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Electronic Structure Theory of Chalcopyrite Alloys, Interfaces,
and Ordered Vacancy Compounds

Alex Zunger and Su-Huai Wei

National Renewable Energy Laboratory, Golden, CO 80401, U.S.A.

Abstract. This paper summarizes recent results of an ongoing project
in which first principles band structure theory is used to systematically
predict the basic materials properties of photovoltaic chalcopyrite semi-
conductors. Here we discuss the (i) chalcopyrite alloy band gap bow-
ing coefficients, (ii) chalcopyrite alloy mixing enthalpies, (iil) interfa-
cial valence and conduction band offsets between mixed-anion (CulnXa,
X =S,Se,Te) and between mixed-cation (CuMSe,, M =Al,Ga,In) chal-
copyrite interfaces, and (iv) electronic structures of the “ordered vacancy
compounds”. Results are provided as predictions to be tested experi-
mentally. We find that the strong Cu d - anion p coupling controls much
of the electronic properties of the chalcopyrite alloys and distinguishes
them from Zn or Cd based II-VI’s.

I. Introduction

Solar cells based on chalcopyrite materials have developed rapidly from 5% ef-
ficiency in 1974 to about 16% at present. The recent progress of high efficiency
solar cells is achieved by alloying [1-3] CulnSe, (CIS) with either CuGaSes or
with CulnS,. The structural, transport, and optical properties of the alloys can
be tuned continuously by varying the relative composition. The observed [2,3]
homojunction between CulnSe; and Cu-poor ordered vacancy compounds (OVC)
appears to play important role in the photovoltaic process. While the proper-
ties of some of the end-point chalcopyrites are known, little is known about (a)
the properties of alloys between any two members of CulnS;/CulnSes/CulnTes or
CuAlSe; /CuGaSez/CulnSes and (b) of the OVC. We have calculated [4] the (1) al-
loy bowing coeflicient, (ii) alloy mixing enthalpy, (iii) valence and conduction band
lineups at the relaxed interface between mixed cation CuAlSes/CuGaSe,/CulnSes
and mixed anion CulnS,;/CulnSes/CulnTe, chalcopyrites, and (iv) electronic struc-
tures of the OVC. This paper briefly describes how such calculations are done and
discusses the significant physics of the results. More details are given in Refs. [4-8].

II. Method of Calculation

(a) Total energies: Total energy and band structure calculations were performed
using the density functional formalism [9,10] as implemented by the general poten-
tial, relativistic, all electron, linearized augmented plan wave (LAPW) method [11].
The lattice constant and the unit cell internal structural parameters are obtained in
the calculation through the minimization of total energy and quantum mechanical
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force on all atoms.

{b) Alloy bowing: Random A, B;_, alloys of different chalcopyrites are modeled
using the efficient special quasirandom structures (SQS) approach [12]. In this
approach, rather than occupy sites of a huge unit cell by mixed A and B atoms
at random, one occupies the sites of a “small” unit cell so that the first few atom-
atom correlation functions are forced to be close to the exact values in an infinite
random alloy. For both mized-anion chalcopyrite alloys [e.g., Culn(Sq 5Sep.5)2], and
Cu based mized-cation chalcopyrite alloys (e.g. CuGag 5Ing.sSez), we use a 16-atom
SQS unit cell.

(c) Band offsets: 'The valence band offset AE,(ABX,/A'B'X}) at the inter-
face between two chalcopyrites ABX; and A’ B’ X}, is calculated using an analogous
procedure [6,8] employed in the photoemission core-level spectroscopy: The band
offset is given by AE, = AEégh),ffc - AEéBl;\dfé, + AEg . The first two terms
on the right hand side are the core-level to valence band maximum energy separa-
tions for ABX, and A’B’X), respectively, and the last term is the difference in core
level binding energy between ABX, and A'B’X) on each side of the interface. The
core-to-VBM energy difference AEvpuM,c is obtained as a difference in band ener-
gies between the component chalcopyrites calculated at their respective equilibrium
structural parameters appropriate to the isolated compounds. The core energy level
difference AEg,c between the two chalcopyrites is obtained from the calculation
for the (ABX>),/(A'B'X}), superlattice with (001) orientation. The conduction
band offsets AE, are obtained using the relation AE, = AE; — AE,, where AE,
is the measured band gap difference between the compounds (so local density error
do not affect the results).

{d) Ordered Vacancy Compounds: Various CulnSes-derived defect structure can
exist in a CulnSe,-based solar cell [2,3]. In this paper, we limit our study to the
substitutional Cu-poor CulnSes-based OVC. In selecting candidate OVC crystal
structures, we employed the following conditions: (i) The high energy anion-cation
antisite defects (Cuge, Inge, Secu, and Ser,) are not allowed. (ii) Defects and atomic
rearrangement were allowed to occur only on the Cu sublattice, so Vge, Vi, and
Cuy, are not allowed. (iii) The OVC are assumed to be charge compensated, i.e.,
the tie-line condition K + 3L = M/2 is assumed to be satisfied, where K, L, and M
are number of Cucy, Incy, and Ses, atoms, respectively. This charge compensation

TABLE 1. Examples of the charge compensated ordered vacancy compounds, see text for details.

Cugy, Incy Ing, Sege Veu Formula Symbol x

K L K+3L 2(K+3L) 2L

1 0 1 2 4] CulnSe; CIS 1.0
1 1 4 8 2 Cu;InsSes[Viy]2 OVC-1:5:8 0.0
2 1 5 10 2 CuzlIngSe1o{Vcu)2 OVC-1:3:5 0.2
3 1 6 12 2 CugInSera[Veule OVC-3:7:12 1/3
4 1 7 14 2 CuyIngSe1s{Veul2 OVC-2:4:7 3/7
6 1 9 18 2 CuglnyeSers[Veula OVC-3:5:9 5/9
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requirement also indicates that in the OVC each Ing, antisite must be accompanied
by two V¢, (Cu vacancies). Examples of the OVC which satisfy conditions (i)-
(iii) are given in Table I. Each entry in Table I can exist in many different atomic
configurations. We select those that minimize the total energy. To keep the deviation
from the octet rule to a minimum, we retain only three types of local tetrahedral
clusters around each Se: 2Cu+2In (called n=8), Vg,+Cu+2In (called n=7), and
Veu+3In (called n=9). The latter two occur in equal proportions so as to maintain
charge compensation. An OVC is an weighted distribution of these three clusters.
For examples, CulnSe; in the chalcopyrite structure consists of 100% of the n=8
clusters; CulnsgSeg (OVC-1:5:8) consists of 50% of the n=7 and 50% of the n=9
clusters. CulnsSes (1:3:5) has 20% of the n=8 cluster and 40% each of the n=7 and
n=9 clusters. As one can see, this class of OVC can also be described as a fictitious
alloy of (CuyIngSes),(CulnsSeg);—.. Table I gives the z values

IT1. Results

(a) Mizing enthalpies of chalcopyrite alloys: The mixing enthalpy of random
chalcopyrite alloys can be obtained from the calculated alloy total energies Ey,; as
AH = Ei1(ABXo/A'B' X)) — E1ot(ABX3) — Eyo1 (A’ B’ X1). Our calculated results
are denoted as AH in Fig. 1. We find that for both mixed-anion and mixed-cation
alloys the mixing enthalpy is positive and increases as the lattice mismatch increases.
For example, AH(S,Se), AH(Se,Te), and AH(S,Te) equal 3, 13, and 41 meV /atom,
respectively, corresponding to the size-mismatches Aa/d 4.6%, 6.3%, and 10.9%,
respectively. The positive sign of AH indicates that the alloy ground state at T = 0
corresponds to phase separation into the pure chalcopyrite constituents. (However,
at finite temperatures, the disordered phase can be stabilized by entropy.) The
mixing enthalpy AH is rather small for (S,Se¢) and (Al,Ga) chalcopyrite alloys,
and is slightly larger for (Se,Te), (Ga,In), and (AlLIn) alloys. The rather small
values of AH for the (S,Se), (Al,Ga), (Se,Te), and (Ga,In) alloys suggest that these
chalcopyrite alloys will be miscible in the whole composition range at preparation
temperatures. The mixing enthalpy AH is large for the (S,Te) alloy, suggesting that
large equilibrium miscibility gap and atomic clustering can exist in this system.

Band offsets of chalcopyrite alloys: Figure 2a gives the unstrained valence band
offsets between the common-cation CulnS,/CulnSe;/CulnTe, chalcopyrites, while
Figure 2b gives results for the common-anion CuAlSes/CuGaSe,/CulnSes, chalcopy-
rites. We find the following results: (i) The S/Se band lineup is “type I", while the
S/Te and Se/Te band lineups are “type-II”. For the mixed-cation chalcopyrites, the
lineup is always type-I. (ii) For common-cation chalcopyrites (Fig. 2a) the band
offsets are large both in the valence band and in the conduction band. (iii) For
common-anion chalcopyrites (Fig. 2b) most of the band offset is in the conduction
band. The valence band offset is small, indicating that the “common-anion rule”
(which suggests that the valence band offset for the common-anion system should
be small) is followed rather well for this system. (iv) We find that for both common-
cation and common-anion chalcopyrite interfaces, the transitivity rule holds for the
intrinsic unstrained band offsets, i.e., AE,(A/B) = AE,(A/C) + AE,(C/B). As-
suming that this transitivity rule also holds for an unstrained interface between a
II-VI window material compound and a chalcopyrite absorber, our present results
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can be combined with our earlier studies [6] of the band offsets between CulnSe,
and II-VI (CdS and ZnSe) to predict other band offsets between a chalcopyrite
compound and a II-VI compound. For example, our calculated [6,8] AE, between
CulnSe, and CdS is 1.07 eV, and AFE, between CulnSes; and CuGaSe, is 0.04 eV
(Fig. 2b), thus we expect that AE, between CuGaSe; and CdS should be 1.03 eV.
Similarly, since AE,(CulnS;/CulnSe;) = 0.28 eV, then AE, between CulnS; and
CdS should be around 0.79 eV. In some cases (e.g., Culn,Gay.,Ses) one may also
assurmne that the VBM of the alloy is a linear function of composition x, hence one

Relaxed Chalcopyrite Superlattices

(a)

Mixed-anion Culn(S/Se/Te), Alloys

i (m)
A CBM
/\ o4z | 028
b = 0.04 eV N\ b=1.05 eV 021 -
\E, =0.28 eV A AE, =0.78 eV e
AH =3 meV ;'f \ AH=41 meV 1.04 1
y / \ 1.53 1.53
Se T Te 0.50
b =0.44 eV 0.78
AE, = 0.50 eV 028
\H =13 meV VEM
CulnS; CulnSe; CulnTez CulnS;
(b)
L__r_ ! (®
Mixed-cation Cu(Al/Ga/In)Se, Alloys ‘
0.77
Al CBM
137
,ff\ ’
- y / -
b=0.39 eV / b= 0.59 eV o8
AE, =0.22eV / AE. =
E, e / \Ey =0.26 eV 267 - 267
AH =0 meV / AH =15 meV 168
L _
Ga In 1.04
b=0.21eV
AE, = 0.04 eV 0.04
AH=11 meV 0.22 0.26 VBM
CuAlSe, CuGaSe; CulnSe;  CuAlSe;
Fig. 1. Calculated bowing coefficients Fig. 2. Calculated unstrained va-

b, unstrained valence band offsets AE,,
and bulk alloy mixing energies AH at
z = 1/2 (in meV/atom) of (a) mixed-
anion chalcopyrite alloys and (b) mixed-
cation chalcopyrite alloys.

lence band and conduction band off-
sets for interfaces between (a) common-
cation chalcopyrite compounds and (b)
common-anion chalcopyrite compounds.
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can roughly estimate the band offset between a chalcopyrite alloy and a II-VI com-
pound.

(c) Optical bowing of chalcopyrite alloys: The optical bowing parameter b of
the chalcopyrite alloy is given by b = —4[E;(ABX,;/A'B'X}) — 1/2E,(ABX,) —
1/2E,(A’'B'X})). Figure 1 gives the calculated bowing parameter for stoichiometric
mixed-anion (Fig. 1a) and mixed-cation (Fig. 1b) chalcopyrite alloys. Our calcu-
lated results agrees well with recent experimental data (see discussion in Ref. 4).
Optical bowing in semiconductor alloys is caused [12] by (i) the difference in volume
deformation potentials of the constituents and (ii) the coupling between the folded
states by the perturbation potential AV, representing the difference between the
alloy potential and the average potential of the constituents. When the constituents
have large difference in their atomic potential or large difference in their size, AV
is large, thus the optical bowing is expected to be large.

In the mixed-anion alloys (Fig. 1a), Culn(S,Se) has a rather small bowing,
while the bowings for Culn(Se,Te) and Culn(S,Te) are large. The trend b(S, Se) <
b{Se, Te) < b(S, Te) is observed in chalcopyrite alloys.

In the mixed-cation alloys (Fig. 1b) Cu(Al,Ga)Ses and Cu(AlIn)Se, alloys have
relatively larger bowing coefficients (b = 0.39 and 0.59 eV, respectively) than
Cu(Ga,In)Ses (b = 0.21 eV). This is mainly due to the difference of the p — d
coupling [4] between Al compounds (with unoccupied d orbital) and Ga or In com-
pounds (with occupied d orbitals).

(d) Electronic structure of the OVC: The crystal structures of the OVC are
not well understood at present. By minimizing the calculated first-principles total
energy and and atomic force we have first studied the crystal structures of CulnSe,
and the OVC CulnsSeg. For CulnSe; we find [5] the chalcopyrite structure is the
ground state configuration, in agreement with experiment. The calculated lattice
constant @ = 5.751 A agrees to within 0.6% with the experimental value [13].
For CulnsSeg we find that the minimum energy crystal structure corresponds to a
stacking of Cu/Vgu/Incu/Vew (110) planes in the Cu sublattice of the chalcopyrite
CulnSe;. The calculated lattice constant of CulnsSeg is 5.663 A, close to the value
for GaAs (a=5.653 A). This indicates that use GaAs as a substrate can stabilize the
growth of CulnsSeg. We find that in the OVC the Cu-Se and In-Se bond lengths
are similar to their ideal values in
CulnSe,, while the Se-Vg, distance
is about 10% shorter than the Cu-Se
bond Iength‘ Cds CulnSe, OvVC-1:5:8

Figure 3 show our calculated band 931 008
alignment between CulnSes; and 104
the OVC CulngSeg. Our previous re- 242 138
sults [6] for the CdS/CulnSe; inter- Lo7 ks
face are also included for comparison.

We find that the unstrained VBM of
CulnSe; is 0.42 eV higher than that of
CulnsSeg. This is due to stronger p—d
coupling in CulnSe, than in CulnsSeg.
The calculated band gap of CulngSeg
is 0.34 eV larger than for CulnSe,, so

Fig. 3. Calculated valence band and con-
duction band offsets (in eV) between CdS,
CulnSes; and CulnsSeg (OVC-1:5:8).
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the CBM of CulnsSeg is 0.08 eV lower than for CulnSe,;. Since many of
the charge-compensated OVC can be formally written as an alloy in the form
(CuyInySeg),(CulnsSes)1—, (see Table I), the band alignment between any of these
OVC and CulnSe; can be linearly interpolated from the values given in Fig. 3.
For instance, for the OVC CulngSes (z = 0.2), we estimate that its VBM and
CBM are 0.34 eV and 0.06 eV lower than CulnSe,, respectively. These predictions
agrees very well with the recent measurement of Schock and Stolt [3], who find the
corresponding values are 0.28 and 0.02 eV, respectively.

IV. Summary

Using first-principles band structure theory we have studied systematically elec-
tronic structure of chalcopyrite alloys, interfaces and ordered vacancy compounds.
Experimental investigations of our predicted results are called for.
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