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We have performed systematic first-principles calculations for the structural and electronic properties of
chalcopyrite semiconductors AgGaS,, AgGaSe,, CuGaS,, CuGaSe,, and their alloys. We show that, in contrast
to conventional semiconductors, the band structures of these compounds exhibit several anomalous behaviors:
(i) The band gaps of AgGaX, are larger than the corresponding CuGaX, (X=S and Se) compounds, despite the
lattice constants of AgGaX, being much larger than for CuGaX,. (ii) The valence band offsets between
common-anion pairs CuGaX,/AgGaX, are large and negative (i.e., CuGaX, has higher valence band maximum
than AgGaX,), opposite to their II-VI analogs. (iii) The valence band offsets between M'GaS,/MGaSe,
(M'=Cu, Ag) are significantly smaller than their II-VI analogs. (iv) The band gap bowing parameters for the
common-anion alloys are larger than the common-cation alloys, following the same trend as the valence band
offsets. Moreover, we find that the wave function localization of the conduction band minimum states at the
group III site plays an important role on the band gap reduction of the chalcopyrites relative to their binary
analogs. The origin of the band structure anomalies observed in this system is explained in terms of the atomic
sizes and chemical potentials and the increased structural and chemical freedom of these ternary compounds.
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I. INTRODUCTION

The I-1II-VI, ternary compounds are isoelectronic with
the zinc-blende II-VI semiconductors.! For example,
CuGaX, (X=S and Se) are the ternary analogs of the binary
compounds ZnX, and AgGaX, are the ternary analogs of the
pseudobinary compounds CdgsZngsX. These I-III-VI, ter-
nary compounds have two types of cations and crystallize in
the tetragonal chalcopyrite structure, which could be consid-
ered as a (2,2) zinc-blende superlattice along the (201) direc-
tion. Considerable interest has been shown in these chal-
copyrite compounds and their alloys due to their important
technological applications in nonlinear optics, light-emitting
diodes, and solar cells.'”> Recently, the (Cu, Ag)GaX, alloy
system has attracted much attention, because these materials
have direct band gaps between 1.68 and 2.65 eV, which is in
the range desirable for applications in solid state lighting®
and high-efficiency tandem solar cells.” AgGaSe, in the epi-
taxially stabilized CuAu phase is also proposed as a high-
efficiency spin-polarized electron source due to its relatively
large spin-orbit (SO) and crystal field (CF) splittings.® Fur-
thermore, due to the added chemical and structural freedom
of these compounds relative to their II-VI analogs, the
(Cu,Ag)GaX, system exhibits some abnormal chemical
trends. For example, these chalcopyrite compounds not only
have large downward shifts in the band gap relative to their
binary analogs, but the band gaps of AgGaX, (2.65 and
1.81 eV for X=S and Se)'® are also larger than the corre-
sponding CuGaX, (2.43 and 1.68 eV for X=S and Se),'"
despite that the lattice constants of AgGaX, are larger than
for CuGaX,. This is quite surprising because for all common-
anion binary semiconductors and most of the chalcopyrites,
when the cation atomic size increases, the band gap always
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decreases. For example, the band gap of CdS at 2.6 eV is
significantly smaller than the band gap of ZnS at 3.8 eV.!”
The band gap of CulnSe, at 1.04 eV is also smaller than
CuGaSe, at 1.68 eV.!? This unusual behavior also suggests
that when Ag,Cu;_,GaX, alloys are formed, the band gap of
the alloy can decrease together with the lattice constant,
which can have important implications for the band gap en-
gineering of lattice-matched superlattice devices.””!' How-
ever, the origin of these unusual behaviors for the
(Cu,Ag)GaX, system has not been fully discussed. It is un-
clear how much of the band gap reduction relative to the
binary analog is due to the change in the valence band maxi-
mum (VBM) or conduction band minimum (CBM). It is also
unclear quantitatively how the band gap varies as a function
of the alloy concentration x. The simple phenomenological
model of Tinoco et al.'? suggested that the optical bowing
coefficients for Ag,Cu;_,GaX, should be small because Cu
and Ag have similar electronegativities. However, previous
experimental studies'>'* have shown that Ag,Cu,_,GaX, al-
loys may have large optical bowing, especially for the sul-
phide alloys.

To understand the band structure anomaly in this chal-
copyrite system, we have systematically performed first-
principles band structure and total energy calculations for
AgGaS,, AgGaSe,, CuGaS,, CuGaSe,, and their common-
anion and common-cation alloys. Our calculated equilibrium
structural parameters and bulk moduli are in good agreement
with experimental data. For the band structure, we find the
following: (i) The band gaps of AgGaX, are larger than the
corresponding band gaps of CuGaX,, consistent with experi-
mental observations. (ii) The level repulsion between the an-
ion p and the noble metal d states plays an important role in
understanding the band gap reduction of the chalcopyrites
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relative to their binary analogs, consistent with previous
understanding.ls’18 However, we also find that the wave
function localization of the CBM states at the group III Ga
site,'” and the displacement of the anion away from the ideal
zinc-blende site,?® are important in explaining the band gap
anomalies in this system. (iii) The valence band offsets be-
tween the common-anion pairs CuGaX,/AgGaX, are large
and negative (i.e., CuGaX, has higher VBM than AgGaX,),
opposite to their II-VI analogs where CdX has higher VBM
than ZnX.?! (iv) The valence band offsets between
M!GaS,/M'GaSe, (M'=Cu, Ag) are smaller than their II-VI
analogs. (v) The band gap bowing parameters for the
common-anion alloys are larger than the common-cation al-
loys, following the same trend as the valence band offsets. In
the following, we will describe our calculation methods and
discuss the origin of the anomalies observed in this system.

II. CALCULATION METHODS

The band structure and total energy calculations are
performed using the density functional theory as imple-
mented in the plane wave VASP code.?>?? For the exchange-
correlation functional, we used the generalized gradient
approximation (GGA) of Perdew and Wang, known as
PW91.2* The valence electron configurations used in our cal-
culations are Cu(3d'%,4s"), Ag(4d'°,5s"), Ga(3d'°,4s%,4p"),
S(3s2,3p*), and Se(4s%,4p*). The interaction between the
core electrons and the valence electrons is included by the
standard frozen-core projector augmented-wave (PAW) po-
tentials provided within the VASP package.”>? An energy
cutoff of 300 eV was applied in all cases. For the Brillouin
zone integration, we used the k-point meshes that are equiva-
lent to the 4 X 4 X 4 Monkhorst-Pack k-point meshes?’-?® in
the zinc-blende Brillouin zone.

The valence band offset AE,(ABX,/A’BX}) is calculated
following the same procedure as in the core-level photoemis-
sion measurement,?>3® where the valence band offset is de-
fined as

ABX 'BX}
AE, = AEYRG -~ AE 2 |+ AEccr. (1)
Here,
ABX ABX BX
AEypy ¢ = Evpn — E¢™% (2)

is the core level to valence band maximum energy separa-
tions for ABX, (with similar expression for A’BX}), and

AEc.cr = EAP0 - AP0 (3)
is the difference in core level binding energy between ABX,
and A’BXé on each side of the interface, which can be ob-
tained from the calculation of an (ABX,),/(A’BX5), (001)
superlattice. In our calculation, we construct a (2X2) (001)
superlattice, where all the structural parameters are fully re-
laxed. To obtain the conduction band offsets AE,, we use the
relationship

AE,=AE,+AE,, (4)

where AE, is the measured band gap difference between
ABX, and A'BXj.
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To calculate the formation energy and optical bowing pa-
rameters of the random chalcopyrite alloys of Ag,Cu;_,GaX,
and M'Ga(Se,S,_,),, we used the more efficient special qua-
sirandom structures (SQS) approach.’!3? In the SQS ap-
proach, instead of occupying the mixed-atom sites of a huge
unit cell randomly to gain statistical significance, a relatively
smaller unit cell is used, in which the mixed-atom sites are
occupied in a way that the physically most relevant structural

correlation functions Il ,, for atomic clusters (k,m) with k
vertices and up to the mth neighbor are closest to the exact

values in an infinite random alloy [II; ,,=(2x—1)*]. Because
the physical properties of an alloy are uniquely determined
by its atomic structure, the SQS that mimic the atomic cor-
relation function of a random alloy should also have physical
properties similar to the random alloy.

In this study, we construct SQS containing 64 atoms in
the unit cell. The lattice vectors are

a,=(2,0,00a, a,=(0,2,0)a, a3=(0,0,29)a, (5)

where 7=c/2a and a and c are the lattice constants perpen-
dicular and parallel to the ¢ axis of the tetragonal chalcopy-
rite cell. In an ideal case, »=1. For the common-anion
Ag Cu,_,GaX, alloys, there are 16 sites that are occupied by
the group I Ag and Cu atoms, whereas for common-cation
M'Ga(Se,S,_,), alloys, there are 32 mixed-anion sites. The
occupation of these sites for the SQS at x=0.25 and x=0.5 is
given in Table I, and their structural correlations function
I, ,, is given in Table II, compared with ideal random alloy
correlation functions. As can be seen, the quality of the SQSs
used in this calculation is reasonably good.

II1. RESULTS OF THE TERNARY COMPOUNDS

A. Structural parameters and bulk moduli

The M'GaX, compounds studied here crystallize in the
tetragonal chalcopyrite structure (Fig. 1), with space group

FIG. 1.
CuGaS$,.

(Color online). Crystal structure of chalcopyrite
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TABLE 1. Atomic coordinates and occupation of the SQS used in our calculation for mixed-cation Ag,Cu;_,GaX, alloys and the
mixed-anion M'Ga(Se,S;_,), alloys at concentration x=0.25,0.5. For clarity, only the mixed sublattice coordinates are shown. We assumed

n=c/2a=1.

Agxcu 1 —xGaXZ

x=0.25 x=0.5

x=0.25

M'Ga(S,Se;_,)>
x=0.5

Type Coordinates Type Coordinates Type

Coordinates

Type Coordinates

Ag 1.5151.0 Ag 0.0 0.0 0.0 S 0.25 0.75 0.75; 1.25 0.25 1.25 S 0.25 0.25 0.25; 1.25 0.25 0.25
Ag 1.01.505 Ag 0.0 1.0 0.0 S 0.25 1.75 0.75; 1.25 0.75 0.75 S 0.25 0.25 1.25; 1.25 0.75 1.75
Ag 051015 Ag 1.0 1.0 0.0 S 0.75 0.25 0.75; 1.25 1.25 0.25 S 0.25 1.25 0.25; 1.25 1.75 0.75
Ag 1.51.01.5 Ag 051510 S 0.75 0.75 0.25; 1.75 1.75 0.25 S 0.25 1.75 1.75; 1.25 1.75 1.75
Cu 0.0 0.0 0.0 Ag 0.00.50.5 Se 0.25 0.25 0.25; 1.25 0.25 0.25 S 0.75 0.25 1.75; 1.75 0.75 0.25
Cu 0.0 1.0 0.0 Ag 001505 Se 0.25 0.25 1.25; 1.25 0.75 1.75 S 0.75 1.25 0.75; 1.75 1.25 1.75
Cu 1.0 0.0 0.0 Ag 1.00.50.5 Se 0.250.75 1.75; 1.25 1.25 1.25 S 0.75 1.25 1.75; 1.75 1.75 0.25
Cu 1.0 1.0 0.0 Ag 050.01.5 Se 0.25 1.25 0.25; 1.25 1.75 0.75 S 0.75 1.75 0.25; 1.75 1.75 1.25
Cu 050510 Cu 1.0 0.0 0.0 Se 0.25 1.25 1.25; 1.25 1.75 1.75 Se 0.25 0.75 0.75; 1.25 0.25 1.25
Cu 051510 Cu 0505 1.0 Se 0.25 1.75 1.75; 1.75 0.25 0.75 Se 0.25 0.75 1.75; 1.25 0.75 0.75
Cu 1.5051.0 Cu 1.5051.0 Se 0.75 0.25 1.75; 1.75 0.25 1.75 Se 0.25 1.25 1.25; 1.25 1.25 0.25
Cu 0.00.50.5 Cu 1.5151.0 Se 0.75 0.75 1.25; 1.75 0.75 0.25 Se 0.25 1.75 0.75; 1.25 1.25 1.25
Cu 001505 Cu 101505 Se 0.75 1.25 0.75; 1.75 0.75 1.25 Se 0.75 0.25 0.75; 1.75 0.25 0.75
Cu 1.00.5 0.5 Cu 051015 Se 0.75 1.25 1.75; 1.75 1.25 0.75 Se 0.75 0.75 0.25; 1.75 0.25 1.75
Cu 050.01.5 Cu 150015 Se 0.75 1.75 0.25; 1.75 1.25 1.75 Se 0.75 0.75 1.25; 1.75 0.75 1.25
Cu 1.50.015 Cu 151015 Se 0.75 1.75 1.25; 1.75 1.75 1.25 Se 0.75 1.75 1.25; 1.75 1.25 0.75

142d (D}?). This structure can be described by three struc-
tural parameters: the lattice constant a, the tetragonal ratio
n=c/2a, and the anion displacement u. The u parameter is
related to the two types of anion-cation bond lengths by

1 Rzzwl-x - RzGa-x 6

wm g (©)

where Ry y and Rg, y are the bond lengths of M'-X and

Ga-X, respectively. In the ideal structure with equal M’-X

and Ga-X bond lengths, ©=0.25. If u is larger than 0.25,

anion atom X is displaced from the noble metal side toward
the Ga side.

To obtain the equilibrium structural parameters, we first
search at each volume the lattice vectors and atomic posi-
tions that give the minimum total energy. The calculated total
energies as a function of the volume are then fitted to Mur-
naghan’s equation of states (EOS)*3 to obtain the equilibrium
volume and the corresponding lattice parameters, the bulk
modulus B, and the pressure derivative of the bulk modulus
B’. The calculated structural parameters are listed in Table
III. We find that the calculated lattice constants are slightly
larger than the experimental values,' as found in most GGA
calculations. The calculated u parameters also agree well
with the experimental data,'* considering that accurate ex-
perimental determination of the u parameter is rather diffi-
cult. The calculated bulk moduli B, are systematically
smaller than the experiment values. This is mostly related to
the slight overestimation of the equilibrium volume in the
GGA calculation. To correct this error, we have also given in
Table III the calculated bulk moduli at the experimental vol-

ume (shown in parentheses) using the formula of Mur-
naghan’s EOS

B(Vexp)zBO"'B,P(Vexp)’ (7)

where P(V,,,) is the calculated pressure at the experimental
volume Vexp- We see that after this correction, the calculated

TABLE II. Atomic correlation functions ﬁk’m of the SQS used
in our calculation at concentration x=0.25,0.5, and compared with
the ideal values (2x—1)* of the random alloy.

M1 T T3 T4 T3] 32 T4 42

Ag,Cu;_,GaX,
x=0.25:
SQS 174 1/4 3/16 0 -1/6 0 0 0
Random 1/4 1/4 1/4 174 -1/8 -1/8 1/16 1/16
x=0.5

SQS 0 0 -1/8 0 0 0 0 0

Random 0 0 0 0 0 0 0 0
M'Ga(S,Se;_,),

x=0.25:

SQS /4 1/6 11/48 1/4 -1/8 -5/48 0 1/12

Random 1/4 1/4 1/4 1/4 -1/8 -1/8 1/16 1/16
x=0.5:

SQS 0 0 0 0 0 0 0o -1/12
Random 0O 0 0 0 0 0 0 0
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TABLE III. Calculated structural parameters a, n=c/2a, and u, the bulk moduli at theoretical and experimental volumes, the pressure
derivative of bulk modulus B’, the band gap E,, and its derivative with respect to the u parameter dE,/du, and the crystal field and spin
orbital splitting Ay and Ag,, for the four M’GaX, compounds. The calculated results are compared with available experimental data.

Structure a(A)  7n=cl2a u By [B(V,,)] (GPa) B’ E,(eV) dE,/du (eV) Acp(eV) Agp(eV)

CuGaSe, Calculated 56704  0.993  0.2443 60.3 (74.3) 48  0.0291 11.49 -0.0958 0.2040
Experimental ~ 5.614*  0.982*  0.250% 76.6°,  71° 1.684 -0.139¢ 0.238¢

AgGaSe, Calculated 6.0529 0926  0.279%4 50.7 (67.3) 5.02  0.2234 15.80 -0.2420 0.2475
Experimental ~ 5.985°¢  0.911°  0.272¢ 63.8°,65+10" 4t 1.814 -0.25¢ 0.30¢

CuGaS, Calculated 53700  0.991  0.2491 75.1 (85.5) 47  0.6932 15.37 -0.1213  -0.0163
Experimental ~ 5.349°  0.979°  0.25° 95.8°,  94¢ 2434 -0.129¢

AgGaS,  Calculated 57742 0916  0.2844 60.8 (74.3) 47  0.9455 18.62 -0.2596  -0.0218
Experimental ~ 5.755°  0.932¢  0.282° 77.6°,66.8" 4t 2.654 -0.28¢

#Reference 34.
PReferences 35 and 36.
‘Reference 37.
dReference 10.
“Reference 1.
fReference 38.
gReference 39.

bulk moduli are in very good agreement with experimental
values.

B. Band structures

Figure 2 describes schematically how the band structure
of the chalcopyrites are evolved from the zinc-blende
analogs.*Y For direct-gap zinc-blende semiconductors with
T, symmetry, such as for ZnS and ZnSe, VBM is a bonding
triply degenerate I'|5 state, composed of mainly the anion p
and cation d orbitals [Fig. 3(d)], whereas CBM is an anti-
bonding I'; state, composed of mainly cation s and anion s
orbitals [Fig. 3(c)]. In chalcopyrites with the lower D,, sym-
metry, the triply degenerate I';5 VBM state splits into non-
degenerate I'y, and doubly degenerate I's, states.'®*0 The
crystal field splitting Ar=E(I'5,)—E(I',,) is defined as posi-
tive if the I's, states lie above the Ty, state. When the spin-
orbit interactions are included, the I's, levels split further
into two levels, I'g, and I';,, and the nondegenerate I, state

Zincblende Chalcopyrite
No Spin-Orbit Spin-Orbit
Flc I11(: FGC
Conduction
Band
]:K;\v FT\'
rii\'
[ 6V
Valence I
Band Sv
L X I—‘-"V

FIG. 2. Schematic plot of the band edge states at I" for the
zinc-blende and chalcopyrite compounds (see Ref. 40).

transforms into another I';, state. The spin-orbital splitting
Ao can be obtained by fitting the calculated energy levels to
the quasicubic model of Hopefield.*'*? For the four com-
pounds studied here, the calculated Aqr and Ag, are also
listed in Table III. We see that they are in good agreement
with available experimental data. We find the following: (i)
All four compounds have negative A.p, because the 7
=c/2a ratios for these compounds are less than one. The two
Ag compounds have large negative Ay, because their 7 ra-
tios have larger deviation from unity. (ii) The Ag,, for these
chalcopyrite compounds are small compared to their II-VI
analogs (~0.4 eV for selenides and 0.1 eV for sulphides).
This is because the VBM in chalcopyrite compounds con-
tains much more cation d orbital component [Fig. 3(b)] than
in its II-VI analogs.

Our GGA-calculated band gaps for the four chalcopyrite
compounds are also shown in Table III. We see that GGA
severely underestimated the band gaps. However, the general
chemical trend of the band gap variation is reproduced in the
GGA calculations, i.e., the band gaps of the sulphides are
larger than the selenides, and the band gaps of the Ag com-
pounds are larger than the Cu compounds. The band gaps of
the chalcopyrite compounds are also much smaller than the
corresponding I1I-VI analogs.'® In the past,'>16:294344 the
large reduction of the band gap of the chalcopyrites relative
to their II-VI analogs are mostly attributed to the larger p-d
coupling in the chalcopyrites, because the group I noble met-
als Cu or Ag have much higher d orbital energies (Table V),
and the coupling is inversely proportional to the energy sepa-
ration between the anion p and cation d energy states. This is
clearly seen in Figs. 3(b) and 3(d), where the VBM of the
CuGaSe, contains much more Cu d orbital character than
Zn d orbital character for ZnSe. However, Fig. 3(a) also
shows that the CBM of CuGaSe, is more localized on the Ga
site. Because the Ga 4s orbital energy is deeper than the
Zn 45 orbital energy (Table IV), this suggests that the CBM
of the chalcopyrites is lower in energy than the II-VI analog,
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FIG. 3. Contour plot of the
charge density of the CBM and
VBM states of CuGaSe, and

ZnSe. (a) is the CBM and (b) the
VBM states of CuGaSe,; (c) is the
CBM and (d) the VBM of ZnSe.

thus also contributing to the band gap reduction. To study
this effect more quantitatively, we have calculated the band
offsets (see below) between ZnX/CuGaX,, as shown in Fig.
4(a). We see that for X=S and Se, the CBMs of the chal-
copyrites are indeed lower than their II-VI analogs and about
one-quarter of the band gap reduction from II-VI to its chal-
copyrite analogs is due to the lowering of the CBM.

One interesting observation from our calculations, which
is consistent with experimental data, is that AgGaX, has a
larger band gap than CuGaX,. This is quite unusual, because
AgGaX, has larger lattice constants than CuGaX, and, in
common-anion binary semiconductors and other chalcopy-
rites, the band gap decreases when the lattice constant in-
creases. This band gap anomaly could be explained as fol-
lows: (i) As we discussed above, the p-d level repulsion
between noble metal d and anion p states pushes up the
VBM, reducing the band gap. Cu has shallower d orbital
energy (Table IV) and smaller atomic size, so p-d repulsion
is much larger in CuGaX, than in AgGaX,. Indeed, when we
perform a linearized augmented plane wave (LAPW)*® cal-
culation and remove the cation d orbitals from the basis
functions, we find that CuGaX, has a larger band gap than
AgGaX,. (ii) Ag is much larger than Cu. So, for AgGaX, the

(a) (b)

ZnSe CuGaSez CuGaSs ZnS

1.68 3.78 1.68

anion is pushed away from Ag toward Ga, giving a large u
parameter. This anion displacement lowers the VBM because
the increased M!-X bond length reduces the p-d repulsion.
This displacement also moves up the CBM, because the
CBM state is more localized on the Ga site, so the reduced
Ga-X bond (with respect to the ideal u=1/4 position) moves
up the antibonding CBM state. To show this more quantita-
tively, we have calculated dE,/du for the four compounds
studied here and the results are listed in Table III. We see that
dE,/du is very large for these compounds, indicating that the
band gap is very sensitive to the displacement. Indeed, if
AgGal, is calculated at the same u parameter as CuGaX,, its
band gap is smaller than that of CuGaX,.

The fact that M/GaSe, has a smaller band gap than
M'GaS, follows the common rule of the conventional semi-
conductors. Se has higher p orbital energy than S (Table IV),
so the VBM in selenides is higher than in sulfides, although
the stronger p-d hybridization in sulfides reduces the
difference.? Se also has a lower s orbital energy level (Table
IV) and larger atomic size, so the antibonding CBM state has
a lower energy in selenides. Therefore, as a whole, the band
gap of selenide is smaller than the corresponding sulphide.

FIG. 4. Calculated valence and
conduction band offsets for (a) be-
tween ZnX and CuGaX, (X=S,
Se) and (b) between M!GaX, (M’
=Cu, Ag, X=S8, Se).

AgGaS,; CuGaSs; CuGaSes AgGaSez AgGaSy

205209-5



CHEN, GONG, AND WEI

TABLE IV. Calculated atomic valence orbital energies €, €,,
and g, (in eV) of related elements. The calculations are performed
using local density approximation within the density functional
theory.

Atom € € €,
Cu —4.95 -5.39
Ag —4.80 -7.73
Zn -6.31 -1.31 -10.49
Cd —-6.04 -1.41 -11.96
Ga -9.25 -2.82 -19.18
In -8.55 -2.78 -18.75
S -17.36 -7.19

Se -17.56 -6.74 -53.45

C. Band offsets

The above analysis can be seen more clearly and quan-
titatively from the calculated band offsets between M/GaX,
(M'=Cu and Ag, X=S and Se) using the method described in
Sec. II. The results are shown in Fig. 4.

For common-anion chalcopyrites, CuGaX,/AgGaX,, the
band alignment is “type II,” that is, the VBM is higher on the
Cu compound side and the CBM is lower on the Ag com-
pound side. The valence band offset is unusually large and
negative, indicating that in this chalcopyrite system, the va-
lence band offsets not only do not obey the common-anion
rule, which states that the valence band offset for the
common-anion system should be small, they also have an
opposite sign compared to their II-VI analogs. This is be-
cause in most conventional common-anion semiconductors,
the VBM is mainly a p-p bonding state. Because the cation p
orbital energies are similar for atoms in the same column
(Table IV), the bonding VBM state of the one with a smaller
lattice constant is pushed down more than the large lattice
constant one, so the VBM of the small lattice constant is
usually slightly lower.3° However, for the chalcopyrite sys-
tem studied here, the VBM has large antibonding p-d char-
acters, which push the VBM up.’® As discussed above, the
p-d coupling in Cu compounds is much stronger than Ag
compounds, caused partly by the smaller p-d energy differ-
ence and partly by the smaller bond length, so the VBM of
the Cu compounds are pushed up more than the Ag com-
pounds. This explains why Cu compounds have higher VBM
than the corresponding Ag compounds. On the other hand,
the CBMs of the Ag compounds are lower because Ag has a
larger atomic size than Cu, which reduces the s-s level re-
pulsion between Ag and anions.?® It is interesting to note that
for mixed group III common-anion chalcopyrites, such as
CuAlSe,, CuGaSe,, and CulnSe,, previous calculation?
showed that of their valence band offsets follow closely the
common-anion rule and the band alignment is type I.

For the common-cation pairs, the M!GaS,/M'GaSe,
alignment is type 1. The valence band offset reflects the large
difference between anion p orbital energies of sulphur and
selenium (Table IV). However, because the sulfides with low
p orbital energy also have larger p-d repulsion, the difference
between the p orbital energy in this chalcopyrite system is
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reduced compared to its II-VI analogs.?*3° Moreover, be-
cause the Cu compounds have larger p-d coupling, the VBM
offset in the Cu pairs (0.17 eV) is smaller than in the Ag
pairs (0.27 eV). Because the Ga-Se bond length is also larger
than the Ga-S bond length, the antibonding CBM state is
lower on the selenide side.

IV. RESULTS OF CHALCOPYRITE ALLOYS

Early experimental studies and theoretical calculations
show that many physical properties P of semiconductor alloy
AB;_, as a function of x follow the quadratic rules as fol-
lows:

P(x)=xP(A) + (1 =x)P(B) = bpx(1 — x), (8)

where bp is the so-called bowing parameter. In the following,
we will calculate the bowing parameters for the lattice con-
stants, anion-cation bond lengths, band gaps, and the forma-
tion energies.

A. Lattice constant and bond lengths

Our calculated results show that the lattice constants of
the alloy obey Vegard’s rule,*® i.e., the lattice constant bow-
ing parameter b, is zero, or

a(x) =xa(A) + (1 = x)a(B). 9)

The anion-cation bond lengths averaged over a given type
also follow a linear relationship, but their variation as a func-
tion of x is much smaller than the variation in lattice con-
stants, i.e., they have nearly the same values as in pure con-
stituents. For example, in Ag,Cu,_,GaS, alloys, Ag-S and
Cu-S bond lengths are distinct and close to their ideal values
in their ternary AgGaS, and CuGaS, compounds, respec-
tively. The anion-cation bond lengths as functions of x for
the four alloys are plotted in Fig. 5. We can see clearly that
the deviation from the ideal values is within 0.1 A for all
bonds. The conservation of the bond lengths in these chal-
copyrite alloys indicates that the ratio of bond-bending over
bond-stretching force*’#8 is small for this system.

Some interesting trends of the small bond length varia-
tions can also be identified in Fig. 5. In mixed group I
Ag,Cu,_,GaX,; alloys, the common Ga-X bond length is al-
most unchanged with concentration x, whereas the Ag-X and
Cu-X bond lengths associated with the mixed group I ele-
ments increase with x. This is consistent with the fact that the
Ga-X bond lengths are nearly identical in CuGaX, and
AgGaX,, because the local environment surrounding Ga is
not changed with the alloy concentration x. In common-
cation M'Ga(Se,S,_,), alloys, Ga-S and Ga-Se bonds elon-
gate with increasing selenium concentration x, while the
bond lengths between the noble metal M’ and anions has a
much smaller increase with x. This is because the M’-X bond
is more ionic than the Ga-X bond, i.e., it has a smaller ratio
of bond-bending over bond-stretching force than the Ga-X
bond,*”* 5o its bond lengths are conserved better than the
Ga-X bonds.
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mental values of the bowing parameters are ~0.79 eV for
Ag,Cu,_GaS,,” ~028eV for AgCu,_GaSe,,'* and
~0 eV for CuGa(Se,S,_,),.*’ Our results are in good agree-
ment with these available experimental values. Moreover, we
find that the bowing parameters of mixed-cation
Ag Cu;_GaX, alloys are significantly larger than those of
mixed-anion M'Ga(Se,S,_,), alloys.

In semiconductor alloys, the optical bowing parameter is
usually large if the pure compounds have a large chemical
and size difference.?’ The chemical and size difference can
be reflected by the valence and conduction band offsets.
From Fig. 4 and Table III, we can see clearly that mixed-
cation alloys Ag,Cu;_,GaX, have larger valence band offset
and larger lattice mismatch than mixed-anion alloys, so the
optical bowing parameters of mixed-cation alloys are signifi-
cantly larger. Note that, unlike the chalcopyrite alloys, the
mixed anion binary analog ZnSe,S,_, has a large optical
bowing parameter (0.50 eV) because the band offset in
ZnS/ZnSe (0.53 eV) is large due to reduced p-d coupling.?

C. Mixing enthalpies
The alloy mixing enthalpy is defined as

AH(x) = E;,(A,B|_y) = XE;,(A) = (1 = X)E;,(B), (11)

where E,,(A) and E,,(B) are the total energy of pure A and
B. For the alloys studied in this paper, we find the bowing
parameter [Eq. (8)] for the mixing enthalpy is nearly a con-
stant, i.e.,

AH(x) = Qx(1 —x), (12)

where ()=b is the so-called interaction parameter.

Figure 7 gives our calculated mixing enthalpies AH for
the alloys at different concentrations x=0.25, 0.5, 0.75. The
fitted curves and interaction parameters ) are also given in
the figure. As we can see, the interaction parameter () de-
creases from Ag,.Cu,_,GaS, to AgCu,_GaSe, to
CuGa(S,Se;_,), to AgGa(S,Se;_,), in the same order as lat-
tice mismatch Aa/a: 7.3%, 6.5%, 5.4%, 4.7%, respectively,
indicating that strain is the dominating factor in determining
the mixing enthalpies. These interaction parameters are rela-
tively small, suggesting that the alloys can easily form at
growth temperature.

V. CONCLUSION

In summary, we have calculated systematically the struc-
tural properties and electronic band structure of chalcopyrite
compounds AgGaS,, AgGaSe,, CuGaS,, CuGaSe,, and their
alloys, which could have important applications in solid state
lighting and solar cells. We show that due to the increased
structural and chemical freedom, these ternary compounds
have some unusual physical properties. For example, the
band gaps of AgGaX, are larger than the corresponding
CuGaX, compounds, despite that the lattice constants of
AgGaX, are much larger than for CuGaX,. The valence band
offsets between common-anion pairs CuGaX,/AgGaX, are
large and negative, whereas the valence band offsets between
M!GaS,/M'GaSe, are relatively small. The origin of these
band structure anomalies are explained in terms of the
atomic size difference between Cu and Ag and level repul-
sion between anion p and cation d orbitals. The band gap
bowing parameters, bond lengths, and mixing enthalpies for
the common-anion and common-cation alloys are also ob-
tained and compared with available experimental results.
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