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ABSTRACT

Contrary to other semiconductor alloys, incorporation of Ag into CuGaSe; increases the bandgap, even though the lattice expands, and the
Ga-Se bond length is theoretically predicted to decrease rather than increase. Herein, we experimentally confirm this peculiar bond length
dependence of (Ag,Cu)GaSe; using x-ray absorption spectroscopy. We further model the different anion displacements and estimate that
their combined contribution to the bandgap bowing is close to zero. These findings differ from those for Cu(In,Ga)Se; and demonstrate the

diversity of chalcopyrite alloys and their properties.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0164407

With increasing awareness of the dangers of climate change and
rising energy costs, solar cells as a source of clean, green, and afford-
able energy have become the spotlight of many research studies.
Thin film solar cells require less material' and energy” for deposi-
tion, thus having the potential for reduced costs and payback times
in comparison with commonly used crystalline silicon solar cells.”
Thin film solar cells with the chalcopyrite Cu(In,Ga)Se, as an
absorber material were successfully grown on flexible substrates’
and made semitransparent,'”'" demonstrating a high potential for
building-integrated photovoltaics. Moreover, superior stability' '’
with materials of little toxic concern'®"” makes Cu(In,Ga)Se; an
excellent choice for thin film solar cells, already reaching a con-
version efficiency of 23.35%,'° not least because of its wide tun-
able bandgap range."” Further improvements in Cu(In,Ga)Se; can
be achieved by alloying it with silver. (Ag,Cu)(In,Ga)Se; has a
lower melting temperature,'”'® thus further reducing the produc-
tion cost and leading to less defects within the material'® and larger
grains,””""** which is accompanied by an increase in open cir-
cuit voltage, fill factor, and conversion efﬁciency.“‘z‘g‘H In addition,
Ag alloying provides one additional degree of freedom for tuning

bandgap and lattice parameters, which is beneficial for application
in tandem solar cells.””

In fact, bandgap and lattice constants of (Ag,Cu)(In,Ga)Se; are
interesting also from a fundamental point of view, as the bandgap
is observed to increase with increasing silver content even though
the lattice expands.”® This is in contrast to the typical behav-
ior of decreasing bandgap for an expanding lattice of chalcopy-
rite alloys, such as Cu(In,Ga)Se,, and zinc blende alloys, such as
(In,Ga)As and (Zn,Cd)Te.” The structural and electronic properties
of (Ag,Cu)GaSe; were also studied by first-principles calculations.”
The predictions of bandgap and lattice parameters as a function of
alloy composition match the experimental findings. Furthermore,
the bond lengths of the cations on the mixed sublattice, Cu-Se and
Ag-Se, are predicted to expand with increasing Ag content, while the
Ga-Se bond length is predicted to decrease, which is, again, contrary
to the typically observed behavior and intuitive idea of expanding
bond lengths in an expanding lattice.””'

Therefore, the goal of this work is to discover the real bond
length dependencies in (Ag,Cu)GaSe; and to reveal whether they
follow the predicted peculiar behavior or the commonly observed
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trends for other chalcopyrite alloys. As changes in the bond lengths
are accompanied by anion displacements, which, in turn, affect the
bandgap,” this knowledge is then used to discuss the related changes
in the bandgap of (Ag,Cu)GaSe;. To that end, we first performed
extended x-ray absorption fine structure (EXAFS) measurements
of (Ag,Cu)GaSe,, providing the element specific bond lengths as a
function of Ag content. We then modeled the anion displacement
using a valence force field approach and estimated the resulting
bandgap bowing based on ab initio theoretical calculations.

We studied polycrystalline thin films with 2 ym thickness and
grain sizes of ~1 ym, which were grown relatively group I-poor
by a single stage co-evaporation process at 550 °C on a Mo coated
soda-lime glass.”*”" The Ag/(Ag + Cu) ratio ranges from 0 to 1
in steps of ~0.25 as determined by energy dispersive x-ray spec-
troscopy. The x-ray diffraction (Fig. S1) confirmed the chalcopyrite
crystal structure, schematically shown in Fig. 1, and provided the
lattice constants and unit cell volume (Fig. S2). The latter increases
almost linearly with increasing Ag/(Ag + Cu) ratio in good agree-
ment with Vegard’s law”*">*® and clearly demonstrates the continu-
ous lattice expansion with increasing silver content. The bandgap
was determined by optical spectroscopy and shows a non-linear
dependence on the alloy composition, known as bandgap bow-
ing.”® The extended x-ray absorption fine structure was measured
at beamline P65 of PETRA III at DESY in Hamburg, Germany.’’
The spectra were recorded at the Cu, Ga, and Ag K-edges (8.979,
10.367, and 25.514 keV, respectively) in the fluorescence mode with
a 4-pixel SDD detector, applying a sample temperature of ~10 K to
maximize data quality and precision of the analysis. In addition to
the (Ag,Cu)GaSe; samples, four Cu(In,Ga)Se; thin films were also
measured to ensure consistency with previous results.””**

The data were processed and analyzed using the IFEFFIT code
and the corresponding user interfaces ATHENA and ARTEMIS,*
combined with phase shifts and scattering amplitudes calculated
by FEFF9."! The Fourier transformation from a photoelectron wave
number k to a radial distance space R is performed in the range of
k=(3-14) A7 for Cuand Gaand k = (3 - 14.5) A~ for Ag with
a Hanning window with dk =2 A™". The nearest neighbor contri-
bution was singled out by choosing an R range of (1.4 —2.8) A for

39

(c)

FIG. 1. (a) Unit cell of (Ag,Cu)GaSe; with Se atoms in black, Ga atoms in green,
and group | atoms, Ag and Cu, in yellow. (b)-(d) All different possible local
configurations surrounding Se atoms in the alloy, featuring two different anion
displacement mechanisms, denoted by u and §.
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Cu, (1.45-2.8) A for Ga, and (1.6 — 2.7) A for Ag, and the fit was
performed with multiple k-weights of 2, 3, and 4 while fixing the
amplitude reduction factor and the threshold energy to an average
value for all samples measured at a given edge. The coordination
number was set to 4 (see Fig. 1), and the asymmetry parameter C3
was set to zero. The latter is justified by an analysis with varying
C3, which yielded values close or equal to zero within the uncer-
tainties (Fig. S3), as expected for low measuring temperatures.”
The fits thus yield element specific bond lengths, as discussed below,
and the variances of the distance distributions, which are in the
range of (1.8 — 3.4) x 107> A? and are in good agreement with pre-
vious studies.””"""" The measured y(k) spectra, weighed by k%, their
Fourier transforms, and the corresponding fits are shown in Figs.
S4-S6.

Figure 2 shows the plots of the element specific bond lengths
of (Ag,Cu)GaSe;, predicted theoretically’® and determined exper-
imentally, as a function of Ag/(Ag + Cu) ratio. A comparison of
the EXAFS bond lengths and the interatomic distances determined
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FIG. 2. (a) Theoretically predicted®® and (b) experimentally determined bond
lengths of (Ag,Cu)GaSe; as a function of Ag/(Ag + Cu) ratio and (c) experimen-
tal bond lengths of Cu(In,Ga)Se,*" as a function of In/(In + Ga) ratio, shifted by
0.005 A for consistency. The uncertainty of the bond lengths is 0.003 A and is,
thus, smaller than the symbol size. The dashed lines in panel (a) are a guide to the
eye, whereas the solid lines in panels (b) and (c) represent the model fits based
on the valence force field plus the law of mass action approach.®? The uncer-
tainty of these model fits is indicated by the shaded areas and is mainly due to the
uncertainties of the bond lengths, literature force constants, and extrapolation of
the lattice constants to low temperatures. Note the break in the y axes.
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by XRD is shown in Fig. S7. The element specific bond lengths of
Cu(In,Ga)Se;, determined by EXAFS, are plotted as a function of
In/(In + Ga) ratio in Fig. 2(c).”! Note that these values were shifted
by 0.005 A to match the bond lengths obtained for the Cu(In,Ga)Se;
thin films remeasured in the present study.”"”** As shown in Fig. 2,
the bond lengths of the cations on the mixed sublattice change less
than what would be expected based on Vegard’s law and the vir-
tual crystal approximation.”” This behavior is commonly observed
for semiconductor alloys and is explained by bond angle relax-
ation being energetically favorable over bond length relaxation.””
Even though all these bond lengths increase with increasing Ag
or In content, the increase is twice as strong for (Ag,Cu)GaSe;
than for Cu(In,Ga)Se, despite a similar change in the unit cell
volume.”**"""" This is caused by Ag-Se and Cu-Se bonds having
a higher ionicity and thus being softer than Ga-Se and In-Se bonds,
which is also reflected in their force constants.”” ** Thus, the group
I-Se bonds respond more strongly to the change of the lattice than
the group III-Se bonds.”” Regarding the common cation, the Ga-Se
bond length in (Ag,Cu)GaSe, decreases with increasing Ag/(Ag
+ Cu) ratio in contrast to the Cu-Se bond length in Cu(In,Ga)Se,,
which increases with increasing In/(In + Ga) ratio. This clearly con-
firms experimentally the peculiar Ga-Se bond length dependence for
(Ag,Cu)GaSe; so far only theoretically predicted.

The bond length changes are accompanied by anion displace-
ments, which can be simulated using a valence force field plus
the law of mass action approach.”””""*** To that end, low tem-
perature lattice constants were extrapolated based on Refs. 28,
46-51 10 AcuGase, = 5.617 A, ccuGase, = 10.995 A, apgaase, = 6.002 A,
CagGase, = 10.825 A, acumse, = 5.782 A, and ccumnse, = 11.609 A. The
bond stretching force constants are set to 80 N/m for Cu-Se, 70 N/m
for Ag-Se, 150 N/m for Ga-Se, and 130 N/m for In-Se."”"** For each
local configuration, depicted in Figs. 1(b)-1(d), the individual bond
lengths and the corresponding anion positions are then obtained by
minimizing the distortion energy for alloy lattice parameters based
on Vegard’s law.””""">"° Averaging over the three local configu-
rations is performed by using the law of mass action to take into
account the competition between minimization of the total distor-
tion energy and maximization of entropy.’” The resulting average
bond lengths, plotted in Fig. 2 as solid lines, reproduce the experi-
mentally determined bond lengths well. The corresponding average
anion displacements for (Ag,Cu)GaSe, are shown in Figs. 3(a)
and 3(b).

The displacement between group I atoms and Ga atoms,
denoted by I-Ga, is well known and commonly called u = x — 0.25,
where x is the relative coordinate of the anion in the chalcopyrite
structure. Figure 3(a) shows the anion displacement u for the dif-
ferent configurations shown in Figs. 1(b)-1(d) and the average (u),
which has a mostly linear trend as a function of Ag content with
a small non-linear contribution (u),;. In addition, the anion is dis-
placed between the different group I atoms, denoted by Ag-Cu or
& [Fig. 1(c)]. However, this displacement occurs only in the mixed
configuration with one Cu and one Ag. Therefore, the average of
this anion displacement (8) = (Ag-Cu) is intrinsically non-linear
and its bowing is more than one order of magnitude larger than
that of (u) = (I-Ga) [see Fig. 3(b)], similar to what was observed
for Cu(In,Ga)Se,.”” Still, due to their non-linear dependence, both
displacement mechanisms can be expected to affect the bandgap
bowing.

pubs.aip.org/aip/apm
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FIG. 3. Anion displacement in relative coordinates and bandgap bowing for
(Ag,Cu)GaSe; as a function of Ag/(Ag + Cu) ratio. (a) The individual displace-
ments u between the group | atoms and Ga, also denoted by |-Ga, for each local
configuration in Figs. 1(b)-1(d) as well as the average displacement (u). (b) The
absolute individual displacements & between the two group | atoms, also called
Ag-Cu, for each local configuration as well as the average absolute displacement
(9) together with the non-linear part (u) of (u) multiplied by 10. (c) The bandgap
bowing resulting from the different anion displacement mechanisms is compared
with experimentally (dark gray)”*“” and theoretically (light gray)**>® determined
literature values.

The bandgap bowing AE, is defined as the difference between
the weighted average of the ternary bandgaps and the alloy bandgap,
and it originates from volume deformation, charge redistribution,
and anion relaxation.” The latter contribution can be estimated
from the non-linear change in the average anion displacement
and the change in the bandgap with changing anion position. For
Cu(In,Ga)Sez,” " the coefficient dAE,/du was taken to be —20 eV
based on the literature.” " For dAE,/dé, no theoretical calculations
were available. Therefore, the coefficient was estimated as 1.5 eV
based on values obtained for InGaP, and InGaAs,,”"”” as the anions
in these systems undergo a similar displacement between In and Ga
as Se does in Cu(In,Ga)Se,. Here, we take a similar approach for
(Ag,Cu)GaSe;. Even though the coefficient dAE;/du depends sig-
nificantly on the calculation details,”” only relatively small variations
were reported between CulnSe;, CuGaSe;, AgGaSe;, and AgInSe;
for the same approach.’® Therefore, based on a state of the art cal-
culation for CulnSe;," a coefficient dAE, /du of —40 eV is estimated
for (Ag,Cu)GaSe,, which is twice the coefficient previously used for
Cu(In,Ga)Se,.””! To obtain an estimate for dAE ¢/dd, describing the
effect on the bandgap bowing of an anion displacement between
Ag and Cu, AgCul, with chalcopyrite structure was considered.
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This stable semiconducting material features tetrahedral coordina-
tion of anions and cations, and an anion displacement occurs solely
between Ag and Cu atoms. Furthermore, the bonding is defined
by the hybridization of the cation d states with the anion p states
similar to (Ag,Cu)GaSe;. The calculations were performed in the
framework of density functional theory (DFT) using the Vienna Ab
initio Simulation Package (VASP) code.’"* The 4s, 3p, and 3d elec-
trons of Cu; 5s, 4p, and 4d electrons of Ag; and 5s and 5p electrons
of iodine were explicitly treated as valence electrons. A plane wave
cutoff energy of 700 eV was used together with a 4 x 4 x 2 k-point
grid to ensure convergence of the total energy up to 1 meV per
atom. The relaxation of the atomic positions was performed with
the PBEsol exchange—correlation functional® and the PBEO hybrid
functional® with the inclusion of spin-orbit coupling. The latter
yields more accurate bond lengths for chalcopyrite alloys due to a
better description of the p-d hybridization.””** PBEO is shown to
reproduce the optical properties of zinc blende AgiCu,_,I alloys
very well.®” All forces on the atoms were relaxed until they were
smaller than 1 meV/A. As a result, the Ag and Cu atoms form a per-
fect sublattice, while the iodine atoms are displaced from the ideal
tetrahedral lattice sites as expected. The bandgap was then calcu-
lated with PBEO for different displacements u of the iodine atoms
around the minimum energy configuration. The resulting coefficient
dAE,/du of AgCul, was further multiplied by 0.5 since the Se atoms
in (Ag,Cu)GaSe; are surrounded by only half as many Ag and Cu
atoms as iodine in AgCuIz.(‘S‘m With this, a coefficient dAE, /déd of
2.5 eV is estimated for (Ag,Cu)GaSe;, which is somewhat larger but
still similar in magnitude to the coefficient of dAE,/dd = 1.5 eV used
for Cu(In,Ga)Se,.”""

The bandgap bowing resulting from both anion displacement
mechanisms in (Ag,Cu)GaSe; is shown in Fig. 3(c), together with
the range of bandgap bowings reported in experimental””* and
theoretical”* studies. The contribution caused by the anion dis-
placement between group I and Ga, AE;Ga, is ~8 times larger than
AEE“‘HI of Cu(In,Ga)Se,” and of the opposite sign. The latter arises
from the different direction in which the anion is shifted between
group I and group III atoms. The factor of ~8 can be explained
by the different coefficients dAEg/du used in Ref. 29 and herein
(—20 eV vs —40 eV as described above) and by the magnitude of
the anion displacement, which is ~4 times larger in (Ag,Cu)GaSe;
than in Cu(In,Ga)Se,.” In contrast, the bandgap bowing inflicted

by the displacement between Ag and Cu, AEgg_Cu, is ~2 times larger
than AE;"_Ga of Cu(In,Ga)Se; and has the same sign.”” Here, the
factor of ~2 mostly comes from the different coefficient dAE,/dd
(1.5 eV vs 2.5 eV), while the magnitude of the anion displacement
between the cations of the same group is similar for (Ag,Cu)GaSe;
and Cu(In,Ga)Se;. This is likely caused by the similarity of the
force constants of cations of the same group.”” ** As can be seen
in Fig. 3(c), AEy "¢ and AE;®
are both significant with respect to the range of experimentally’*””
and theoretically’”” determined values. Due to their opposite signs,
however, the combined bandgap bowing resulting from both anion
displacement mechanisms is close to zero in (Ag,Cu)GaSe;,. This
is in contrast to Cu(In,Ga)Se;,”” where both contributions add up
and constitute a quite significant part of the experimentally observed
bandgap bowing.

have a similar magnitude and

pubs.aip.org/aip/apm

In conclusion, we confirmed the theoretically predicted pecu-
liar Ga-Se bond length dependence in (Ag,Cu)GaSe; by the x-ray
absorption spectroscopy measurements. Despite the lattice expan-
sion with increasing Ag content, the Ga-Se bond length decreases,
while the Cu-Se and Ag-Se bond lengths increase. Based on these
results, we further modeled the two anion displacement mecha-
nisms, u and §, present in chalcopyrite alloys using a valence force
field approach and the law of mass action. The impact of these dis-
placements on the bandgap bowing was estimated from literature
values for a displacement between group I and Ga atoms and from
ab initio calculations performed for AgCul, in the present work for a
displacement between Ag and Cu atoms. The resulting contributions
to the bandgap bowing are quite significant for both displacement
mechanisms, yet their signs are opposite. Consequently, the over-
all contribution of the anion relaxation to the bandgap bowing is
close to zero for (Ag,Cu)GaSe;. The peculiar bond length depen-
dence in (Ag,Cu)GaSe; and its impact on the bandgap bowing are
thus quite different from the behavior observed for Cu(In,Ga)Se,
and demonstrate the diversity of the phenomena that can occur in
semiconductor alloys with chalcopyrite structure.

In the supplementary material, further information is acces-
sible regarding the XRD data (Fig. S1); lattice constants (Fig.
S2);asymmetry parameter C3 (Fig. S3); k*~weighted y(k) spectra,
their Fourier transforms, and the corresponding first shell fits (Figs.
$4-S6); and a comparison of the interatomic distances derived by
XRD with the EXAFS bond lengths (Fig. S7).
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