM),
E(NT9(CuInSe) is the total energy of the Culn$evith q
electrons in the CBM ang hole in the reservoir having an
eigenvalues;_cgy - Notice that, taking the supercell and the
jellium reservoir as a wholeEN*9(CulnSg) is still the
total energy of arN-electron system. In a supercell calcula-
tion, SE(CulnSe,—q) is usually small for ordinary semi-
conductors such as GaAs and ZnSe((03 eV), thus is of-
ten neglected. However, for semiconductors with localided

character at the VBM, this term can be large. For example, in

CulnSe SE(CulnSe,—1)=0.25 eV, thus it has to be in-
cluded in our calculation.
Taking the third term on the right-hand side of Ef),

()

Here,EM)(a,q=0)=E(a,q=0) is the total energy of the
neutral defect withM electrons. EM~9(«,q) is the total
energy of defectr with |g| electron removed frontfor g
>0) or added tafor q<<0) the defect level and compensat-
ing electrons placed in a reservairepresented by “jel-
lium™), having eigenvalue;. Notice that, taking the super-

SE(a,q)=EM~V(a,q)—EM(a,q=0).
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FIG. 2. The calculated stability triangle of the Cu-In-Se systems
[Egs.(9) and(10)] in the ucy,mn plane. The vertices correspond to
(A) Curich, Inrich; ) Cu poor, In rich, and€) Cu rich, In poor,
respectively.

conduction-band minimumBEc), and{uc,.un} are bound

by (i) the values that will cause precipitation of solid elemen-
tal Cu, In, and Se, so that

9

(i) by the values that maintain a stable Culp8empound,
so that

eSO, w0, uss0;

eyt mint2use=AH(CulnSe), (10

where AH;(CulnSg)=—2.0 eV is the calculated formation

cell and the jellium background as a whole, we still have arenergy of solid CulnSg and (iii) by the values that will
M-electron system. Since in a periodic supercell calculatiortause formation of binaries, so that
the potential is determined only up to a constant, we need to

make sure that the reference eigenvaleeased in the cal-
culations are the same with or without the defdces, fixed
with, e.g., vacuum level This is done by requiring that all of

the calculations are performed using the same supercell and

samek-point sampling and by lining up the core levels of
those atoms that are far away from the defect in the defe
cell with the same core levels of the defect-free cell.

The defect transition energy leve),(q/q’) is defined as
the value of the Fermi level where the formation energy of
equals that ofy’, i.e.,

€.(0/9")=[AE(a,q)~AE(a,q")]/(d"~q).  (8)

MR

2pint 3pusesAH(IN,Sey),

2pcyt msesAH{(CL,Se), 11
here our calculatedAH; (tetragonal 1pSe)=-2.1eV

ef. 69 andAH;(Cu,Se=-0.3 eV, respectively. Figure 2
gives the calculated “stability triangle” in the two-
dimensional fuc,,mn) plane as defined by Eq@) and(10).

The vertices aréA (the Cu-rich and In-rich limjt B (the
Cu-poor and In-rich limit, andC (the Cu-rich and In-poor
limit). Equation(11) defines the regions where,Bg; and
Cuw,Se are stable. The stability regions for ordered defect

W

The formation energy of an ordered defect array is als@frays shown inside the triangle of Fig. 2 will be discussed

calculated using Eq3). However, in this case, the equilib-
rium unit-cell volume is determined by total-energy minimi-

zation. In contrast, for isolated defects and isolated defect

pairs, the unit-cell volume is fixed, equal to that of defect-
free CulnSe.

B. Limits on Fermi energy and atomic chemical potentials

There are some thermodynamic limits {@,Eg): Eg is
bound between the valence-band maximuliy)( and the

later in Sec. Il B.

C. Computational details

We calculatedAH(«a,q) for a=V¢, Vin, INcw Cup,
and Cuy using a supercell approach where a uniform charge
density ofp=—q/Q . is added to the unit cell of volume
Qe SO that the whole system is charge neutral. We place
defecta at the center of a 32-atom tetragonal supercell with
lattice vectors (1,1,, (—1,1,0)a, and (0,0,2)a, where
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TABLE II. Defect formation energies in term &fE(«,q) in Eqg. (3) and defect transition levels,(g/q")
of Eq. (8). Thenc, andn,, are the numbers of Cu and In atoms andis the number of excess electrons,
transferred from the defect-free crystal to the reservoirs to form one defect.

Defecta AE(a,q) (eV) Ncy Nin q
. 0.60 0
+1
Vey 0.63 0 -1
Defect transition level: { /0)=E,+0.03 eV
Vo 3.04 0
Vi, 3.21 -1
+
. 3.62 0 1 -2
. 4.29 -3
Defect transition levels: /0)=E,+0.17 eV, (2-/-)=Ey+0.41eV; (3-/2-)=E,+0.67 eV
ck 1.54 0
Cup, 1.83 -1 +1 -1
CW, 241 -2
Defect transition levels: {/0)=E,+0.29 eV, (2-/-)=E,+0.58 eV
I, 1.85 +2
Ing, 2.55 +1 -1 +1
I, 3.34 0
Defect transition levels: (6/)=E-—0.25eV; (+/2+)=E:—0.34 eV
+
Cuy 2.04 1 0 +1
cy 2.88 0

Defect transition level: (O#)=E-—0.20 eV

a=5.768 A and p=c/a=1.008 are the calculated lattice source of error is the limited accuracy of the LDA in calcu-
constants for CulnSe The total energie€ in Eq. (5) are lating the heats of formation<(0.05 eV/atom).(iii) The
calculated using the LDA as implemented by the generathird source of error is the unphysical cell-cell interaction in
potential linearized augmented plane-waveLAPW)  the 32-atom supercell. To estimate it, we assume that the
method®® The same muffin-tin radius of 2.2 a.u. is used forlong-range Coulomb interaction among charged defects
Cu, In, and Se. The basis set cut-off energy is 10 Ry. Welominates the cell-cell interaction. Using a dielectric con-
used the Ceperley-Alder exchange correlation potéitad  stant ofe= 162 the cell-cell interaction energy is estimated
parametrized by Perdew and Zun§®fThe core states are to be less thart0.1 eV. (iv) The fourth source of error is the
treated relativistically, while the valence states are treatedtomic relaxations forq#0 including the symmetry-
nonrelativistically. In a scalar relativistic or fully relativistic breaking Jahn-Teller effect. We did not find any Jahn-Teller
approach, the Culn$dand gap is negative. The nonrelativ- effect here, which could be due to the general restriction of
istic direct band gap is 0.17 eV. This LDA band-gap errorthe LDA formalism. Otherwise, relaxation far#0 is esti-
[the experimental gap is 1.04 efRef. 69] is corrected by mated to lower the defect formation energy by less than 0.05
adding a constant energy shift of 1.04—0=10.87 eV to the eV. Thus, the total uncertainty in the calculated defect for-
conduction states so as to match the experimental gap. Famation energy is less than 0.2 eV. The uncertainty in point
isolated defects and defect pairs, we assume that the energgfect transition energy levels is0.05 eV, and+0.1 eV for
levels of the acceptorlike defects follow the VBM and aredefect pairs. The uncertainty in determining the transition
thus unchanged while donorlike defect levels follow theenergy levels comes mainly from the difficulty in determin-
CBM and are thus shifted upward by the same amount as theg the valence- and conduction-band edges in the defect-
band gap. Defect formation energies were corrected accordontaining 32-atom supercell.

ingly, e.g., we did not add any correction to the formation

energies of the Cu vacancies, but added0087 eV to Ii§;,,

1x0.87 eV to If,, and 2<0.87 eV to i}, respectively. lll. DEFECT FORMATION ENERGIES
The Brillouin-zone integration is performed using the

equivalentk points® of the 10 speciak points in the irre- A. Formation energies of isolated point defects

ducible zinc-blende Brillouin zone. The atomic positions Table Il lists the point defect formation energies
were fully relaxed for theg=0 charge state, but no further AH:(«,q) in terms ofAE(«,q), n¢y, Ny, @andq, as in Eq.
relaxation was attempted fay# 0. (3), and the defect transition energy levelq/q’) [Eq. (8)].

The computational error for defect formation energy isThe chemical potential and the Fermi-energy dependence of
estimated as followsi) The first source of error is the basis- the defect formation energy depicted in Table Il are shown
set cutoff energy of 10 Ry used in the calculation, whichgraphically in Figs. 3 and 4, respectively. We see from the
introduces an error 0f<0.03 eV/atom. (ii) The second figures and Table Il the following.
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A B c A value ofEg is the defect transition energy,(g/q’) defined
T R T in Eq. (8). [Later, in Sec. IV, we will compare the calculated
s L 1 {8) &= Conduction Band Minimum 7" ’ . .

€,(9/q") with experiment]
T T T 1 (iii) Some of the formation energies of single neutral de-
s p T Ing, T Cuf—— fects in CulnSe are extraordinary low, e.g.,
2 f 1 T 1 AH{(VQ)=-1.4eV(atB) andAH(C{)=-0.5eV(atC).
! v A In particular, the formation energy of the neutral Cu vacancy

is significantly lower than neutral vacancy formation ener-
gies for cations in II-VI compounds. Botlia) E(«,q)
—E(CulnSe) and(b) xin Eq. (3) contribute to the low
AH{(V2): (a) The lowE(«a,q)— E(CulnSe) has two rea-
sons(“ionic” and “covalent” ). The ionic reason is that Cu
is monovalent, while cations in 1l-VI compounds are diva-
lent, so the point-ioriMadelung contribution to the removal
energy of the cation is larger in 1I-VI compounds. The cova-
——cu lent reason is that the Cu-Se bond is easier to break than that
ol e 1 of Zn-Se because the Cyp4nergy is higher than the Zrp4
energy(thus the Cu-Se bond is less covajemturthermore,
the formation ofsp® hybrids costs more energy in CulnSe
This is so because the high-lying Cul ®rbital (relative to
J the Zn 3 orbital) repels the Se @ orbital to higher energy*
thus raising the SesA-4p promotion energy(b) The low
p& originates from the fact that solid Cu is more stable
FIG. 3. Formation energig&q. (3)] of Ve, Vin, Incw, Cu,, and ,usc‘fj"d: — Econesive —3-49 eV(Ref. 72] than either solid In
Cu, as a function of the chemical potentiase,, uc—mn, @and  [—2.52 eV (Ref. 72] or solid Zn[—1.35 eV (Ref. 72] for
min With the Fermi energ¥eg at the conduction-band minimuta) Vg, in ZnSe’3
and aF the valence-band .maximL(b). The shaded area highlights (iv) The crucial dependence afH; on the atomic chemi-
negative formation energies. cal potentials and the Fermi levels was not addressed in pre-
vious calculation® 26334 and discussiorts3*°! of defects
in CulnSe. Table Ill compares our calculated formation en-
ergies in terms of the lower bound, the upper bound, the

A b h ¢ B average value, and the range of variation with those of
H(Cuy) can vary by as much as 4 eV from poBitto C.  Noymanr?! We see that besides missing the important varia-

(ii) The formatioq energies also have a Significaqt de.penﬁon of ~5 eV due to changes in the chemical potentials and
dence on the Fermi energy. In general, as shown in Fig. 4cormi energy, Neumann's results sometimes are also very
acceptor states such ag,Morm more easily im-type ma- jterent from our calculated average values. For example,
terial, while donor states such astjnform more easily in  Neumann’s formation energy for the Cu vacancy is about 3.5
p-type material. The solid dots in Fig. 4 denote points wheresy higher than our calculated average value. This discrep-
the slope ofAH¢(a,q) versusq changes; the corresponding ancy is due, in part, to the fact that in Neumann’s calculation

atomic Cu was used as reference reservoir. As we discussed
i in Sec. Il B, the correct limit of the Cu chemical potential is
the solid form of Cu.

5 L 1 (b) &e = Valence Band Maximum

Defect Formation Energy (eV)

Heu - Hin T

Chemical Potentials (eV)

(i) The relative stability of various defects depends criti-
cally on the chemical potentialssee Fig. 3 AH:(V¢y)
can vary by as much as 2 eV from poiAt to B, and

T T T T T T T T T T T T

[ ‘ A: Cu-rich; In-rich ‘ T } B: Cu-poor; In-rich ‘ T ‘ C: Cu-rich; In-poor |

5r ali QT |nCu/.h y

4 B /®/CUi /@/
)

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

We will discuss association of defects in three steps:

AH¢(a+ B)=AHpeygrart OHingt 6Horg- (12

Here, AH oural IS the formation energy of neutral, noninter-
| acting defectsr and 8. 6H,,; is the change in energy when
and B are located next to each other to form a defect pair.
| \@\ L ] S6H,qis the ordering energy, i.e., the change in energy when
0 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1 the defect pairs form an ordered array.
Electron Fermi Energy (eV)

Defect Formation Energy (eV)

) ) 1. A pair with noninteracting (neutral) constituentsAH cytral
FIG. 4. Formation energid&q. (3)] of Vcy, Vin, INcy Cup, and

Cu, as a function of the electron Fermi enerBy at chemical Figures 3 and 4 reveal the coexistence of several low-
potentialsA, B, andC shown in Fig. 2. Charge statg(in circleg ~ €nergy point defects of opposite charges at the samand

determines the slopes of each line segment. The shaded area higi- This signals the possibility of association of defects and
lights negative formation energies. Solid dots denote values-of the formation of charge-compensated defect pairs of low en-
where transition between charge states occurs. ergies. The first three lines of Table IV give, for a few asso-
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TABLE lll. The lower and upper bounds, the average value, and the range of variation of the calculated
point defect formation energiém eV) in CulnSe. The corresponding chemical potentials and Fermi energy
for the lower and upper bounds are given in parenthéses Fig. 2 for notation#\, B, and C). For
comparison, the results of Neuma(Ref. 5 are also shown.

Defect Lower bound Upper bound Average Range Neumann
Veu —-241 (B,Ep) 0.63 (A-C,Ey) -0.89 3.04 2.6
Vin —-0.83 (C,Ep) 429 (A-B,Ey) 1.73 5.12 2.8
Cuy, -1.67 (C,Ep) 441 @B.Ey) 1.37 6.08 15
Incy -0.15 @B.Ey) 593 (C,Eq) 2.89 6.08 1.4
Cu 2.04 (A-C.,E) 5.08 (B.Ec) 3.56 3.04 4.4
ciated defect pairs, the formation energyH eutral SHim=AH(a%+ B~ H—AH(a®)—AH{( 8%, (13

=AH¢(a)+AH(B) of neutral, noninteracting defects
and B at the chemical potentials, B, and C. Notable in
Table IV are the low formation energy extrema of the non-
interacting vacancyantisite complexes: (2Y+In2) of
—1.46 eV atB. Also, the neutral antisite pairs (&uIn2)
have a(chemical potential independerenergy of 4.88 eV.

between the cell containing the charged, interacting pair and
two cells containing one defect ea¢tus, noninteracting
Total-energy minimization shows théourth line in Table

IV) 6H;y is between—4.2 and— 2.0 eV. Note that the en-
ergy AHjeurar SHie Of the antisite pair (Cfj +InZ,
dropped to only 0.65 eV, and that this energy for

2. A pair with interacting (charged) constituentssH (2Vg, +Ing)) is —5.67 eV atB. _ N
In reality, two defects, located at nearby positions in the. We have analyzed the physical origins &y by break-

oo . 2+
crystal, can lower considerably their formation energymg| it into the three term&a)—(c) above: For (2¥,+Inc,),

through interaction. The interaction includgs charge com- for example, oHi,=—4.21 eV of which(a) the transfer of

pensation, i.e., transfer of electrons from donor to acceptorrWo electrons from the high-energydndonor level to low-

levels, (b) subsequent Coulomb attraction between theSNeray \t, acceptor level contributes-—1.4 eV (this is

charge defects, an@) atomic relaxations driven by, for ex- smaller than twice the band-gap Vall.Je sincgqlis not a
ample, strain relief in case of size mismatch. To find theShaIIOW Ieye], (b) a strong electrostatlc.attractlon bg;ween
stable structure of the interacting defect pairs, we conside e ensuing charged . defects . contnbutes_,. addltlor)ally,
pair configurations that maximize the point-ion Coulomb in- " —2.5eV, and(c) atomic relaxation upon pairing contrib-
teraction and strain relaxation. The final defect pair geometry/t€S ~0-3€V. . . .
is obtained by minimizing the quantum-mechaniéabA) Itis mtertistm%;co compare the_ antisite-pair f9rmat2|(3n en-
forces on all the atoms inside the unit cell. Figute)Shows €9y of (C4, +Ing,) in CulnSe with that _Of_(Gés“LASGa
the schematic geometry for (ﬁ:quZCq*) in which two cu N GaAs. Such antisite pairs are the building blocks of ran-
interstitials are collinear with the Guantisite. Figure &) gict)ems ?grorr):isr; eég‘.‘,Zirr?g %?gr‘]j:Psﬂgggb Orn)csuea\r/]\?elfri]n%ntk?:tuon
shows the schematic geometry for (R 1n2)) where the formin (C%f‘+ln2+ o CuFI)nS cc,)sts 665 eV/pair
two Cu vacancies are fcc nearest neighbors of the amti- 9 n Cul P © ’ p '
site and third fcc neighbors between themselves. whereas fo_rmlng ( 7+£sea) " GaAs_ CO-StS much higher
The interaction energy made of contributiot@—(c)  €Neray, being 1.8 eV.”° Full randomization of a crystal

noted abovesH,, is calculatedusing the 32-atom supercell Usually costs much less energy than the formation of a single
as the difference antisite pair due to pair-pair interaction. It has been sh&tn,

for example, that randomization of the GaAs lattice costs
only 0.72 eV/pair. For CulnSehe randomization energy is
2V, + InZ, only about 0.2 eV/paif® Thus, a disordered “zinc-blende”

(Cu, InSe phase is expected to be stable at relatively low
temperatures+810 °C), unlike GaAs that stays ordered un-
til it melts.

(a) Single pair of (b) Single pair of
Cu +2Cu}

3. Defect pair ordering:oH 4,4

Defect pairs whose components are charged may order at
low temperature in a low-energy configuration to gain the
Madelung energy. The formation reaction of the ordered ar-
rays of the (2\%,+InZ!) defect pairs can be written as

n(CulnSg) + m(In)— Cun— 3m)IN(n+ m S&n+3M(Cu)

FIG. 5. Calculated minimum Madelung energy configurations of —AH¢(n,m), (14
the isolated defect pairga) the (Cy,+2Cy) pair and (b) the
(2Ve,+Ingy) pair. The actual supercell used in our calculation iswherem=1,2,3 ... andn=3,4,5 ..., andwhere(In) and

twice as large as shown here. (Cu) denote In and Cu in their respective equilibrium chemi-
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TABLE IV. The calculated formation energied\H cuial TABLE VI. Comparison between the predicted “ordered defect
=AH(a)+AH{(B) (in eV) of noninteractingneutral defects, the  compounds” made by repeating one unmit€1) of (2V5u+ln§t
intrapair interaction energiedH;,, and the pair-pair ordering ener- for everyn units of CulnSe[Eq. (14)] and the observed series of
gies Hy¢(n,m=1) at chemical potentiald, B, andC shown in  compounds(Ref. 10. The valuex is deduced by expressing the

Fig. 2. ODC in the first column in terms of a (4CulnggCulnsSey) 1y
alloy.
22 +1n,  cw+2cd  ve+cd I +Cd
Predicted Observe(Ref. 5
4.54A) 7.30A) 3.48(A) 4.88A) On tie-line n X On tie-line Off tie-line
AH peutral -1.46B8)  13.30B8) 3.48B)  4.88(B)
6.54(C) 5.30(C) 3.48(C)  4.88(C) CulnsSe, 4 0.00 CulRSey
CulngSey 5 0.20 CulRSe
SHiny -4.21 —-4.19 -1.96 —-4.23 Cuin S, 6 0.33 CulnSe,
OHog ~ ~—043 Cwin,Se 7 043  CulnSe
CuslngSeg 8 0.50 CulngSe
cal reservoirs. The search for the minimum-energy configu&t!NsS® 9 056 CuinsSey
CuIny;Seyg 10  0.60

ration (see discussion in Sec. V A belpvndicated that at-
oms on the Cu sublattice form alternative CUlNeSen 11 063 CyineSey,
-+CU-VgIng Ve, -Cu -+ planes along th€110 directions.
Table IV shows the pair-pair ordering ener n,m . . . )
for m=1 for the mosi3 stagle structurg. We c?zllgadl(aﬂdo,)d as resulting from repetition ofn units of (2 *Ingy) in
by subtracting from the LAPW total energy of the defect€veryn units of CuinSe. These are CuySeg (n=4, m=1),
array the LAPW total energy of isolated interacting CulnSe (n=5 m=1), Cwln,Se (n=7,m=1), and

(2Vg,+InZ) pair, ie., CwglnsSe (n=9, m=1). In addition, in light of the low for-
mation energy of the neutral Cu vacan&jigs. 3 and 4 we
5H0rd(n,m)=AHf(n,m)—Hf(2V5u+|n(2:t _ (15) can rationalize the stabilities of the three observed off-tie-

line compounds: Cukl®e, CwingSes and CylngSe, as

SHqg(n, m=1) depends weakly on with an average value emerging from the creation of 2, 1, and 1 Cu vacancies per
of ~—0.4eV. molecule in the on-tie-line compounds LwSe, (N=6, m

We can see from Table IV that the sum of interaction and=1), CwsIngSeg (N=8, m=1), and CulngSe;; (n=11, m
ordering energiesSH;,+ H,4 for the defect pair array =1), respectively. Thus, the observed ODC's have a simple
(2Vg,+InZ)) is about—4.64 eV, which cancels most of the explanation in terms of defect physics.
(positivel formation energy of the isolated noninteracting
pair:  2AH{(V2)+AH(Ind,)=4.54 eV at pointA in Fig. IV. DEFECT TRANSITION ENERGY LEVELS
2. Table V shows the formation energié#i;(n, m=1) for
a few ordered arrays of (2y+In2/) for the chemical po- ) -
tentialsA, B, andC, respectively. We see thapontaneous Figure 6 and Table Il show the calculated defe.ct transition
formation of stable defect arrays is predictdthe horizontal ~ €nergy levelse,(q/q’) of Eq. (8). We see from Fig. 6 that
arrows in Fig. 2 point to the chemical potential domainsthe Cu vacancy has a shallow acceptor lek¢t/0)=Ey
where these ODC'’s will be thermodynamically stable. +0.03 eV, the In vacancy has a somewhat deeper level at

Table VI lists the predicted ODC'’s that haveH (n,m) E(—/0)= Ey+0.17 eVv. All other defect levels are relatively
<0. This list is compared with the observed series ofdeep, including the two In vacancy acceptor levels at 0.41
ODC's!® We find that the experimental ODC'’s can be di-
vided into two classes: those that are on thgSeulnSe; tie
line, i.e., the compounds can be written as
(CuSe) (In,Sey); —y with Osy<1 (Table VI, fourth col-
umn) and those that are ndgfable VI, fifth column. We
predict the stability of all the In-rich on-tie-line compounds

A. Calculated transition energies

o) (+/24)

TABLE V. Calculated formation energiesAH;(n,m=1) 3
=AH peyral ) + SHing+ SHog Of EQ. (12) (in eV) of the ordered B
arrays ofn units of (2Vg,+InZ;,) for every m units of CulnSe. @
SHog(n,m=1) are—0.43,—0.45, and—0.46 eV forn=4, 5, and _
6, respectively, whiledH;,; and AH . o ) are taken from the
second column of Table IV.

06 - @r

@)

n m=A u=B u=C
CulnsSe; 4 —0.10 —6.10 1.90 FIG. 6. Calculated defect transition energy levels, corresponding
Culn;Se 5 -0.12 —-6.12 1.88 to the filled dots in Fig. 4. These defect levels are defined by&q.
CwIn;Se, 6 -0.13 -6.13 1.87 and their exact values are given in Table Il. The corresponding

charge states for these transitions are given in parentheses.
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and 0.67 eV abové&,,, respectively. The Gy antisite also (a) THEORY ‘ [(b) EXPERIMENT

has two deep acceptor levels at 0.29 and 0.58 eV akgve J o
The deep donors in Culngare the I, antisite with two - 7 oz 7
levels 0.25 and 0.34 eV, and the Cu interstitial with one level
at 0.20 eV belowE, respectively. Cu (0/4) D3

For the isolated interacting 2y~+In2/, pair, we find that - |nc;(o/+) — n
the pairing pushes up the deeplevels to positions much
closer to the conduction-band minimum. So thg llevels in - "1,°(+/2:'3 ... 1 D4 7
the pair are no longer harmful electron traps. This, combined e (] Donor
with the fact of very low formation energy for this pair,
explains the surprising electric tolerance of Culp$e a
large amount of structural defeésWe also calculated the
(0/+) transition energy for (Ig,+V¢,) and find that it has a
donor level located a@E-—0.20 eV.

The calculated Cu vacancy leve(—/0)=E,,+0.03 eV [~ Cu,(-0)
is considerably shallower than that of timvalentdouble
acceptorE(2—/—)=Ey+0.47 eV of the Zn vacancy in ¥
ZnSe. The measurdgl(2—/—) level of the Zn vacancy is n
E\,+0.66 eV. The difference between the calculated and
measured values here may be accounted for by Jahn-Teller @ o.0 ‘
distortion not considered in the calculation. One reason for 0 0 2
the difference between ] and \4, is that theE(2—/—) Number of Experiments

level Qf the Zn vacancy is p_UShed up by E$—(O) level. FIG. 7. Defect transition energy levels frofa) the current

More importantly, however, in Culng¢he VBM is pushed  theory and(b) experimentsitaken from Tables VI and V)l The

considerably higher by the repulsion between @ua®d Se  filled bars indicate acceptor levels while the open ones indicate

4p levels’ than the VBM of ZnSe. Thus, the VBM of the donor levels. In(b), the horizontal axis indicates the number of

CulnSe is much closer to the defect level. publications that have made these assignments and the widths of the
histograms indicate the spread of the experimental values. A similar
histogram plot for experimental data has been gi(Ref. 89 ear-

B. Comparison of the calculated and measured transition lier by Daganet al.
energies

In Fig. 7, our predicted defect transition levég. 7@] Ncu (Refs. 39 and 76and Cy.> Our calculations do not
are compared with experimental dfiFdg. 7(b)], tabulated in ~ SUPPOrt these assignmeritsig. 7).
Tables VII and VIII, respectively. Table VII contains the (i) The shallow donor level®1 andD2 are not as-
results from various experimental methods including electriSigned from the above calculations. However, it has been
cal measurements, electrical absorption and photoconductigPeculated that § (which was not calculated herés re-
ity, photovoltage, optical absorption, and photolumines-Sponsible for thed1 level®***The D2 level may be caused
cence. These types of measurements in most cases detd?, the (O/) transition of the (lg,+Vc,) pair or by Vs,
however, only the shallow levels. Table VIl contains, on the(+/2+). On the other hand, thA2 level could be the
other hand, the most recent DLTS measurements on dedp/0) transition of the (Cy+Cu) pair. The uncertainty
levels in CulnSg The scattering of the data in Tables VII (—~=*0.1eV) in the current calculation for defect pair energy
and VIII is represented in Fig.() by the width of the his- levels makes it difficult to make a definitive conclusion.
togram, whereas the height of the histogram indicates the (iv) The calculated Y,(3—/2—) level is yet to be as-
number of experiments reporting that defect level. Comparsigned experimentally. This level is characterized by its
ing Figs. 1a) and 7b), we see the following. deep position inside the band gap and a high charge state

(i) Our calculated defect levels are in good accord with(3—/2—).
experiment, especially those of low ionizations, i.e-/Q)
or (0/+). Thus, the calculated )(—/0) acceptor level cor- V. PROPERTIES OF THE ODC'S
responds to the observedl level; the \{,(—/0) level cor- ,
responds to thA3 level; the Cy,(—/0) level corresponds to A. Crystal structure of the ODC's
the A4 level and the \,(2—/—) level corresponds to th&b5 Our search of stable crystal structure of ODC'’s is guided
level. The Cy,(2—/-) level, within the uncertainty of the by the model electrostatic energy calculation and by consid-
calculation, could be theA\6 level. For donors, both the eration of the octet rule. We adopt the following rulés).
Cu(0/+) and In;(0/+) levels may be responsible for the Minimum Madelung energy. In calculating Madelung ener-
measured3 level, which has a broad range 6f90 meV. gies, we assume nominal charge, i.ec ,MCu, In, and Se of
The Incy(+/2+) level corresponds to the4 level. 0, 1, 3, and— 2, respectively(b) Minimal deviations from

(i) A number of our assignments of the defect levels arehe octet rule. There are four catiofiscluding possibly \,)
different from those in previous literature, including ttiat ~ on the four vertices of the tetrahedron surrounding each Se
the Al level was assigned to,\/?® (b) the Al level was atom. To minimize the deviation from the octet ryksight
assigned to Gy, "® and(c) theD1 level was assigned to both valence electrons for the four cationthe sum of the cation

CBM

Cu, (2-/-)  ve—— HE Acceptor

05 |- _
F D5

O RA E—
.

Fermi Energy (eV)
»
[+

VBM
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TABLE VII. Observed donor and acceptor ionization enerdies meV) for CulnSe, measured by
various means. Data compiled in Ref. 76 are included. Under the column heading “Method,” “Elect.”
denotes electrical measurement, “Opt. abs.” denotes optical absorption, PL denotes photoluminescence, PC
denotes photoconductivity measurement, and PV denotes photovoltage measurement. Dpaoesnjea-
sured with respect to the CBM, while acceptofs (@re given with respect to VBM.

Method Ep, Ep» Eps Ear Eao Eas Ens Ref.
n-type samples:
Elect. 10 220 23
Elect. 12 180 24
Elect. 7 25
Elect. 5 80 26
Elect. 6 27
Elect+PL 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

electrongdenoted ak) should be either 7, 8, or 9. There are unit cell. In this case, the In and Se sublattices are unper-
therefore only three types of local tetrahedral cationic clusturbed while atoms on the Cu sublattice form alternative
ters around each Se: M Cut2in (k=7), 2Cut2In (K ---Cu-VeIng, Ve, Cu -+ planes along th¢110] direction.
=8), and \g,+3In (k=9). Thek=7 and k=9 clusters Our first-principles total-energy calculations confirmed that
must occur in equal numbers to maintain charge neutrality ofhese are indeed the lowest-energy struct(téowever, we
the overall system. In addition, since tke7 and 9 clusters also find that as long as two crystal structures have the same
are oppositely charged, they need to be close to each other kncal environmenti.e., the same type of tetrahedral clusters
enhance mutual Coulomb attractions. the energy difference between the two structures will be very
Using these rules, any “on-tie-line ODC(Table V) rep-  small/’ For example, CulnSein the CuAu structure has
resents a weighted distribution of the three clusters. For exenly thek= 8 tetrahedral clusters, same as the CujniS¢he
amples, CulnSgin the chalcopyrite structure consists of chalcopyrite structure. We find that its total energy is only
100% of thek=8 clusters; CulgSe; consists of 50% of the slightly higher (~2 meV/atom) than the chalcopyrite struc-
k=7 and 50% of th&=9 clusters; CulgSe; has 20% of the ture. The LDA calculations here do not involve any approxi-
k=8 cluster and 40% each of the=7 andk=9 clusters, mations used for isolated defects and defect p&@ex. Il O
etc. and are thus accurate to within 0.5 meV/atom. Similarly, the
Following the rule above, we find that for stoichiometric LDA ordering energy of ODC’'Ysee beloy are also more
CulnSe the chalcopyrite structurd=ig. 8@)] has the lowest accurate than the energy of isolated defects.
energy, while for CulgSe, the lowest-energy order defect  The calculated lattice constant of CyB®, is 5.715 A,
compounds has the structure shown in Figp)8This struc-  which is about 1% smaller than the calculated lattice con-
ture can be obtained from chalcopyrite Culn®y having stant of CulnSg We find that in this ODC structure the
one (2\g,+Ing,) defect pair in every 16-atom Gn,Se;  Cu-Se and In-Se bond lengths are similar to their ideal val-
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TABLE VIII. Deep donor and acceptor ionization energi@s TABLE IX. Calculated magnitude of structure factojs(G)|
meV) for CulnSg, measured by DLTS on Schottky junctions [Eq. (16)] (in electron per chalcopyrite cgllof CulnSe and
and/or homojunctions. The defect concentrations, if reported, ar€uln;Se;. Here,G is the reciprocal lattice vector, in units ofi2a
rather low, in the range of £8-10"* cm™3. Donors 0) and accep-  (2#/ na for thec axis), wherea and ~ 1 are the tetragonal lattice
tors (A) are given with respect to the CBM and VBM, respectively. parameters. Due to the symmety(G)|=|p(—G)| and are the
same for allG vectors in a star.

Type Eps Eps Eps Enas Ens Ens Ref
CulnSe CulnsSey
M woe p(G) p(G)|
n 350 570 44 0,0,0 292 273
p 200 540 41 ilo 5.04
p 280,320 41 111 4.66
[o) 2y 292
' 250 82042 g4, 0.00 20.36
? 120-190 260-280 45 L 13.05 27.75
p 186 250 520 43 1,03 ' '
p 220-280 44 011 13.05 27.58
p 166-191 276 46 114 4.00
1,10 0.00 30.98
. . . . 1,1,0 0.00 30.93
ues in CulnSg while the Se-\,, distance is about 10% " 1590
shorter than the Se-Cu bond length. 3. 5.0 '
To aid in experimental identification of this crystal struc- 1 3 2.13
ture, Table IX gives our calculated static x-ray structure fac-i’ 13 T 936
tors |p(G)|) of ground-state CulnSeand CulpSe; (Fig. 8), 2+ 2: 2 '
respectively. The structure factqs€G) are Fourier transform 3 1 1 8.46
of the electron charge densit(r), i.e., 131 14.55
2121 2
1 . 1,11 177.51 162.22
p(G)=5 f n(r)e'®rdr. (16 111 177.51 162.76
¢ 103 36.08 54.90
HereG is the reciprocal lattice vector arfd is the unit-cell ~ ~ 36.08 54.56

volume. Experimental diffraction intensity is proportional to 01,5%
|p(G)|? and associated Debye-Waller factétg.o find p(G)
for other ODC's that can be expressed as a

(4CulnSe),(CulnsSey), - alloy (see Table V), we can use g, CulnSe and 20% CulnSg the above features should
the approximation that the structure factors of these ODC’$y¢ carried over to CulSe,. Electron diffraction observed by
for the G vectors given in Table IX are the weighted aver- Xiao, Yang, and Rockelt indeed suggests that Cu vacancies
ages of the structure factors of CulpSend CulnSe;. form (001 planes in CulgSe,.

The calculated structure factors for Cifiig; (Table 1X) There are already a number of x-ray studies of the ordered
contain a(; z 0) spot, signaling the formation of the10  gefect compounds, from which several structure models have
**CU-VerIngy Ve -Cu -+ superlattice. It also has a strong peen proposed to describe the OBCS” Our calculationd’
(001) spot reflecting the existence of th@01) vacancy syggest that at a given Cu/ln ratio, many ODC polytypes
planes. Since Cul$e can be viewed as a superposition of \jith the same local environment have nearly degenerate total

energy(within 8 meV/atom, growth kinetics, and history of
(a) CulnSe2 (b) CulngSeg annealing, and the configuration entropies are likely to con-
trol the final structure of the ODC's.

B. Electronic structure of the ODC’s

To further aid in experimental characterization of the
ODC's, we calculated their band structures and band offsets.
We corrected the LDA band gaps for all the ODC’s by the
value of stoichiometric Culn$€0.87 e\j. We find that for
CulnsSe;, CulnsSe; and Cuyln,Se , the LDA-corrected band
gaps are 1.34, 1.26, and 1.21 eV, respectively, all larger than
the 1.04-eV gap of Culn$SeThe increase in the band gap of

FIG. 8. Crystal structure o) chalcopyrite CulnSgand(b) the ~ the ordered defect compounds is caused by a reduced Se
ground state CulBe;. Structure(b) can be derived by forming p-CUd interband repulsion due to the diminish@dharacter
defect chain - -Cu-Vg,-Ing,-Vc,-Cu - - in the Cu sublattice of struc-  attendant upon forming dense, periodic Cu vacancies. This
ture (a) along the[110] direction. lowers the VBM of CulgSe;.
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VBM Charge Density

In,s+‘Se,p—
-10 F 4 t J
Se,s + In,d
12 41 r VA 8
| 1 |
T r N FIG. 10. Contour plot of the calculated charge density of the
VBM states for(a) CulnSe and (b) CulnsSe;.
‘ CulnsSeg } bonding p-d states below and the antibondimgd states
[ Energy Bands | | pos ] (b) above. This analysis is substantiated by an inspection of the
6 ﬁ T 1 calculated charge density of the VBM state show in Fig.
4 == L i 10(a). It indicates that for CulnSgthe VBM is anantibond-
, %% ing Cud and Sep state with a node along the Cu-Se bond.
- 1 r VBM
0k —~————— iy fTotal Valence Charge Densityf
. 2 E ——— = I 1Cu,d + Se,p
P e
L
:;B -4 —— B 7
E 6 e >\ 1 CulnSe,
8T ] i In,s+Se,p—
-10 F 41 Ff
Se,s +In,d
-12 B §_ _? T
-14 _— .. ; | i 1 i
T r N CulnsSeg
FIG. 9. Calculated band structure and density of stategdor (Cu-plane)
CulnSeg and (b) CulnsSe;. The energy zero is at the VBM. The
features of the density of states are identified according to their
main atomic characters. Notice the-d repulsion gap at
VBM~—-2.5¢eV in CulnSe
CuIn5Seg

Figure 9 shows our calculated band structure and density
of states(DOS) of CulnSe (a) and CulrSe; (b). The fea-
tures in the DOS are identified according to their main
atomic characters. For Culngd-ig. 9(a)], we see thati) the
bottom of the valence ban@t VBM~—13 eV) consists of
mostly Se 4 orbitals, hybridized with the In d semicore
states below(not shown, (ii) the bottom of the upper va-
lence bandat ~VBM —6 eV) has the bonding Is and Sep
characters(iii) the largest peak at VBM~2 eV is due to
the nonbonding Cul(e,) states, andiv) most of the upper
valence band$0-5 eV below the VBM consists of the hy-

(V, -plane)

. \ CulnsSeg

(In,-plane)

FIG. 11. Contour plot of the calculated total valence charge

bridize_d Cud and Sep characters. Thp—d repulsion is Very  density for(a) CulnSg and (b)—(d) CulnsSe;. For CulnSe, the
large in CulnSg that a p-d repulsion gap of 0.2 eV is respective results of three atomic planes passing the Cu @tgm
formed at VBM~—2.5eV [Fig. 9a)], which separate the the Cu vacancyc) and the In-on-Cu antisit&d), are shown.
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CdS CulnSe, Culn; Se;
.31
03 0.17
1.04
2.42 1.21
0.34
1.07

FIG. 12. Calculated band offsdiie eV) between CdS, Culn$e
and CulnSe.

For CulnsSe; the main character of its DOFig. Ab)] are

similar to that for CulnSg[Fig. 9a)], except that the peaks
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thus canceling each other. Band alignment between other
ODC's and CulnSgcan be obtained by interpolation of the
values between Culn$eand CulgSeg. We find that, for
Culn;Se; (x=0.2, see Table V] its VBM and CBM are 0.34
and 0.17 eV lower than Culngerespectively. This results
are depicted in Fig. 12. Our predictions are in good agree-
ment with the recent measurement of Schock and &tolt,
who found the the valence- and conduction-band offsets be-
tween CulnSgand CulnSe; are 0.28 and 0.02 eV, respec-
tively. We noticed that the actual band offset depend on the
Culn,Se; crystal structure realized in the experiméht.

VI. SUMMARY

are broadened. The major differences occur at the upper va- We summarize our results as follow! it is much easier
lence bands. In CulSe; three Cu atoms in each unit cell are to form neutral Cu vacancy in Culngéhan cation vacancy

replaced by two ¥, and one lg,, thus, thep-d hybridiza-
tion (repulsion is much weaker in Culbe than in

CulnSe. This weakerp-d repulsion lowers the VBM and

diminishes thep-d repulsion gap observed in CulnS&he
charge density of the VBM state in CuBg; [Fig. 10b)]

in 1I-VI compounds.(ii) Defect formation energies are not
fixed constants, but vary considerably with both the elec-
tronic potential and with the chemical potential of the atomic
species. Negative defect formation energies are thus possible
at optimal chemical potentialgiii) Defect pairs are abun-

also shows strongdrondingcharacter along the Cu-Se bond dant, and can alter significantly the electric activity in the

than that in CulnSg[Fig. 10@)].

sample. Based ofi)—(iii ), we explaineda) the existence of

Figure 11 depicts the total valence charge density fothe off-stoichiometric ordered compounds, as a repea of

CulngSe; in three atomic planes passing the Cu aid the

units of (2V;,+1nZ!) pairs for eacm units of CulnSe. (b)

Cu vacancy(c) and the In-on-Cu antisitéd), compared with ~ We attribute the very efficient self-doping ability of CulnSe
that of CulnSe (d). It shows that after the formation of the to the exceptionally low formation energy of Cu vacancies
(2Ve,+ing,) defect array, thehangeof the bonding charge and to the existence ofshallowCu vacancy acceptor level.
surrounding the Se atom is small. This is consistent with théc) The electrically benign character of the large defect popu-

small formation energy of Cuie;.

Finally, using a procedure analogbu® the one em-

lation in CulnSe is explained in terms of an electronic pas-
sivation of the I/, by 2V, With new assignments for sev-

ployed in the photoemission core-level spectroscopy, weral key defect levels, the calculated defect transition energy

have calculated the band alignment between Culredel

CulnsSe; (see the structures in Fig).8Ne find that the un-
strained VBM of CulgSe; is 0.42 eV lower than that of
CulnSe, while the CBM of CulSe; is 0.18 eV lower than

that of CulnSe. This lowering of the CBM of Culgbe; is
due to a combined effect of the Cu vacancies ang &mti-

levels appear to agree rather well with available experimental
data.
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