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Ternary alkali-metal copper chalcogenides ACuX (4 = Na,K and X = S, Se, Te):

Promising candidates for harvesting solar energy
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We report a comprehensive first-principles study of the relative stability of the various possible crystal
structures, and the electronic and optical properties of ternary alkali-metal copper chalcogenides ACuX
(4 =Na/K and X = S/Se/Te) compounds through density functional theory (DFT) calculations. The
energetics and phonon spectra of greater than 700 structures were compared, and eight possible stabi-
lized structures of six ACuX compounds were identified using the fixed composition evolutionary search
method. Our electronic band structure simulation confirms that all the ternary ACuX compounds are direct-
band-gap semiconductors, with the band gap lying between 0.83 to 2.88 eV. These compounds exhibit
directly allowed electronic transitions from the valence band to the conduction band, which leads to a sig-
nificant strength of optical transition probability. This yields a sharp rise in the optical absorption spectra
(ranging between 10% to 10° cm™!) near the energy gap. The estimated spectroscopic limited maximum
efficiency (SLME) is about 18% for an 8-pm-thick NaCuTe film. For other ACuX compounds, the SLME
ranges between 10% to 13%. In addition, we also explored the feasibility of these ternary ACuX com-
pounds for photocatalytic water-splitting applications and found that they can be promising candidates as

photocathodes for hydrogen evolution reactions.
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L. INTRODUCTION

In recent years, multinary chalcogenide semiconductors
have witnessed extensive applications in the development
of thin-film solar photovoltaic (PV) devices. For exam-
ple, Culn;_,Ga,(S, Se), (CIGS), Cu,ZnSnS,, CdTe, SnS,
Sb,S3, etc., have shown immense promise in thin-film
solar cells [1-4]. Among them, CdTe and CIGS are most
prevalent due to their direct band gaps and high light-
absorption capabilities, enabling them to achieve notable
solar-cell efficiencies [5—8]. It is however also known that
CdTe and CIGS come with certain drawbacks [9—11].
They contain toxic elements, namely Cd and Te, as
well as elements that are relatively scarce in the Earth’s
crust, such as Te, In, and Ga, which is a major con-
cern that could limit market feasibility for sustainable,
cost-effective, and large-scale manufacturing. Thus, iden-
tifying efficient light-absorber materials in thin-film-based
PV devices with band gaps in the visible range is a cru-
cial challenge. Apart from this, there are a few other major
issues in existing solar absorbers employed in PV devices,

*Contact author: bala.ramanathan@jiitb.ac.in
TContact author: aftab@jitb.ac.in

2331-7019/24/22(2)/024042(12)

024042-1

which are, e.g., organic moieties that cause degradation
over short carrier lifetimes (i.e., organic and inorganic
halide perovskites [8,12—14]), and the presence of defect
states causing a high recombination rate [15,16]. As such,
finding alternative materials is the urgent need of the hour.
The material should acquire some prerequisite criteria,
such as low cost (abundant), high carrier lifetime, high
absorption, and defect tolerance.

Recently, alkali-metal ternary copper telluride ACuTe
(4 = Na, K) has been proposed to be an efficient light
absorber for thin-film solar cells, satisfying most of the
above criteria [17]. They are reported to be direct band-
gap semiconductors having band-gap values of 1.43 and
1.63 eV for NaCuTe and KCuTe, respectively. The high-
absorption coefficient (approximately 10* cm™!) in the
visible range and a reasonably high carrier lifetime due
to low deep-level defects suggest their potentiality as effi-
cient solar absorbers. Additionally, the high abundance of
constituent element, i.e., Te is also an added advantage
for ACuTe compounds. This has motivated us to further
investigate the feasibility of other chalcogenides (S and
Se)-based ternary compounds as solar absorbers.

The ternary alkali-metal copper chalcogenides ACuX
(4 =Na,K and X = S, Se, Te) have been experimentally
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synthesized by Savelsberg and Schfer in 1978 [18,19].
They found that KCuS crystallizes in orthorhombic struc-
ture (space group Pna2;), while KCuSe/Te has a hexag-
onal structure with space group P6;/mmc. Similarly,
NaCuSe/Te is reported to crystallize in tetragonal struc-
tures with space group P4/mmm. Since then, no fur-
ther experimental as well as theoretical studies have
been reported on this class of compounds. Recently,
Vaitheeswaran et al. [20] studied the structural, electronic,
and optical properties of ternary KCuSe and KCuTe using
ab-initio calculations. They reported these compounds to
be semiconductors with suitable band gaps that could be
promising as solar absorbers in PV, photodetectors, and
other optoelectronic device applications. On a similar line,
Boualleg et al. [21] reported the phase transition and ther-
mal properties of KCuSe and KCuTe. They reported these
two compounds to stabilize in orthorhombic and tetragonal
phases, respectively in contrast to the experimental hexag-
onal structure. The dynamical stability study also con-
firmed the existence of other possible crystal structures for
KCuSe and KCuTe compounds. For other ternary chalco-
genides i.e., NaCuSe, NaCuTe, and KCuS, no further
studies (both experiment and theory) are reported reassess-
ing their crystal structures. NaCusS is never reported earlier
and hence its crystal structure is not known. The conflict
between experimental and theoretically predicted crystal
structures and the prediction of the most stable structural
phases needs to be addressed. In addition, a thorough study
to investigate the potential of all these ternary compounds
for various solar-harnessing applications can be extremely
useful.

In this work, we aim to present a detailed insight into
the structural stability, electronic, and optical properties
of ternary ACuX compounds assessing their potential as
efficient light absorbers using first-principles density func-
tional theory (DFT) calculations. In particular, we uti-
lized a fixed composition evolutionary search algorithm
to accurately predict the correct crystal structure of all
these six compounds. The method generates greater than
700 structures (depending on the system) and scrutinizes
the most stable out of them based on certain factors.
This has been a powerful method to predict ground-state
structures for a given system. Interestingly, though the
crystal structure of a few systems matches with those
predicted experimentally, there are other systems where
the most stable structure is few meV lower in energy
as compared to the experimental ones. Lattice dynam-
ics calculations are also performed in parallel to evaluate
the dynamically stable structures for each compound. We
further simulated the electronic and optical properties of
all six ACuX (4 = Na/K, X = S/Se/Te) compounds in
their most stable phases. All six ACuX compounds are
found to be direct-band-gap semiconductors with band
gap values ranging between 0.83 to 2.88 eV. These
band-gaps are simulated using the most accurate hybrid

exchange-correlation functional. The optical simulation
confirms the anisotropic nature of the absorption spec-
tra having different in-plane and out-of-plane values, with
absorption coefficient approximately 10* cm™! in the vis-
ible range. The theoretically predicted spectroscopic lim-
ited maximum efficiency (SLME) is found to lie in the
range 10% to 18% for a thickness of 8 to 10 wm under
1-sun illumination AM1.5G. Further, we evaluated the
potential of all stable ACuX compounds as photocathodes
for water-splitting applications based on their band-edge
positions with respect to water redox potential.

II. COMPUTATIONAL DETAILS

The fixed composition evolutionary search algorithm is
utilized for predicting the crystal structure, as employed
in the USPEX package [22—24]. Initially, 20 structures are
generated randomly [23], while the subsequent generations
are produced due to variation operators, including heredity
(50%), random symmetric structure generation (30%), and
soft mutation (20%). The percentage of variation opera-
tors is taken after rigorous testing with different variation
operators and a review of the existing literature, which
produces results that agree with experimental structures
[25]. Subsequently, a comprehensive exploration is car-
ried out by generating more than 700 crystal structures
depending on the six compounds. Our enthalpy calcula-
tions are based on the total ground-state energy without
considering the effect of pressure and temperature to iden-
tify optimal structures from each generation within the
selection criterion. The procedure for local optimization
is executed in a five-step process utilizing the generalized
gradient approximation (GGA) [26] within the Perdew-
Burke-Ernzerhof functional (PBE) [27], implemented in
the Vienna ab initio simulation package (VASP) [28-30].
The van der Waals interactions are incorporated in all the
calculations using the DFT-D3 method of Grimme [31].
For a more accurate calculation of the electronic struc-
ture (band gap), the screened hybrid HSE06 functional
[32,33] was employed. The kinetic energy cutoff for the
plane-wave basis set was set to 520 eV. The Brillouin
zone (BZ) integration was performed using a I'-centered
scheme with 12 x 12 x 6 k& meshes for ionic relaxations
and 16 x 16 x 8 for self-consistent-field (SCF) calcula-
tions for the compounds, which stabilized in hexagonal
and tetragonal phases. Similarly, for compounds stabilized
in orthorhombic structure, we have used 6 x 12 x 12 and
8 x 16 x 16 k meshes for ionic relaxations and SCF cal-
culations, respectively. The density of states (DOS) was
calculated using the tetrahedron method with Bloch cor-
rections [34]. Electronic band structure within the HSE06
functional was simulated using 8 x 8 x4 (4 x 8 x 8) k
meshes for hexagonal (orthorhombic) phases, respectively.
All the atoms in the unit cell are fully relaxed using the
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conjugate gradient method until the force (energy) con-
verges below 0.001 eV/A (1077 eV). The phonon spectra
are calculated using the supercell approach as implemented
in the phonopy package [35,36]. The effect of spin-orbit
coupling (SOC) was included for all the compounds. For-
mation energy (AEr) of ACuX (4; Na/K and X; S/Se/Te)
was calculated using the following expression:

_ Erot — [nE4 — l[Ecy — mEx]
= v ,
where “E” is the total energy of the target compound,
“n”, “l,” and “m” are the numbers of Na/K, Cu, and S/Se/Te
atoms present in the compound, while N is the total num-
ber of atoms present in the cell. E4, Ecy, and Ey are the
total energies per atom of the constituent elements in their
respective bulk equilibrium structures.

To simulate the optical properties, the frequency-
dependent dielectric constants were calculated within the
independent particle approximation (IPA) [37-40], as
implemented in VASP. To measure the theoretical maxi-
mum possible efficiency, we have used an improved ver-
sion of the Shockley-Queisser (SQ) efficiency limit known
as SLME proposed by Yu et al. [41,42] using SL3ME code
[43]. More details about the theoretical formulation of opti-
cal calculations and SLME can be found in Sec. I within
the Supplemental Material [44].

AEg

(1)

II1. RESULTS AND DISCUSSION
A. Energetics and dynamical stability of ACuX

Out of all the structures (more than 700 structures) gen-
erated by the USPEX package [22—24], we selected nine
structures with the lowest formation energies for each
ternary ACuX (4 = Na,K and X =S, Se, and Te) com-
pounds. The space groups (SG) of these nine structures
are Pnma, Pna2,, P63/mmc, P4/nmm, Cmcm, P2\/m,
F43m, P63mc, and C2/c, respectively. The prototype crys-
tal structures of such space groups are shown in Fig. S1
within the Supplemental Material [44] and their optimized
lattice parameters and corresponding formation energies
obtained from DFT calculations for all the six different
ACuX compounds are listed in Table S1 to S6 within the
Supplemental Material [44]. Table 1 displays the space
group and formation energies (AEfp) of the experimen-
tally reported crystal structures and the energetically most
stable simulated crystal structures and their energy dif-
ference (A). NaCuS is one of the compounds that has
never been studied before and has been found to stabilize
in the space group Pna2,. To further assess its chemical
stability, we have calculated its convex hull energy with
respect to the other possible secondary phases available
in the material project database [45] and open quantum
materials database (OQMD) [46]. The majority of these
secondary phases reported in these databases are simu-
lated using the PBE exchange-correlation (XC) functional,

TABLE 1. Formation energies (AEr) of experimentally
reported and theoretically simulated lowest energy structures for
six ACuX compounds. “*” indicates the experimentally reported
space groups. A is the energy difference between the AEp of
experimental and theoretical structures.

Compounds Space AER A
Group (meV/atom) (meV/atom)
NaCuS Pna2, —708 Not synthesized
NaCuSe P4 /nmmx [18] —617 20
P63 /mmc —637
NaCuTe P4 /nmmx* [18] —493 17
P63 /mmc —510
KCuS Pna2,* [19] —768
KCuSe P63 /mmcx —687 12
Pnma [18] —695
KCuTe P63 /mmcx [18] —595

which is what we have also used to simulate the target
ACuX compounds. The very few secondary phases whose
energies were reported using a different XC functional
were simulated by PBE and used in the construction of
a convex hull energy diagram. The diagram is shown in
Fig. 1. Clearly, the NaCuS compound lies on the con-
vex hull region i.e., the lowest AEy region, confirming its
chemical stability in the Pra2, space group as compared
to the other secondary phases. However, for the remain-
ing secondary phases, AEr lies above 100 meV/atom and
more, indicating their chemical instability (or metastable).
Hence, it is reasonable to infer that NaCuS crystallizes in
the orthorhombic phase with the Pna2, space group based
on energetics and chemical stability analysis.

0.3

0.1
-0.0
-0.1
-0.3
-0.4
-0.5
-0.6
-0.8

Formation Energy (eV/Atom)

®

8
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FIG. 1. Convex hull diagram of NaCuS confirming its stability
in Pna2;, space group with respect to other secondary phases.
Various colors represent the scale of formation energy values,
indicated in the adjacent color coding.
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Interestingly, for NaCu(Se/Te), energetically they
should stabilize in hexagonal structure (SG: P63;/mmc),
whose AFEp is approximately 17-20 meV/atom lower
than those of experimentally reported tetragonal structure
(space group P4/nmm). KCuS was found to stabilize in the
orthorhombic structure having space groups Pna2;, which
agrees with the experimental prediction [19]. In contrast,
KCuSe is found to stabilize in the orthorhombic crystal
structure, which is 12 meV/atom lower in energy than the
experimentally reported hexagonal structure [18]. KCuTe
stabilizes in the hexagonal structure (SG:P63/mmc), which
matches with the experimental findings [18].

To further assess the phase stability, specially for
NaCuSe, NaCuTe, and KCuSe compounds where the
experimental structure is higher in energy (by 12 to
20 meV/atom) as compared to the theoretically optimized
one, we simulated their phonon dispersion, which will help
to evaluate the dynamical stability. The phonon disper-
sion for all the experimental and theoretically optimized
ACuX compounds in different space groups (as shown in
Table 1) are shown in Fig. S2 within the Supplemental
Material [44]. For NaCuS (SG: Pna2,), NaCuSe/Te (SG:
P63 /mmc), NaCuSe (SG: P4/nmm) and all the KCuX
compounds in their respective space groups, the phonon
frequencies are found to be nonimaginary, confirming their
dynamical stability. A very small imaginary frequency
appears at or around the I" point in the orthorhombic struc-
tures of KCuSe (SG: Pnma), which may be due to the
limited supercell size used in this calculation. Interest-
ingly, the phonon spectrum for the experimentally reported
NaCuTe (SG: P4/nmm) shows appreciable imaginary fre-
quencies (see Fig. S2(d) within the Supplemental Material
[44]), indicating their instability in tetragonal phase. To
further check if these negative frequencies are truly real
and not arising due to the lack of convergence, we have
performed phonon dispersion simulation for NaCuTe using
larger supercell size as well as denser k-meshes. We have
gone up to a supercell size of 5 x 5 x 3 (unit cell size 450
atoms), yet the imaginary phonon frequencies at both the I"
and A points hardly change. This phonon dispersion with
large supercell size is shown in Fig. S3 within the Sup-
plemental Material [44]. To understand the origin of such
imaginary frequencies in NaCuTe but not in NaCuSe (both
in SG: P4/nmm), we have performed a comparative anal-
ysis of phonon density of states and the relevant phonon
modes in the two cases. Figures S3(b) and S3(f) show
the atom projected phonon DOS (PDOS) for NaCuSe and
NaCuTe (in P4/nmm space group), respectively. Clearly,
NaCuTe shows strong hybridization between Cu and Te in
low-frequency range up to 2 THz, while no such hybridiza-
tion between Cu and Se is observed in the case of NaCuSe.
Next, we checked both acoustic and optical phonon modes
at I" point for the two systems. For acoustic phonon modes
in NaCuSe and NaCuTe, all atoms (Na, Cu, Se, and Te)
exhibit in-phase vibration [see Fig. S3(c) and S3(g) within

the Supplemental Material [44]]. However, a significant
difference is observed in the optical phonon modes. In
NaCuSe, where there are no imaginary frequencies, all
atoms vibrate in phase [see Fig. S3(d) within the Sup-
plemental Material [44]]. In contrast, for NaCuTe, all the
atoms (i.e., Cu, Na, and Te) vibrate out of phase, indicat-
ing that those imaginary frequencies might be associated
with the optical phonon modes [see Fig. S3(h) within
the Supplemental Material [44]]. This also hints at the
possibility of phase transition, which may stabilize this
structure in a nearby minima at elevated temperatures.
In addition, it is clear from the phonon dispersion plot
of NaCuTe that the optical phonon modes mainly con-
tribute to the imaginary frequencies, while three acoustic
modes are nonimaginary. This indicates that it is not an
issue with the supercell or k-mesh convergence. As such,
we believe that NaCuTe will not stabilize in the tetrago-
nal phase. This brings us to the conclusion that NaCuTe
may not crystallize in P4/nmm but in hexagonal crystal
structure, i.e., P63/mmc space groups, which is favored
by both formation energy and phonon dispersion data. We
believe the structural characterization of NaCuTe should
be revisited. In summary, based on the formation energies
and phonon spectra, we have chosen eight of the most sta-
ble ternary 4CuX compounds, i.e., orthorhombic NaCuS
and KCusS (SG: Pna?2,), hexagonal NaCuTe and KCuSe/Te
(SG: P63/mmc), tetragonal NaCuSe (SG: P4/nmm) and
the orthorhombic KCuSe (SG: Pnma) to further explore
their optoelectronic properties.

B. Electronic structure

All the ternary ACuX compounds were theoretically
optimized in their respective stable structures to calculate
the electronic properties. The prototype crystal structures
are shown in Fig. 2, and the crystallographic parameters,
such as lattice constants and bond lengths are tabulated in
Table II. The optimized structural details are in fair agree-
ment with the available experimental [18,19] as well as
theoretically [17,20,21] reported data. We have also the-
oretically optimized all the stable ACuX compounds using
the PBEsol potential [47], including van der Waals inter-
action, which is known to predict more accurate structural
parameters in comparison with experiment. These results
are shown in Table S7 within the Supplemental Material
[44]. Clearly, PBEsol+van der Waals lattice parameters
compare better with available experimental data. Nonethe-
less, the electronic structure, including the band topology
and band gap does not differ much between PBE and
PBEsol-based results [see comparative band structure fig-
ures in Fig. S7 within the Supplemental Material [44]].
As such, we believe that the corresponding optoelectronic
properties of the studied systems will also not differ much
between the two functionals. For ACuSe/Te, which stabi-
lizes in the hexagonal structure, Cu and Se/Te ions form
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© Na/K

© Cu
© S/SefTe

Pna2, c

a Pnma

FIG. 2. Prototype crystal structures of ACuX compounds in different space groups, as reported in Table I (a) ACuX (X = Se, Te)
(P63 /mmc), (b) ACuS (Pna2;), (c) KCuSe (Pnma), respectively. The set of top and bottom figures indicate the view of the respective

structures from (110) and (001) orientations, respectively.

honeycomb (hexagonal) layers along the ¢ direction, and
between each hexagonal bilayer, there exists a triangular
lattice of Na/K atoms [see Fig. 2(a)]. The Na/K atoms
are situated on top of the center of the honeycomb lattice,
while Cu/Se/Te atoms are positioned on top of the center
of the triangular lattice. In contrast, the lattice arrangement
in orthorhombic structures for both the space groups (for
Pna2, and Pnma) is slightly different, as shown in Figs.
2(b) and 2(c). In both cases, the XCuwX shows a linear chain
with an angle of 180°.

The comparative band structure plots with and without
spin-orbit coupling (SOC) within the PBE level are shown
in Fig. S4 within the Supplemental Material [44]. As evi-
dent from Fig. S4 within the Supplemental Material [44],
there is no change in band gap as well as band dispersion
for S- and Se-based compounds. However, Te, a heavy ele-
ment, slightly changes the band gap apart from the minor
band splitting due to the SOC effect. For instance, E, for
NaCuTe changes from 0.49 eV (w/o SOC) to 0.36 eV
(with SOC), and that for KCuTe changes from 0.52 eV
(w/o SOC) to 0.41 eV (with SOC) in P63/mmc structure.
Our PBE-SOC results for KCuSe and KCuTe corrobo-
rate well with other theoretical reports [20]. As the SOC
effect is not too significant, yet the band gap is convention-
ally underestimated within the PBE functional, we further
performed the electronic structures of all the compounds
using HSEO06 functional without the SOC effect for more
accurate band-gap estimation.

Figure 3 shows the electronic band structures and the
optical transition probability of all the ACuX compounds
using hybrid (HSE06) functionals. The band structure for

tetragonal NaCuSe is shown in Fig. S8(a) within the Sup-
plemental Material [44]. All the compounds are direct
band-gap semiconductors in which the valance-band max-
imum (VBM) and conduction-band minimum (CBM) are
located at I' point. Table II displays the band-gap (£,) val-
ues simulated using both PBE and HSE06 functionals. We
found that the E, lies in the range 0.83 to 2.88 eV for
different compounds. Clearly, £, for NaCuSe (1.21 eV),
KCuSe (1.28 eV), and KCuTe (1.62 eV) are most suitable
for photovoltaic applications. It is also observed that the
VBM at the I" point is doubly degenerate for crystal struc-
tures belonging to hexagonal symmetry, i.e., P63/mmc of
ACu(Se/Te) [Figs. 3(b), 3(c), 3(e), and 3(g)].

Figure 4 shows the orbital projected PDOS for all the
ACuX compounds in the respective structures shown in
Fig. 2. The PDOS reveals that the VBM mainly con-
sists of the p and d orbitals of Cu and the p orbital of
S/Se/Te atoms at or near Er for all the cases. The CBM
is mainly contributed by the s orbital of Na/K, p and d
orbitals of Cu, and the s and p orbitals of S/Se/Te, respec-
tively. It is also observed that the electronic states near
Er for alkali metals (Na or K) show a minimal contri-
bution at VBM. The contributions of s orbitals of alkali
metals decrease near Er as we move from ACuS to ACuSe
and ACuTe. Unlike several other chalcogenide-based com-
pounds, the E, value in the present case first decreases as
we go from Na/KCuS to Na/KCuSe, and then increases
for Na/KCuTe. For example, E, for NaCuS, NaCuSe and
NaCuTe are 2.42, 0.83, and 1.21 eV, respectively and
a similar trend is obtained for KCuX systems as well.
This is mainly attributed to the nature of hybridization
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TABLE II. Theoretically optimized lattice parameters, bond lengths, and band gaps of the energetically most stable ACuX (4 =
Na,K; X =S, Se, Te) compounds. Experimental results [18,19] are given wherever available.

Compounds Space group Lattice constants Bond length Band gap (eV)
(A) (A) PBE/HSE06
NaCuS Pna2, a=948,b=5.65 Cu—S =2.17, 1.55/2.42
c=5.13 Na—S = 2.89,2.79
NaCuSe P65 /mmc a=4.14,¢c=28.34 Cu—Se =2.39, 0.02/0.83
Na—Se = 3.17
P4 /nmm a=4.09,c=06.87 Cu—Se = 2.56 0.04/1.18
a=4.10,c = 6.82 (exp. [18]) Na—Se = 2.99
NaCuTe P63 /mmc a=442,¢c=8.69 Cu—Te = 2.55, 0.49/1.21
Na—Te = 3.35
KCuS Pna2, a=10.88,b = 6.34, Cu—S = 2.16, 1.88/2.88
c=534 K—S =3.21,3.19

a =10.66,b = 6.20,

¢ = 5.32 (exp. [19])

KCuSe Pnma a=11.84,b =543, Cu—Se = 2.28, 1.72/2.67
c=6.36 K—Se = 3.31,3.39
P65 /mmc a=4.20,¢=992 Cu—Se = 2.43, 0.11/1.28
a=4.18,c = 9.54 (exp. [18]) K—Se =347
KCuTe P63 /mmc a=448,c=10.31 Cu—Te = 2.59, 0.52/1.62
a=4.46,c =9.95 (exp. [17,18]) K—Te = 3.65

between Cu and chalcogen atoms. The electronegativity
values for different atoms are yn, = 0.93, xx = 0.82,
xcu = 1.9, and xs/se/Te = 2.58/2.55/2.1, respectively. As
chalcogen atoms are more electronegative than alkali

metals, there is always an electronic charge transfer from
the Na/K atom to S/Se/Te atoms. Similarly, the charge
is also transformed from Cu atoms to S/Se atoms. How-
ever, a negligibly small charge transfer between Cu and Te
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FIG. 3. Electronic band structures (above panels) and optical transition probabilities (square of dipole transition matrix elements)
(below panels) of ACuX compounds in their respective lowest energy structure using the HSE06 functional. For KCuSe, results for

both P63 /mmc and Pnma are shown due to a relatively small energy

difference between the two. Fermi level (EF) is set at 0 eV.

024042-6



TERNARY ALKALI-METAL COPPER CHALCOGENIDES...

PHYS. REV. APPLIED 22, 024042 (2024)

atoms can be expected because their electronegativity is
almost similar (the difference is 0.2). This is also reflected
in their orbital PDOS plots. In order to better understand
the role of hybridization in dictating the E, trend, we show
an enlarged view of the orbital projected PDOS above
CBM for NaCuS, NaCuSe, and NaCuTe, respectively, in
Fig. S5(a)~(c) within the Supplemental Material [44]. A
careful inspection of these plots clearly differentiates the
orbital hybridization between Cu and S/S/Te atoms at the
CBM side. The electronic states of the p and d orbitals of
Cu and the p orbitals of S atoms mainly contribute to the
CBM side of NaCuS. Similarly, the CBM of NaCuSe con-
sists of the s and d orbitals of Cu and the s orbital of Se.
This is mainly attributed to the difference in crystal struc-
tures of NaCuS (orthorhombic) and NaCuSe (hexagonal).
This leads to an adequate amount of change in bond length
between Cu—S(Se) and Na—S(Se) indicating a weak orbital
hybridization between them. However, NaCuTe has the
same crystal structure as NaCuSe and the nature of orbital
hybridization in NaCuTe is quite similar to NaCuSe but
different as compared to NaCuS. Also, there is hardly any
change in bond length between Cu—Se(Te) and Na—Se(Te).
Due to minimal charge transfer between Cu and Te, the
orbital contributions from Cu-p, Cu-d, and Te-s are dimin-
ished near Er and indicate only a strong hybridization
between Na-s, Cu-s, and Te-p at the CBM side of NaCuTe,
causing an increase in the band gap. A similar band-
gap trend and the orbital hybridization are also observed
between Cu and Te atoms in KCuX compounds [see Fig.

S5(d)Hf) within the Supplemental Material [44]], which
can be explained on a similar ground. An analogous band-
gap trend is also observed in other chalcogenide-based
compounds, such as CdS, CdSe, and CdTe as well as ZnS,
ZnSe, and ZnTe, respectively [48—50].

C. Optical properties

The band structure calculations established that all the
ACuX compounds are direct band-gap semiconductors,
with the band gap falling in the range 0.83 to 2.88 eV.
This motivates us to further study the optical properties
of these systems and evaluate their efficacy as a solar
absorber. Along with the absorption coefficient, we have
calculated another screening parameter i.e., SLME pro-
posed by Yu et al. [41]. SLME gives an upper bound on the
solar efficiency by incorporating the nature and magnitude
of the band gap and absorption coefficient for a particular
compound. It is is an improvised version of the Shockley-
Queisser (SQ) efficiency limit. Simulation of SLME
also requires information about the possibility of optical
transition from VBM to CBM for all the 4ACuX com-
pounds. To obtain this, we have calculated the transition
probability (p?) by calculating the square of transition
dipole-matrix elements. The transition probability for all
the ACuX systems is shown in Fig. 3 and Fig. S8(a) within
the Supplemental Material [44] (below each band struc-
ture plot). Clearly, the direct optical transition from VBM
to CBM is allowed for all the hexagonal structures of
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FIG. 5.

ACuSe/Te due to the finite p? values at the high-symmetry
point I'. The optical transitions are allowed due to the same
parity transition of electron states from p states of S/Se/Te
atoms at the VBM side to s and p states of Cu at the CBM
side and d states of Cu at VBM to s states of S/Se/Te
at CBM. In contrast, the p? value is found to be zero
at I point for NaCuS, KCuS, and KCuSe (orthorhombic
structures) in Figs. 3(a), 3(d), and 3(f), indicating optically
forbidden transition from VBM to CBM.

The absorption coefficient («) of a given material is
a quantifiable descriptor, which dictates the penetration
extent of a photon (with a particular wavelength) into
the material before it gets absorbed. For a suitable solar
absorber, a sharp rise in the absorption coefficient is
obtained after the incidence of photon energy closer to its
band gap. « is related to the dielectric function and can be
calculated using the following expression:

2
a(E) = Q[\/\/ﬁ(w) + &5 () — 81(60)}, 2

where E is the incident photon energy, w is the angu-
lar frequency related to photon energy via E = hw (h
is the reduced Planck constant), and ¢ is the speed of
light in vacuum, respectively. &, and &, are the real
and imaginary parts of the dielectric function. Figures
5(a) and 5(b) show the absorption spectra plot for all
ACuX compounds along the x- (left) and z-polarization
(right) directions (arising out of structural anisotropy in
hexagonal and orthorhombic structures). For orthorhombic
systems (NaCuS, KCuS, KCuSe), the absorption spec-
tra along the y-polarization direction are shown in Fig.
S6 within the Supplemental Material [44]. The absorp-
tion spectra for tetragonal NaCuSe along xx- and zz-
polarization directions are also shown in Fig. S8(b) within
the Supplemental Material [44]. The absorption onset for
all the compounds are shifted to the band gap obtained

Photon Energy (eV)

Absorption coefficient («) for ACuX (4 = Na,K; X = S, Se, Te) along (a) x- and (b) z-polarization directions.

from hybrid calculations. The absorption coefficient of a
given material is an essential parameter that determines
the extent to which a photon with a particular wave-
length can penetrate the material before getting absorbed.
In many cases, solar-absorber materials exhibit a sharp
rise in the absorption coefficient after the incidence of
photon energy closer to its band-gap values. When sim-
ulating the absorption coefficient using semilocal func-
tionals, such as LDA or GGA, a pronounced rise in the
absorption spectra is observed near the photon energy cor-
responding to the band-gap values obtained from these
potentials. The same calculations, if performed using the
hybrid functional, usually yield a similar nature of opti-
cal spectra except for the onset of the absorption coef-
ficient, which aligns with the band gap predicted from
HSEO06 band structure calculations [51-54]. Because the
full-fledged optical calculations using the hybrid func-
tional is computationally expensive and we had to per-
form such calculations for several compounds with dif-
ferent space groups in this work, we used a rigid shift
of the absorption spectrum (obtained from our PBE cal-
culation) to match the absorption onset obtained from
HSEO06 optical calculations. Such a rigid shift does not
impact the overall accuracy of the final results. From
Figs. 5(a) and 5(b) and Fig. S8(b) within the Supple-
mental Material [44], it is clear that the absorption coef-
ficients are not same along the three polarization direc-
tions because of the associated structural anisotropy. For
example, in orthorhombic systems, the absorption coef-
ficient of NaCuS and KCuS is higher (approximately
0.6 to 0.9 x 10> cm™') along the z-polarization direc-
tion than the x and y direction. However, the absorption
coefficient of orthorhombic KCuS is high along y-
polarization direction with respect to x and z direction (see
Fig. S6 within the Supplemental Material [44]). Similarly,
for the hexagonal structures, i.e., KCuSe, KCuTe, NaCuSe,
and NaCuTe, and tetragonal NaCuSe, the simulated
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(a) SLME (at 300 K) vs film thickness for the hexagonal ACuX compounds whose band gaps lie in the visible region. (b)

Band edge positions with respect to water redox levels for all stable ACuX compounds.

absorption coefficients fall in the range 0.2 x 10° to 0.6 x
10° cm~! along x- and y-polarization directions, with a
relatively small contribution arising from the z direction
as shown in Fig. 5(b).

Next, we have calculated the thickness dependence of
SLME of all the ACuX compounds, considering the appli-
cation for thin-film solar cells. We have chosen four com-
pounds, i.e., hexagonal ACu(Se/Te) (4 = Na, K) because
of their allowed optical transition and high-absorption
coefficients in the visible region. The thickness depen-
dence of SLME is shown in Fig. 6(a) and Fig. S8(c) within
the Supplemental Material [44]. Clearly, with increasing
thickness, the SLME increases and then saturates beyond
a certain thickness. The maximum SLME is found to be
18% for a 8 to 10-pwm-thick NaCuTe film. Similarly, for the
rest of the ACuX systems, the SLME lie between approxi-
mately 10 to 13%. Based on the optical and SLME descrip-
tors, it is reasonable to consider that all the selenide- and
telluride-based ACuX systems can be potential candidates
for light absorbers in solar PV devices.

It is to be noted that all the SLME results shown in this
paper are based on the absorption coefficients simulated
using the PBE functional with their onset shifted to the
HSEO06 calculated band-gap value. In general, this SLME
value differs only by a few percent as compared with the
SLME value simulated using the absorption coefficients
obtained from the HSEO06 functional. In order to verify the
same, we have calculated the SLME using the absorption
data from these two sets of calculations for one of our stud-
ied compounds, KCuTe. The comparative SLME vs film
thickness plot is shown in Fig. S9 with the Supplemental
Material [44]. As evident from the figure, there is hardly
any change in SLME (nearly 1 to 1.5% change) in very thin

films up to 4 to 5 wm, which is the range usually targeted
for thin-film PV devices. However, the difference in SLME
increases to 3—4% for higher thicknesses. For example, for
films with thickness lying between 8 to 10 pm, the SLME
difference between the two methods ranges from 4—5%.

D. Potential application in photoelectrochemical
(PEC) water splitting

We further investigate the feasibility of the ternary
ACuX compounds for photocatalytic water-splitting appli-
cations. In order to obtain the exact band edge positions,
one should align the energy levels of both the bulk and
surfaces to a common reference point. To achieve this,
we adopted an approach utilizing core energy levels and
vacuum potential levels as suitable references, enabling
the determination of surface band bending with respect
to bulk band positions [55—57]. We calculated the electro-
static potential along the (001) plane of the ACuX surface
slabs with 20 A vacuum for the obtained external vacuum
level as a reference. Core level calculations with the bulk
and surface unit cells were done, selecting the Na-1s and
K-1s levels as representative core levels for NaCuX - and
KCuX -based compounds to estimate the absolute energy
levels. The absolute valence- and conduction-band edge
positions (Eypm and Ecgy) were then calculated using the
expression [58—601]:

Ebulk

core-1s

_ Esurface) — Evae (3)

KS
Evemycem = €ypmycam — ( core-1s
where 65]§M /CBM is the Kohn-Sham (KS) eigenvalue in

bulk
core-1s and

are the average Na/K 1s core level energies in the

the bulk phase corresponding to the band. E
Esurface
core-1s
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bulk and innermost layer of the surface slab, respectively,
and Ey,. is the vacuum level obtained from the planar
average electrostatic potential. Figure 6(b) shows the band
edge positions for all the stable ACuX compounds with
respect to vacuum as well as normal hydrogen electrode
(NHE). For a compound to be promising for PEC water
splitting, the CBM must locate more negative than the
redox potential of H*/H, (0 V vs NHE), and the VBM
must align more positive than the redox potential of
0,/H,0 (1.23 V vs NHE) at ambient conditions [61]. As
evident from Fig. 6(b), all ternary copper chalcogenides
exhibit well-positioned conduction-band edges suitable for
use as photocathodes for the hydrogen evolution reaction
(HER) in a PEC cell.

Apart from the promising optoelectronic features, we
have also observed flat valence-band edges for all ACuX
compounds (see Fig. 3). The presence of flat bands results
in high effective mass with a large density of states. Such
flat bands are extremely useful to achieve a high See-
beck coeflicient and hence, beneficial for thermoelectric
applications. Additionally, some of these chalcogenides
are found to acquire large band gap (e.g., 2.88 eV for
KCusS, 2.67 eV for KCuSe, 2.42 eV for NaCuS), which
along with promising optical properties (absorption, car-
rier mobility, etc.) can be useful for light-emitting diodes
and transparent conductor-based applications.

IV. CONCLUSION

In conclusion, we have systematically investigated the
chemical and dynamical stability and optoelectronic prop-
erties of ternary ACuX (4 = Na,K; X = S, Se, Te) chalco-
genides using first-principles calculations. The structural
stability metrics ensure that NaCuS, KCuS, and KCuSe
crystallize in orthorhombic structure while NaCuSe/Te
and KCuTe stabilize in the hexagonal phase. Interestingly,
the hexagonal structure of NaCuSe is likely to have an
energy minima very close to a tetragonal phase, and hence
might have strong competition in its formation depend-
ing on the synthesis procedure. Interestingly, few of these
compounds show intriguing energetics and phonon trends,
which suggests they stabilize in the structure(s) other
than that predicted experimentally (one report only). This
demands a revisit of the crystal structure prediction. All
the compounds are direct band-gap semiconductors hav-
ing band gaps laying between 0.83 to 2.88 eV. The direct
optical transitions are forbidden for orthorhombic sys-
tems (NaCuS, KCuS, and KCuSe), while it is allowed
for the remaining systems (hexagonal phase). The absorp-
tion coefficient for the optically allowed ACuX compounds
lie in the range approximately (0.2 to 0.6) x 103 cm™! in
the visible region. The highest simulated efficiency for the
NaCuTe is determined to be 18% for an 8§ pm thick film.
In addition, the favorable straddling of valence-band edges
with respect to the normal hydrogen electrodes confirms

the suitability of all these compounds as photocathodes for
the hydrogen evolution reaction (HER) in the photoelec-
trochemical (PEC) process. The present study suggests that
the ternary alkali-metal-based copper chalcogenides can be
suitable candidates as light absorbers in PV cells as well
as photocathodes for HER in photocatalytic water-splitting
applications, requiring further experimental investigation.
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