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ABSTRACT

We computationally investigate the tetragonal and orthorhombic Cu,CdGe(S,Se;_,)4 (0 < x < 1) alloy systems and study their mechanical
and optoelectronic properties for photovoltaic applications using first principles density functional theory and beyond methods. Formation
energies are all below —5.5 eV/f.u., decreasing with x. Energy vs strain calculations estimate the bulk moduli to be between 55 and 69 GPa,
the shear moduli to be between 22 and 28 GPa, and Young’s moduli to be between 59 and 74 GPa, all monotonically increasing with x.
Optoelectronic properties are computed with the hybrid HSE06 functional. Bandgaps between 1.2 and 1.9 eV (increasing with x), low
carrier masses in the (001) direction, and favorable optical absorption and reflectivity indicate that the alloys could be used as an absorber
layer in solar cells. For a given value of x, the tetragonal system has higher elastic constants, a lower bandgap, and lower effective masses for
both electrons and holes compared to the orthorhombic system. Further, the absorption coefficient near the peak of the standard AM 1.5
solar spectrum is calculated to be 5um™! larger for the tetragonal system than for the orthorhombic system. These considerations lead to
the conclusion that the tetragonal system shows promise as an absorber material for both single-junction and tandem solar cells.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0088985

1. INTRODUCTION the quaternary copper chalcogenides for PV applications. Issues with

band tailing and bulk defects continue to limit the open circuit

The increasing demand for renewable energy devices has previ-
ously led to Cu(In, Ga)Se, and CdTe being projected as the domi-
nant thin-film absorber materials for photovoltaic (PV) applications
on account of their competitive power conversion efficiency (PCE)
values and low cost compared to crystalline silicon solar cells. Since
In and Ga are rare, hence expensive and Cd is toxic, more recent
interest has been focused on Cu,-XII-XIV-XVI, materials excluding
In and Ga. Of these materials, Cu,ZnSn(S, Se), has attracted the
most attention' ™ with Wang et al' creating a device achieving
12.6% PCE. Other materials in the same family have also been used/
considered for PV, biosensing, and thermoelectric applica'[ionsf’17
Despite holding the record PCEs for Cu,-XII-XIV-XVI, devices,
there are indications that Cu,ZnSn(S, Se), is not the best choice of

voltage and bottleneck the PCE of devices based on the material.'®"’

Cu,CdGe(XVI), (XVI=S§, Se) is a related system with promise
for PV applications. Notably, the work of Grossberg et al.”’ on the
optical properties of Cu,CdGeSe, has suggested that this material
may be able to overcome PCE-limiting factors present in Cu,ZnSn
(S, Se)s.”' Cu,CdGeSe, has a bandgap between 1.14 and 1.27 eV
depending on its growth conditions.'”*** Gulay et al and
Marushko et al.”*** describe that depending on the synthetization
temperature, Cu,CdGeSe, grows with either tetragonal or orthorhom-
bic symmetry. Cu,CdGeS,, on the other hand, always has orthorhom-
bic symmetry.”” Cu,CdGeSe, has also been considered for PV

applications and has a relatively high bandgap of around 2.0 eV.”>***
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For PV applications, a benefit of Cu,CdGeSe, is the potential for
anion substitution with S, as recently described by an experimental
study of Li et al” They explored the Cu,CdGe(S,Se;—_,)4 system
and tuned the bandgap from 1.27 to 2.04 eV, creating a device with
a PCE of 6.4%. Li et al. focused on the orthorhombic (o-)
Cu,CdGe(S,Se;_,)4 system, leaving tetragonal (t-) phase Cu,CdGe
(SxSe;_.)4 mostly unexplored. This may be due to the difficulty of
growing the mixed-phase t-Cu,CdGe(S,Se;_x)4.

Given the recent experimental interest in  the
Cu,CdGe(S,Se;_,), system, there is a need for a theoretical
examination of its physical and electrical properties. First principles
modeling has previously been used to elucidate the properties of
similar alloy systems.”*™"” With this in mind, the present study uses
first principles calculations to explore both the t- and o-phases
of Cu,CdGe(S,Se;_,)s, using advanced HSE06 functionals to
properly capture their optoelectronic characteristics. We vary
x = [S]/([S] + [Se]) such that 0 < x < 1 in steps of Ax = 0.125.

The paper is organized as follows: first, we detail our compu-
tational methods in Sec. II. Then, we characterize structural proper-
ties and elastic properties in Sec. III A, followed by a discussion
of the optoelectronic properties of the system in Sec. III B. Finally,
in Sec. IV, we conclude by reviewing the potential of Cu,CdGe
(SxSe;_y)4 for PV applications and list ideas for future research.

Il. COMPUTATIONAL METHODS

All computations were performed with the plane wave Vienna
Ab Initio Simulation Package (VASP).”*”” The plane wave cutoff
energy was fixed at 550 eV.”® For structural relaxations, we treat
exchange-correlation effects with the Perdew-Burke-Ernzerhof
(PBE) functional’ and employ standard projector-augmented wave
potentials’’ to describe the core electrons. The following pseudopo-
tential basis sets were utilized: Cu, Cd, Ge, Se, and S. I'-centered
k-point meshes of size (8 x 8 x 7) were generated according to the
Monkhorst-Pack scheme.”' For relaxations, Gaussian smearing
with width (o) = 0.04eV was used to set partial occupancies of
electrons.’>"” Cell size, shape, and atomic positions were optimized
until the forces on each atom were less than 1 meV/A.** The crite-
rion for electronic convergence was set to when the change in
energy was less than 1077 eV.

To model Cu,CdGe(S,Se;_,)s, We use established structures
for end members from the Materials Project™ as starting
points. First reported by Gulay et al.”* t-Cu,CdGeSe, takes the
stannite structure, with the following (element, Wyckoff position)
pairs: (Cu, 4d), (Cd, 2a), (Ge, 2b), and (Se, 8i). Alternatively,
0-Cu,CdGeSe, takes the wurtzite structure with the following
(element, Wyckoff position) pairs: (Cu, 2a), (Ge, 2a), (Se2 & Se3,
2a), (Sel, 4b), and (1/2 Cu+ 1/2 Cd, 4b). The starting model used
in this work is that of Materials Project ID mp-13982. We then lin-
early interpolated lattice vector lengths between one end member
and the other. The x condition for each of the seven intermediate
structures for both t- and o-Cu,CdGe(S,Se;_,)4 was fulfilled by
randomly filling the anionic sites with either S or Se. These starting
structures were then allowed to fully relax all atomic positions, cell
shapes, and volumes according to the quantitative parameters
described above. We calculated lattice parameters and the bandgap
at the GGA level for different representations of the same x to

ARTICLE scitation.org/journalljap

ensure that basic properties were independent of which S sites were
changed to Se. Specifically, we tested three representations of each

. 8
x (out of a possible ( 8x
tions from the average lattice constant, cell angle, and bandgap
were 0.04 A, 0.3°, and 0.04 eV, respectively. Thus, we consider these
parameters constant to about 0.1 A, 1°, and 0.1 eV and expect that
other reported values are constant as well. To further analyze the
structures, we used the Visualization for Electronic and Structural
Analysis software (VESTA, version 3.4.5")to simulate powder dif-
fraction patterns.

Formation energies were calculated with respect to bulk mate-
rials using standard methods.**” Models for all bulk materials
were taken from Materials Project* and have the following IDs:
Cw: mp-30, Cd: mp-1096861, Ge: mp-32, Se: mp-14, and S:
mp-994911. Specifically, we used the formula

) combinations). The maximum devia-

Etorm (%) = Eccg(se, 5)(X) — 2Ecu + Eca + Ege
+4[Esx + Ese(1 — x)],

where Efom is the formation energy per formula unit, Eccgse, s) iS
the energy of Cu,CdGe(S,Se;_,)4 for a given x, and E; is the energy
per atom of the ith element in its bulk configuration.

To explore charge transfer as a function of [S], we computed
the effective charges for each element using Bader analysis as
implemented in the Henkelman Group’s Bader Analysis code.**™’
Bader’s charge analysis is based only on the density and interfaces
directly with VASP and is, thus, a natural choice in comparison to
other charge analysis methods, such as Mulliken (based on LCAO)
or Hirshfeld (which must be parameterized). For the charge analy-
sis, we increased the density of the FFT grid from the default by a
factor of 3.5.”

To calculate elastic properties, we employed the energy-strain
method,” ™" using deformation matrices described in Ravindran
et al”™ (except for the center entry of Dy, which we changed to
14+6/(1— 52)1/3 in order to better conserve the cell volume) with
strain parameter § ranging from —0.002 to +0.002 in steps of
0.001. The relatively small choice of & allowed for faster conver-
gence of elastic constant calculations, permissible due to the strict
force tolerances and electronic convergence criteria used. Elastic
properties (bulk, shear, Young’s moduli, Vickers hardness, and the
Debye temperature) were calculated according to appropriate equa-
tions in Refs. 42, 57, and 58. The directional dependence of
Young’s modulus was calculated according to Eq. (7) in Chen
et al,”” and the structural stability of all models was evaluated
using the following Born stability criteria (originally given by
Mouhat et al.®°):

Cii > OfOT ie {1, 4: 5: 6})
C11C22 — C%Z >0,
C11C22C33 + 2C12C13CZ3 - C11C§3 - CZZC%S - C33C%2 > 0.

To study the dynamical stability of Cu,CdGe(S,Se;_,)s we
employ the Phonopy software package,’’ which calculates the force
constant matrix of a structure through the frozen phonon method.
For these calculations, we extend both the tetragonal and
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orthorhombic cells into 2 x 2 x 2 supercells. Each structure’s given by
stability is determined by the presence of any imaginary phonon
frequencies—if any imaginary phonon frequencies exist, that struc- Pk 1 8Ek)
ture is dynamically unstable. < M.T1> - _ <Z J__—anD(k)>
. . . 1 b=bands 352 Ok
For optoelectronic properties, we used the Heyd-Scuseria— (@r)’ h* Okidk
Ernzerhof hybrid functional®” (HSE06) since its prediction of the Pk -1
bandgap is known to agree with the experiment much better than X <Zb=ban ds J—3nFD (k)> >
local density and generalized gradient methods.””™* Convergence (27)
tests and previous studies showed that reducing the k-point mesh
to (6 X 6 x 5) gave acceptable results with HSE06."” We used the =~ where Ey,(k) is the energy of the bth band at point k and ngp is

tetrahedron method Wlth Blochl c()rrection568 to set partial oCCu- the Fermi-Dirac distribution Wlth chemical potential,u at tempera-
pancies of electrons.®””’ ture T,

The Crystal Orbital Hamilton Population (COHP) analysis
was carried out using the Local Orbital Basis Suite Towards Ey(k) — -1
Electronic-Structure Reconstruction (LOBSTER, version 4.0.0"'~) nep(k) = (ex {-i_— bi'u] + 1)
program using the following default basis functions: Cu: 3d + 4s, kT
Cd: 4d +5s, Ge: 4p +4s, Se: 4p +4s, S: 3p + 3s. This resulted in a
charge spilling of < 1.3%. We considered all atom pairs between 1 We choose T = 300K and p to lie just above (below) the
and 3.2 A for these calculations. The COHP, similar to the Crystal valance (conduction) band edge. From the mass tensor, we report

Orbital Overlap Population (COOP) analysis, can indicate relative the so-called “conductivity mass,” which is the harmonic average of
bond strength. We choose to use the COHP over COOP due to its eigenvalues. The consistent choices of T and u allow for effective

COHP’s partitioning of band structure energies instead of COOP’s comparisons between structures and concentrations of [S], while
partitioning of electrons into bonding contributions (the former is the non-zero T allows for the inclusion of nonparabolicity and
better suited to density functional theory). multiple extrema in the energy landscape to the effective mass.

We have calculated carrier effective masses (m’) using the Finally, the optical response functions were calculated within
scheme originally suggested by Hautier et al.”’ that considers the ~ VASP according to independent particle approximation (IPA) out-
energy landscape of the entire Brillouin zone and allows for lined in Gajdo$ et al.”® Specifically, using the notation of Ref. 79,
tunable temperatures and chemical potentials. The (ith, jth) com- the (ith, jth) component of the frequency (w)-dependent imaginary
ponent of the inverse of the averaged effective mass tensor M;; Lis dielectric tensor is calculated as

|
2,
&E2ij = 4”Ve qiir(l) l:% Zc,v,k 2wl<5("3ck — &k — (0) X <uck+eiq | uvk><uvk | uck+ejq> >
|
where the sum is over conduction bands ¢, valance bands v, and lll. RESULTS

k-points k. u represents thF periodi.c gell portion of the orbitals. A. Structural and elastic properties
The real part of the dielectric tensor is given by
1. Lattice parameters

Our calculated lattice parameters, formation energies
£2i(0)0 . (Eform)> and free energies (F) of the Cu,CdGe(S,Se;_.)4 system
«, are tabulated in Table I. The lattice lengths of t-Cu,CdGeSe,,

0-Cu,CdGeSe,, and 0-Cu,CdGeS, match well with the previous
experimental results obtained through x-ray powder diffraction

(XRD) analysis'****"*****” and theoretical DFT calculations.”**' ™

2 00
8":l+— — 5
1 71'_[0 w'? —w*+in

where the integral is a principal value integral and 7 is a small As for intermediate phases, the lattice parameters are roughly linear
complex shift (chosen as the VASP default, 7 = 0.1). In order to in x, in agreement with the experimental observations of Li et al. via
ensure that enough empty conduction band states were included XRD.”” The c¢/a ratio (=1.9) of t-Cu,CdGe(S,Se;_,)s remains
for convergence, we increased the number of calculated bands constant over all x. It is also in between the c¢/a ratios for similar
from the default by a factor of 3.”% The IPA paired with the HSE06 tetragonal materials, such as Cu,-XII-XIV-XVI, (XII=Cd, Zn,
functional is a reasonable compromise between accuracy and com- XIV =S8i, Ge, Sn, XVI=S, Se, Te), for which XRD analysis has

putational efficiency—resource limitations made using more given values between 1.8 and 2.0.””'"'"7'° Not only are both

advanced theories (induced dipole, GW, Bethe Salpeter, and Casida 0-Cu,CdGe(S,Se,_,)4's c/a ratio (=1.2) and b/a ratio (=1.0)
equations) intractable. constant, but they also match experimental values (obtained
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TABLE I. Structural parameters for tetragonal (t-) and orthorhombic (0-) Cu,CdGe(S,Se;_,)s phases including lattice vector lengths (a, b, ¢) in A, formation energies (Erorm) in
eVif.u., and Helmholtz free energies at 300 K (F) in kJ/mol. Cell angles are all equal to 90° to within + 0.4°.

t-Cu,CdGe(S,Se;_y) 4 0-Cu,CdGe(S,Se;_,)4

x a c Eform F a b c Etorm F
0.000 5.9, (5.8)*™" (5.6)" 11.3, (11.1)*™%,(10.7)" —5.6 —=33.6 6.7, (6.6)">° 7.0, (6.9)"™ 8.2, (8.1)*"¢ —55 =345
0.125 5.8, (5.7)° 11.2, (11.0)° —5.7 =320 6.6, (6.6)° 7.0, (6.8)° 8.2, (8.0)° —5.7 =316
0.250 5.8 11.1 —59 —299 6.6, (6.5)° 6.9, (6.8)° 8.1, (8.0)° -59 —296
0.375 5.7 11.0 —6.1 =276 6.6, (6.5)° 6.9, (6.8)° 8.0, (7.9)° -60 =275
0.500 5.7 10.9 —62 —246 6.5, (6.5)° 6.8, (6.7)° 8.0, (7.9)° —62 =250
0.625 5.7 10.9 —6.4 —22.8 6.5, (64)° 6.8, (6.8)° 7.9, (7.8)° -64 -228
0.750 5.6 10.8 —6.6 —20.5 6.4, (6.4)° 6.7, (6.7)° 7.9, (7.8)° -6.6 —19.9
0.875 5.6 10.7 -6.9 =175 64, (63)° 6.7, (6.6)° 7.8, (7.8)° -68 —174
1.000 5.6, (5.5)° 10.6, (10.6)® —7.1 =160 64, (6.3)*", (6.4) 6.6, (6.6)"" 7.8, (7.7)%" (7.8) —7.1 -—144

*References 20, 24, and 26 (experimental).
PReference 22 (experimental).

“Reference 10 (experimental).

dReferences 26 and 27 (experimental).

®Linear interpolations (the step size of Li et al.”> was Ax = 0.2, while ours was Ax = 0.125).

fReference 32 (theoretical).
8Reference 33 (theoretical).
hReference 28 (theoretical).
iReference 31 (theoretical).

through XRD) of Cu,-XII-XIV-XVI, (XII = Cd, Zn, XIV = Si, Ge,
XVI =S, Se).*”'* The constant lattice parameters indicate that the
general shape of the alloy is conserved while the size changes
with x.

The formation energies (Eform) follow a linear trend in x, with
Cu,CdGeS, being about 1.5eV lower in energy than Cu,CdGeSe,.
t-Cu,CdGe(S,Se;_)4 is lower in energy than o-Cu,CdGe(S,Se;_,)4
for any given x, which is consistent with the experimental
observation that o0-Cu,CdGe(S,Se;_,)s must be synthesized in
an environment around 200K higher in temperature than
t-Cu,CdGe(S,Se;_,)4 which is grown slightly below 750 K.>*™**
Further, compared to similar materials (Cu,ZnSnSey,
Eform = —4.06eV/f.u.*’ and Cu,ZnSnSy, Eform = —4.84€V/f.u,”
both experimentally determined through calorimetry), the formation
energies of t- and 0-Cu,CdGe(S,Se;_,), are significantly lower,
between —5.5 and —7.1eV/fu. Thus, both phases of
Cu,CdGe(S,Se;_,)4 may be expected to have increased stability
compared to similar materials.

The decrease in lattice parameters with increasing [S] is
because [S] is more electronegative than [Se] (ys =2.6 and
Zse = 2.4 on the Allen scale®”). Substituting Se with S decreases
bond lengths and contracts the cell, evidenced by Bader charge
analysis (Tables II, SI and S2 in the supplementary material),
further discussed in Sec. III B 1. Table II shows charge analysis
for end members, while Tables S1 and S2 in the supplementary
material detail the results of the charge analysis for each unique
atom in the unit cell.

From Table S3 in the supplementary material, which lists
average pair distances between cations and anions in Cu,CdGe

(SxSe1_x)s> One can see the minor differences between bond lengths
in t- and 0-Cu,CdGe(S,Se;—,)4. Further, it shows that the average
nearest neighbor distance involving Se in Cu,CdGeSe, (both phases)
is 2.53 A, while the average nearest neighbor distance involving S in
Cu,CdGeS, (both phases) is 2.40 A. This corresponds with the
decreasing lattice parameters as well.

Simulated powder diffraction patterns for each x can be found
in Fig. S1 in the supplementary material. The general heights and
locations of peaks are fairly consistent with Li’s aforementioned
experimental  observations on both  t-Cu,CdGe(S,Se;_,)4
(0<x<015 and 0-Cu,CdGe(S Sei_y)s (0 <x <1).*”
Inconsistencies, the most notable being the relative heights of
0-Cu,CdGe(S,Se;_,)4, can be explained by the fact that our XRD
was calculated for a single unit cell with consistent anion sites and
a simplified treatment of finite-temperature effects. Also consistent
with Li’s work, we observe a consistent rightward shift of the inten-
sity spikes as x increases due to the shrinking lattice parameters.
The major intensities keep their relative locations, which show that the

TABLE II. Bader charge analysis details for tetragonal Cu,CdGe(S,Ses_y)s end
members. The charge of atom i, g, is given in units of the elementary charge e.
The charges for the tetragonal and orthorhombic structures are identical up to
+0.01e; thus, the table applies to both systems. Data on intermediate x are given in
Tables S1 and S2 in the supplementary material.

- qcu qdcd qGe qse OT (s
Cu,CdGeSe, 0.36 0.71 0.85 -0.57
Cu,CdGeS, 0.49 0.86 1.20 -0.76
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models retain their structure throughout the entire range of x, despite
anion substitution. Our XRD figures for t-Cu,CdGe(S,Se;_,)4
(x > 0.15) are predictive since no experimental data exist.

2. Elastic propetrties, stability

To study material strength and stability, we calculate the
elastic constants (Cjjs) unique to an orthorhombic structure for
every x. For consistency, we apply the orthorhombic set of strains
even to the tetragonal system. Hill’s averages for the bulk, shear,
and Young’s moduli (B, G, Y, respectively) as well as Vickers
hardness (Hy) and the Debye Temperature (Tp) are listed in
Table III, and the explicit values for C; are tabulated in Tables S4
and S5 in the supplementary material. Poisson’s ratio (v) was also
calculated and found to be constant in x: v = 0.32. Values for
B, G, andY for t-Cu,CdGeSe, and t-Cu,CdGeS, are comparable
to the previous DFT results.”>> Hy should only be considered as
an order of magnitude estimation since its estimated values are less
than 5GPa. As discussed by Tian et al,® the empirical formula
used here (Hy = 0.92k"137G%7%8) overestimates Hy’s true value
when Hy <5 GPa.

B, G, Y, and Tp generally increase with x although not fol-
lowing monotonicity. The general increase with x is due to S bonds
being stronger than Se bonds—the same effect that causes lattice
parameters to decrease with increasing [S], discussed in Sec. IIT A
1. The trendless rates that parameters increase at and the dips in
strength at x = 0.125, x = 0.250 could be explained by the obser-
vation that the structures of intermediate phases have lower sym-
metry than the end members.

t-Cu,CdGe(S,Se;—,)4 is found to be elastically stronger and
more heat resistant than o0-Cu,CdGe(S,Se;_,)s. Plots of the -
pCOHP in Fig. 1 (end members only) and Fig. S2 in the
supplementary material (all x) show that Cu bonding states around
2eV below the Fermi energy (Ep) are slightly stronger in
t-Cu,CdGe(S,Se;_,)4 than in 0-Cu,CdGe(S,Se;_,)4 which further
explains t-Cu,CdGe(S,Se;_,)4's superior resistance to strain and heat.
Further discussion of the -pCOHP can be found in Sec. I1I B 2.
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The directional dependence of Y is shown in Fig. 2(a) (t-phase,
Y:) and Fig. 2(b) (o-phase, Y,). Only end members are shown for the
sake of brevity. Figure S3 in the supplementary material shows the
results for all x. Y, is found to be highest along (+1, + 1, + 1)
directions, while Y, is highest in only the (1, 0, 0) directions.
Although the general Y is shown in Table III to be larger for
t-Cu,CdGe(S,Se;_,)4 than for 0-Cu,CdGe(S,Se;_y)s Yo's maximum
value is twice as large as Yy’s maximum. Y;, however, is more isotro-
pic. Y is about 13% larger in the (0, 0, 1) plane than in the other two
directions. Y,’s maximum values on the (0, 1, 0) and (0, 0, 1) planes
are about 56% larger than its maximum on the (1, 0, 0) plane. The
shape of the directionally dependent Y is directly correlated to the
bonding angles in t- and 0-Cu,CdGe(S,Se;_)s. The tetragonal struc-
ture’s bonds are oriented diagonally with respect to the model’s lattice
vectors, corresponding to the maxima of Y being along the diagonal
directions. The orthorhombic structure has bonds directly along the a
vector and also in the b—c plane, which explains the calculated Y in
the a direction being much higher than in the b or ¢ directions. Y,
(Yy) in the a, b, c (diagonal) directions is greater than Y; (Y,) in
those directions since the orthorhombic (tetragonal) model’s bonds
are mostly oriented parallel (diagonal) to the lattice vectors.

Additionally, we find that all structures are mechanically
stable according to the Born relations”’ between C;; given in Sec. II.
From indications of the Gy values in Table III, we may conclude
that the mechanical stability of t-Cu,CdGe(S,Se;_,), should be
slightly more than that of o-Cu,CdGe(S,Se;_,)4 for any specific
value of x. Further, both phases of Cu,CdGe(S,Se;_,)4 should grow
in stability with increasing [S].

Finally, all structures are predicted to be dynamically
stable according to the near-zero imaginary phonon frequencies. The rel-
evant frequencies are plotted as a density of states (DOS) [Fig. S4(a) in
the supplementary material for t-Cu,CdGe(S,Se;—,)s and S4(b) in the
supplementary material for 0-Cu,CdGe(S,Se;—y)4]. Although in theory,
any imaginary frequencies predict a dynamically unstable structure, there
are indications that the ones computed by Phonopy can be attributed to
approximation and numerical error. First, the largest value of the phonon
DOS for any imaginary frequency is for the tetragonal x = 0.000 struc-
ture, which is already known experimentally to be stable. Second, the

TABLE lIl. Elastic parameters for tetragonal (t-) and orthorhombic (0-) Cu,CdGe(S,Seq_y)s. Bulk (B), shear (G), and Young’s (Y) modulus as well as Vickers hardness (Hy),

in units of GPa. The Debye temperature (Tp) is given in kelvin.

t-Cu,CdGe(S,Se;_y)4

0-Cu,CdGe(S,Se;_y)4

X B G Y HV TD B G Y HV TD
0.000 57, (60)%, (58)° 23, (26)", (22)° 61, (69)" 3 233 55 22 59 3 228
0.125 57 23 61 3 236 57 23 61 3 236
0.250 58 23 62 3 243 57 23 61 3 241
0.375 60 24 64 3 251 58 24 63 3 249
0.500 61 25 65 3 260 61 25 66 3 260
0.625 63 26 70 3 274 62 25 67 3 268
0.750 65 27 70 3 282 63 26 69 3 279
0.875 67 27 72 3 294 65 26 70 3 288
1.000 69, (70)° 28, (28)° 74 4 305 68 27 73 3 302

*Reference 28 (theoretical).
PReference 35 (theoretical).
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FIG. 1. (a)-(d) COHP plots for the nearest neighbor interactions in tetragonal (t-, first column) and orthorhombic (o-, second column) Cu,CdGeSe, (top row) and
Cu,CdGeS, (bottom row) (a) t-Cu,CdGeSey, (b) t-Cu,CdGeS,, (c) 0-Cu,CdGeSe,, and (d) o-Cu,CdGeS,.

magnitude of the DOS for imaginary frequencies has a maximum of
about 0.05 state/THz, which is orders of magnitude smaller than the
DOS values for real frequencies (over 10 states/THz on average). Third,
the phonon DOS always decreases as the imaginary part of the frequency
increases, indicating that the error likely comes from well-known conver-
gence issues near the I' point.”* Finally, the imaginary frequencies for the
orthorhombic structure are very similar in magnitude to those of the
tetragonal structure.

B. Optoelectronic properties

1. Bader charge analysis

Bader charge analysis shows that Se atoms in t-Cu,CdGe
(SiSe;_x)4 have an average excess charge of —0.57 ¢, while S atoms

have an average excess charge of —0.76 e (where e is the elementary
charge). In 0-Cu,CdGe(S,Se;_,)4, the charge transfer has nearly
identical values of —0.58 ¢ and—0.76e for Se and S, respectively.
Table 1I gives the charges for all elements in Cu,CdGe(S,Se;_,)4's
end members, and Tables S1 and S2 in the supplementary material
provide the full details of the charge analysis for anions over all x.
Overall, substituting Se — S results in a material with more
ionic character, in line with the increased mechanical strength
(Sec. III A 2) and bandgap (Sec. I1I B 3).

2. Crystal orbital Hamiltonian population

Relative contributions of specific atom pairs’ interactions to
the stability of the system can be inferred from COHP data.
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FIG. 2. (a) and (b) Directional dependence of Young's modulus Y in
Cu,CdGeSe, (red, inner surfaces) and Cu,CdGeS, (blue, outer surfaces) for
both tetragonal (a) and orthorhombic (b) phases.

Figure 1 shows —-pCOHP plots for S and Se pairs (any atom pair
between 1 and 3.2 A, ie., only first nearest-neighbors) of t- and
0-Cu,CdGe(S,Se;_,)4 end members. -pCOHP data for all interme-
diate phases can be found in Fig. S2 in the supplementary material.
Cu-(Se/S) pairs are responsible for the majority of the populations,
especially from energies between —2 eV and Eg. Most of the COHP
in this energy range is antibonding, which coincides with the rela-
tively small elastic strength values of Cu,CdGe(S,Se;_,)s. The
exception is Ge-(Se/S) pairs, which are mostly bonding up until
after Ep. Other than the slight differences in Ge pair bonding states
near —2 eV, there are no notable differences in ~-pCOHP plots
between t-Cu,CdGe(S,Se,_,)4 and 0-Cu,CdGe(S,Se;_,)4.

The integrated total COHP (IpCOHP) was also computed. It
reveals that despite the antibonding states below Ep, IpCOHP is
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FIG. 3. Bandgaps (Ey) and effective carrier masses for tetragonal (t-) and
orthorhombic (0-) Cu,CdGe(S,Ses.x)s. Hole effective masses (my) and electron
effective masses (m) are normalized to my—the electron rest mass. The lines
through the Eg datapoints are linear best fits.

negative until 6 eV above the fermi level. Thus, in agreement with
the stability tests done with Gy, Cu,CdGe(S,Se;_)4 is predicted to
have stable bonds for all x according to the interpretation that
bond strength increases as the [pCOHP decreases below 0 eV.”®

3. Bandgap, density of states

Calculated values for the bandgap (Eg) are shown in Fig. 3
and tabulated in Table S6 in the supplementary material. Eg for
Cu,CdGeSe, and Cu,CdGeS, are in good agreement with external
quantum efficiency (EQE, experimental) measurements'®*>***">
and previous DFT calculations.”*** Of the Cu-quaternary chalco-
genides, the Eg of t- and 0-Cu,CdGeSe, is lower than average and
most comparable to Cu,ZnSnSe;, Cu,CdSnSe, Cu,ZnGeSey,
Cu,ZnSnS,, Cu,CdSnS,, and Cu,CdSnSe,,””'*'®'” which have
bandgaps between 1.0 and 1.4eV. t- and 0-Cu,CdGeS,s’s E; are
closest to Cu,ZnGeS; and Cu,CdSiS,,>” with gaps between 1.8 and
2.2 eV. Intermediate x bridge the gap between the two, with E§
values similar to Cu,ZnGeSe,, Cu,ZnSiTe,, and Cu,ZnGeTe,.”'*!
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FIG. 4. (a)~(d) LDOS plots for tetragonal (t-, first column) and orthorhombic (o-, second column) Cu,CdGeSe, (top row)/Cu,CdGeS, (bottom row). (a) t-Cu,CdGeSey, (b)

-Cu,CdGeS,, (c) 0-Cu,CdGeSey, and (d) 0-Cu,CdGeS,.

This entire range of values sits between compounds like
Cu,ZnSnTe,,'* with a gap of 0.9 eV, and compounds like Cu,ZnSi
(S/Se),"” with gap values ranging from 2.3 (Se) up to 3.3 (S) eV.
Thus, this alloy system is very suitable for absorbing the relevant
part of the AM1.5 solar spectrum.®” It could lead to a continuous
concentration graded (varying x) absorber layer, which could act as
a tandem layer made up of this single alloy system. Both phases of
Cu,CdGe(S,Se;_,)4 are found to have a direct gap for all x. In
general, the bandgap widens with increasing x since S has a stron-
ger ionic character than Se. Additionally, the linear E; vs x relation-
ship for 0-Cu,CdGe(S,Se; ), agrees with EQE measurements of Li
et al.”” Quantitatively, our E, values are consistently about 0.1 eV
below the measurements of Li et al. Such level of agreement is

expected for computations performed with the hybrid HSEO06
functional.””*?

Eg of t-Cu,CdGe(S,Se; )4 is smaller than that of 0-Cu,CdGe
(SiSei_x)4 by 0.08 eV on average. t-Cu,CdGe(S,Se;_,)4 also shows
a slight deviation in E; around x = 0.500, where the gap drops
below what a linear trend would suggest. The Egs’ of Cu,CdGe
(SxSej—_y)4 looks as though they oscillate around the linear best fit,
but the deviations are far less than the precision of the computations
(previously approximated as 0.1 eV on account of the bulk material’s
configurational entropy being simplified in computations).

The DOS graphs in Figs. 4 and S5 in the supplementary
material show that, regardless of x, Cu is consistently the major
contributor to the location of the VBM in Cu,CdGe(S,Se;_y)4.
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Further analysis of the [-decomposed PDOS reveals that the Cu
states in question are almost exclusively 3d states (not shown in
Fig. 4 for the sake of brevity). Se or S contributes significantly to
the VBM as well, depending on x. As for the location of the CBM,
it is determined mostly by the anions.

4. Effective masses

Figure 3 shows the average conductivity effective masses of
holes (m;/mo) and electrons (m;/mo) for T = 300K. Additionally,
Table S7 in the supplementary material lists explicit values for
my/mo and m./my along a few specific reciprocal-space lines
calculated with the standard parabolic band approximation.
Effective masses are effective indicators of material conductivity

— x=0.000 — x=0.250 -
t—CuxCdGe(SxSe1—_x)a

x=10.500
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that can be computed without the complicated modeling of charge
carrier scattering. Small effective masses are generally associated
with high conductivity.

t-Cu,yCdGe(S,Se;_,)4's effective masses are consistently lower
than 0-Cu,CdGe(S,Se;_,)4’s for both electrons and holes. In both
cases, the tetragonal system’s masses are about half that of the
orthorhombic system’s for any given value of x. Thus, we predict
that the tetragonal system should have better transport properties
than the orthorhombic system. Specifically, t-Cu,CdGe(S,Se;_,)4's
electrons are predicted to be only slightly heavier than that of a
resting electron at room temperature, and its holes between one
and two times heavier than a resting electron.

Comparing Fig. 3 with Table S7 in the supplementary material

provides information on the directional dependence of
x=0750 e x =1.000
0—CuxCdGe(SxSe1-_x)a
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FIG. 5. (a)—(d) Optical properties for tetragonal (t-, first column) and orthorhombic (o-, second column) Cu,CdGe(S,Seq_,)s in the visible/near UV range for PV applica-
tions. Symbols on lines are for clarity of presentation only. Optical response functions are found to be independent of orientation. Gray background function is the AM 1.5
solar spectrum, which has corresponding values labeled on the right side of the plots. (a) Absorption coefficient for t-Cu,CdGe(S,Seq_y)s4, (b) reflectivity for t-Cu,CdGe
(SxSeq_x)4, (c) absorption coefficient for 0-Cu,CdGe(S,Seq_,)s, and (d) reflectivity for 0-Cu,CdGe(S,Se1_y)s-
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conductivity. Electron masses along t- and 0-Cu,CdGe(S,Se;_,)4's
lattice directions are nearly identical, yet their conductivity masses
are significantly different. This indicates that a large portion of
0-Cu,CdGe(S,Se;_,)4's electron conductivity mass comes from
directions diagonal to its lattice vectors. Additionally, holes in both
phases of Cu,CdGe(S,Se;_,)4 exhibit lower effective masses in the
(001) direction than in the (100) or (010) directions. This effect is
particularly large for 0-Cu,CdGe(S,Se;_,)4's holes, where the
masses in the (001) directions are about half that of the masses in
the (100) or (010) directions.

5. Absorption coefficient, reflectivity

Absorption coefficient (o) and reflectivity functions (R)
between 0.5 and 5.0 eV for Cu,CdGe(S,Se;_,)4 are shown in Figs. 5
and S6 in the supplementary material. These functions are impera-
tive for evaluating the potential of materials to be used as photoab-
sorbers. Each of the six components (xx, yy, zz, yz, zx, xy) of
the complex relative dielectric functions (plotted in Fig. S7 in the
supplementary material) deviates from their average by less than
1078, so the optical response functions of Cu,CdGe(S,Se;_,), are
isotropic. In general, the features of o and R decrease in max inten-
sity and are blue-shifted with increasing x, but are otherwise
unchanged within any given phase.

The as for both t-Cu,CdGe(S,Se;_,)4 and 0-Cu,CdGe(S,Se;_,)4
generally decrease with x, t-Cu,CdGe(S,Se;_,); more so than
0-Cu,CdGe(S,Se;_)s. Additionally, they are comparable to other
common PV absorber materials."”*” Between photon energies of 1.8
and 2.8 eV (the peak of the standard AM 1.5 solar spectrum),” Si and
CdTe have maximum (minimum) values of a(R) of 15um™" (0.33)
and 13um™" (0.18), respectively.(ﬁ’86 Within the same range,
t-Cu,CdGe(S,Se;_,)s's maximum as exceeds that of both Si and
CdTe for every value of x. The same is true of 0-Cu,CdGe(S,Se;_,)4's
maximum values of ¢, but only for x < 0.750. For higher values of x,
the o-phase’s maximum « are between Si and CdTe’s values. The
minimum values of R for both phases of Cu,CdGe(S,Se;_,)4 are con-
sistently lower than Si’s, but higher than CdTe’s.

t-Cu,CdGe(S,Se;—,)4 has a local peak in absorption between
2.3 and 3.0 eV (depending on x), but 0-Cu,CdGe(S,Se;_4)4 has no
such peak. Instead, o levels out for a small range of energies before
continuing to climb as the energy nears UV. t-Cu,CdGe(S,Se;_,)4
also has a small energy window near 3 eV where the local absorp-
tion coefficient is higher for large x than for small x. The difference
in o’s behavior between lattice types is consistent with the density
of states (Figs. 4 and S5 in the supplementary material) for the two
phases: the conduction bands of both systems consist of occupiable
states from the CBM up to about 1 eV above the CBM, followed by
a gap (a bandgap, not the fundamental gap E;), and then more
occupiable states at higher energies. This gap is larger in the
t-phase than it is in the o-phase, so absorption at these energies is
expected to be reduced for the t-phase compared to the o-phase. In
t-Cu,CdGe(S,Se;—.)4, the gap happens to be large enough to cause
a drop in absorption, whereas in 0-Cu,CdGe(S,Se;_y)4, the absorp-
tion only flatlines since its gap is smaller.

Values for R are mild—between 20% and 30%. For
t-Cu,CdGe(S,Se;—x)a, R of each x peak at slightly lower energies
than their respective as peak. Further, R’s local minima for each x

ARTICLE scitation.org/journalljap

correspond to &’s local minima. 0-Cu,CdGe(S,Se;_,)4's R does not
seem to be as closely related to its ¢, and its local minima are
less pronounced. The R for t-Cu,CdGe(S,Se;_,)s varies fairly
smoothly with x and E for the energy range shown, but 0-Cu,CdGe
(S,Se;_y)4's R starts to become less predictable after 2.5 eV.

Considering both a and R, both phases of Cu,CdGe(S,Se;_,)4
are expected to perform better than, or at least comparable to,
current absorber materials such as Si and CdTe. Thus, they should
be good candidates for general purpose photon absorbers. The
t-phase’s peak in absorption could also be exploited in certain situ-
ations where incoming light is more monochromatic than usual.
For example, the a of zincblende CdTe;_,Se, has local minima
where (low x) t-Cu,CdGe(S,Se;_,)4's & has local maxima, and vice
versa.”” These two absorbers, then, could be an efficient pair for
tandem solar cells.

IV. CONCLUSION

The intermediate phases, (0 < x < 1), of the Cu,CdGe
(SxSej—_y)4 system were studied using first principles computations.
For both t- and o- phases, we systematically calculated the struc-
tural, energetic, elastic, and optoelectronic properties by varying x.
Our results for end members agree well with the available results
from experiment and theory. Also, our intermediate structures
agree with experiments of Li et al,”* encouraging confidence that
our intermediate phase calculations are physically relevant.

We predict that material stability, strength, and resistance to
heat increases with [S]. t-Cu,CdGe(S,Se;_,)s's aforementioned
properties are generally stronger than o0-Cu,CdGe(S,Se;_,),'s.
Structural properties are affected much more by x than by the crystal
system. In terms of structural properties, t-Cu,CdGe(S,Se; ), is the-
oretically a better choice than 0-Cu,CdGe(S,Se;_,), for PV appli-
cations on account of its higher predicted strength. However, a
limiting factor could be the fact that Cu,CdGeS, is only known to
exist in the orthogonal phase, creating difficulty to synthesize
t-Cu,CdGe(S,Se; —,)4 with high [S] by extant methods.

We predict that the E; response of Cu,CdGe(S,Se;_.) is
linear in x and that t-Cu,CdGe(S,Se;_,)4 has a smaller E; than
0-Cu,CdGe(S,Se;—,)4 by about 0.08 eV for any given x. This results
in slightly different ranges of x well suited for single-junction solar
cells: 0.000 < x <0.375 and 0.000 < x < 0.250 for t- and
0-Cu,CdGe(S,Se; )4, respectively. Other x alloys could be used in
tandem solar cells since E; approaches 2.0 eV for high [S] in both
phases. Effective mass calculations indicate that there is a heavy
dependence of hole mobility on direction—charge is expected to
move more freely in the ¢ direction than in either the a or b direc-
tions. Further, t-Cu,CdGe(S,Se;_,)4 is expected to exhibit superior
conductivity compared to 0-Cu,CdGe(S,Se;_,)4 on account of the
tetragonal phase’s lower conductivity masses. Finally, t-Cu,CdGe
(SxSe;_x)4 is expected to have a local peak in its @ at around 2.5 eV
and a peak in R at a slightly lower energy. o-Cu,CdGe(S,Se;_,)4
has less pronounced optical features, but the averages of its & and
R are comparable to the t-phase.

The results discussed here provide useful insight into the
potential for Cu,CdGe(S,Se;_,)4 as a PV absorber material. Based
on our results, t-Cu,CdGe(S,Se;_,)4 is predicted to be a material
with a Eg similar to 0-Cu,CdGe(S,Se;_)4, but with stronger elastic
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properties and better charge mobility. Thus, future research into
this material could focus on t-Cu,CdGe(S,Se;_,)4 as a more resil-
ient alternative to 0-Cu,CdGe(S,Se;_.)4.

SUPPLEMENTARY MATERIAL

See the supplementary material for numerical values of effec-
tive Bader charges (Tables S1 and S2), bond counts and lengths
(Table S3), elastic constants (Tables S4 and S5), bandgaps
(Table S6), and effective masses (Table S7) for both phases and all
values of x. Additionally, graphs of simulated x-ray diffraction pat-
terns (Fig. S1), COHP (Fig. S2), directional dependence of Young’s
modulus (Fig. S3), phonon density of states (Fig. S4), electronic
density of states (Fig. S5), optical response functions (Fig. S6), and
dielectric functions (Fig. S7) for both phases and all values of x
are given.
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