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Despite their intrinsic large band gap, low carrier concentration, and electrical conductivity, sulfide-
based thermoelectric materials have been explored extensively because of their abundance and
feasibility. This report uncovers the thermoelectric performance of CusAsS, by combining density
functional theory, the modified Debye—-Callaway model, and phonon Boltzmann transport equations.
The overall assessment of thermal, mechanical, and dynamical stability is confirmed through the ab initio
molecular dynamics simulations, elastic constants, and phonon dispersion computations. The ultra-low
lattice thermal conductivity of 0.327 and 1.020 W m™ K™! at 900 K obtained through various
approaches can be attributed to the scattering of phonons induced by bonding heterogeneity and large
lattice anharmonicity. Also, to improve the reliability of electronic transport properties, the carrier
relaxation time is calculated by including acoustic, optical, and impurity phonon scattering mechanisms.
The favourable band features and electron and phonon characteristics collectively facilitate a larger
optimum power factor accompanied by the figure-of-merit of 1.07 to 2.31 at 900 K for p-type CuzAsS,.
These results highlight the potential applicability of CuszAsS; for mid-temperature thermoelectric
applications. Also, this work elaborates the relationship between physical and mechanical characteristics
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1. Introduction

The substantial enlargement and advancement of renewable
energy sectors are essential to overcome global warming and
the energy crisis. The solar and wind power sectors are evolving
day-by-day and contributing their maximum to society." Along
these lines, the unique thermoelectric energy conversion tech-
nique has the potential to address both issues. Briefly, thermo-
electric (TE) devices can convert heat into electricity (generator)
and vice versa (refrigerator). The performance of TE devices is
determined by the material’s dimensionless figure of merit,
2T = (68*/x)T, where S, ¢,  and T are the Seebeck coefficient,
electrical conductivity, thermal conductivity and temperature,
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of the crystal structure, which intensifies the understanding from materials to devices.

respectively.® That is, a good TE material should have high S
and ¢ with low k. Conceptually, it is difficult to realize high S
and ¢ simultaneously as they are intrinsically coupled through
carrier concentration (7). The complex relationship between o
and « also resists the tailoring process. Besides these complica-
tions, several approaches are developed to enhance the z7T of
the TE materials.

At least zT' > 1 or an efficiency above 15% is required
to commercialize the TE devices effectively.* The continuous
search in this aspect led to the discovery of several well-
performing materials like BiysSb; sTe; (1.47 at 350 K), SnSe
(1.4 at 300 K), PbTe (1.5 at 773 K), and GeTe-based compounds
(2.14 at 670 K).>” But, the high cost of the precursor elements
and the need for sophisticated synthesis approaches drastically
increase the cost of electricity production using TE devices.®
It is also well-known that ductile materials are crucial to
prevent a device’s mechanical fractures and failures. However,
recent reports disclose the shortage of ductile TE materials.”"°
Hence, over the past two decades, numerous techniques have
been developed and employed to enhance the TE properties of
earth-abundant sustainable materials, particularly, (i) to tailor
power factor (PF = S°) - resonant level doping and band, strain
and pressure engineering and (ii) to reduce thermal conductiv-
ity (Krotal = Ke * K1, Where k. — electronic thermal conductivity
and x;, - lattice thermal conductivity) - nano-structuring,
introducing complex crystals, and defect and grain boundary

This journal is © The Royal Society of Chemistry 2025
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11718 Research has been extended to various mate-

engineering.
rials, including semiconductors, polymers, and nanostructured
materials, with considerable improvements in nanostructuring
that helps in reducing thermal conductivity via phonon scattering.
Additional interest in low-dimensional materials, like 2D mate-
rials and nanowires, which exhibit enhanced thermoelectric
properties, has been rising. Further advancements emphasize
the significance of doping, interface engineering, and the
design of heterostructures to further boost the thermoelectric
performance."®" In addition to these strategies, it is essential
to explore new functional materials for effective implementa-
tion of TE technology. The role of high-throughput computa-
tions and first principles calculations are unavoidable in this
direction.”>**

Recently, the pnictogen containing I;-V-VI, (I = Cu; V = As,
Sb; VI = S, Se) materials have gained widespread attention in
various areas, including photovoltaic, photocatalysis and
energy storage applications.>*® Some of these candidates
exhibit noticeable thermoelectric performance ascribed to their
attractive carrier concentration and low thermal conductivity.
Particularly, Sn, Bi doped CusSbS; synthesized by mechanical
alloying exhibits a large zT of 0.76 at 623 K. This behaviour is
associated with the low x (~0.75 Wm™ " K" at 623 K) ascribed
to inherent mass fluctuation. Reports also show the possible
enhancement of PF by 150% through hole activation via
doping.*” Similarly, the Cu;SbSe,~CuAlSe, composite yields a
peak zT of 1.4 at 723 K with a low k of ~0.4 W m " K. This
large zT is ascribed to the increase in carrier concentration
boosted by creating cation vacancies.”®

Also, one of their family members, Cu;AsS,, is investigated for
photovoltaic, optical, and other semiconducting applications.>**°
Nevertheless, the reports on the electron, phonon, and thermo-
electric properties of CuzAsS, are uncommon. The enargite
(chemically, CusAsS,) mineral is rarely found in the Longfellow
mine, Red Mountain district, San Juan County, Colorado. The
enargite crystal exists in a dimorphic state (orthorhombic and
tetragonal). The second phase is very rare, while the orthorhombic
phase is commonly available in several mines along with the
copper ores.”" The orthorhombic phase can also be experimen-
tally synthesized by various physical and chemical methods.****

Favourably, the enargite mineral exhibits semiconducting
behaviour with holes as the dominating carriers. Allen Pratt
analyzed the oxidation states of Cu (1+), As (5+) and S (2—)
through X-ray photoemission spectroscopy (XPS).>* Pauporté
et al. reported the electrical and optical properties of the
natural mineral (NM) and synthetic sample (SS) of Cu;AsS,.
The highlights are: (i) the carrier concentrations of NM and SS
are 1 x 10 and 7.8 x 10" em™® at 295 K; (ii) electrical
resistances are 6-8 Q cm ™" (for NM) and 10.5 Q cm™ " (for SS);
and (iii) display semiconducting nature with a band gap (Ey) of
1.43 eV.*® The inherently large n and ¢ of Cu;AsS, mineral are
expected to result in interesting thermoelectric properties. How-
ever, to the best of our knowledge, the thermoelectric properties
of CuzAsS, remain unexplored. Hence, the present work is
motivated and intended to systematically investigate the trans-
port and thermoelectric properties of Cu3AsS,.
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To ensure a comprehensive understanding of the thermo-
electric properties, multiple state-of-the-art computational
approaches are employed to evaluate phonon transport proper-
ties, specifically, the modified Debye-Callaway (mDC) model,
Cahill-Pohl (CP) model, Slack model and phonon Boltzmann
transport equation under single-mode relaxation time approxi-
mation (PBTE-RTA) as well as iterative solution (PBTE-Iterative)
approaches. This enables the cross-validation of results obtained
from different underlying methodologies. Consequently, four
different values of zT are presented, each corresponding to a
combination of electron and specific phonon transport. Notably,
for all combinations, the zT exceeds 1 at 900 K, indicating the
potential of CusAsS, for mid-temperature thermoelectric applica-
tions. The use of multiple approaches not only facilitates cross-
comparison but also enhances the reliability of the predicted
thermoelectric performance.

2. Computational methods

2.1. Electronic structure calculation

The electronic band structure and related characteristics are
calculated using the Vienna ab initio simulation package
(VASP) under the plane augmented wave (PAW) method.?¢3®
To treat the core and valence electrons, the Perdew-Burke-
Ernzerhof (PBE) exchange correlational functional based on
generalised gradient approximation (GGA) is used.*® The
kinetic energy cutoff of 550 eV along with the converged 7 x
7 x 7 k-mesh is utilized for the entire calculations. The crystal
structure is relaxed under the energy and force convergence
condition of 1 x 10 ®eVand 1 x 10~7 eV A", respectively. Even
though the lattice parameters match well with the experimental
values, the band gap is strongly underestimated by the PBE
functional. In order to resolve this issue, the Heyd-Scuseria—
Ernzerhof (HSE06) hybrid functional is adopted for electronic
structure calculation.*® Moreover, the Effmass code is used to
compute the effective mass of the carriers and the Elastic code
to calculate the elastic constant of the present system.*"*>

2.2. Relaxation time and electron transport calculation

The electron transport coefficients are obtained by solving the
Boltzmann transport equation (BTE), which is employed in
the highly efficient AMSET code.*? It solves the BTE based
on momentum relaxation time approximation to calculate
scattering rates. This code computes the relaxation time (t) by
considering various band and k-point-dependent scattering
approaches. In this work, the 7, is calculated by accounting:
(i) acoustic deformation potential (t,c); (ii) polar optical pho-
non (tpp); and (iii) impurity (zimp) scattering mechanisms. To
obtain the aforesaid scattering rates, the band structure, defor-
mation potential, polar phonon frequency dielectric, and elas-
tic constants are computed using VASP. Furthermore, they
are averaged by Matthiessen’s rule i.e., 1/T¢¢ = 1/Taco + 1/Tpop +
1/Timp to obtain 7. Based on the performed convergence test,
the interpolation factor of 21 is used to control the interpola-
tion density (refer to Fig. S1, ESIT).
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2.3. Phonon properties and lattice thermal conductivity

The phonon dispersion of CuzAsS, is obtained using a supercell
approach under the finite displacement method (FDM) using the
phonopy program.** To calculate lattice dynamical properties,
the 2 x 2 x 2 supercell with 128 atoms is used. Using the finite
displacement method, the supercell is displaced (according to its
symmetry). The force of each displaced structure is obtained by
performing single point calculation using 3 x 3 x 3 k-point
mesh. The dynamical matrix is constructed by collecting all the
forces. This dynamical matrix is used to calculate the phonon
properties such as phonon dispersion spectra, group velocity,
Griineisen parameters and specific heat.

The ky, is calculated by various approaches like the modified
Debye-Callaway (mDC) model, Cahill-Pohl (CP) model, Slack
model and phonon Boltzmann transport equation under single-
mode relaxation time approximation (PBTE-RTA) as well as itera-
tive solution (PBTE-Iterative). The mDC, PBTE-RTA and PBTE-
Iterative approaches are implemented in AICON2, Phono3py and
ShengBTE programs, respectively.***® In the mDC model, the
second order IFCs required for calculation are obtained for three
different volumes (including equilibrium, slightly smaller and
larger volumes). In addition, the group velocity and Griineisen
parameters are also essential. After computing all the necessary
parameters, the AICON2 is triggered to calculate x;, and phonon
relaxation time. Usually, the AICON2 calculates «;, based on the
following relation:

K = Kga T Krar T Kpa T Ko (1)

Here, Kk, KA’y K14 and Ko represent the thermal conductivity
contribution of the transverse, longitudinal acoustic and optical
phonon modes. The CP and Slack models are applied manually
using elastic constants to estimate minimum and temperature-
dependent «;, respectively. The detailed description of the
relations employed can be found in the ESI,;f S1.1. For the
Phono3py is

PBTE-RTA approach, used, incorporating
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third-order IFCs and employing the tetrahedron method for
the Brillouin zone integration.** The convergence test and
direction dependent lattice thermal conductivities are shown
in Fig. S2 (ESIt). Here, the converged g-mesh of 15 x 15 x 15 is
used. Subsequently, the iterative solution of full linearized
phonon Boltzmann transport equation (PBTE-Iterative)
obtained using ShengBTE. Here, the third order IFCs are com-
puted using the thirdorder.py script. The convergence test of xp,
performed as a function of the number of neighbours (nn) is
shown in Fig. S3(a) (ESIT). Based on this test, the third order IFCs
up to the 22nd nearest neighbour (0.56 nm) are considered,
which requires single-point calculations on 3056 displaced
structures. A converged g-mesh grid of 13 x 13 x 13 and a
scaleboard value of 0.5 are used. All convergence tests are
performed with a convergence threshold for a Ak of
0.05 W m™* K *. The results of convergence tests and direction
dependent lattice thermal conductivities are given in Fig. S3(a-d)
(ESIt). The non-analytical term corrections are included both in
PBTE-RTA and PBTE-iterative approaches.

3. Results and discussion

3.1. Crystal structure and bonding nature

The enargite mineral in orthorhombic symmetry with the Pmn2,
space group (no. 31) is studied.”” The unit cell fully relaxed using
the PBE exchange-correlational functional is displayed in Fig. 1(a),
generated with the help of the VESTA program.*® The relaxed unit
cell parameters a = 6.485 A, b=7.470 A, and ¢ = 6.191 A match well
with earlier results (refer to Table 1). The unit cell consists of six
copper, two arsenic, and eight sulfur atoms. Both the cations
(Cu and As) are individually surrounded by the four anions (S) in
tetrahedral coordination; they are represented in Fig. 1(b) and (c).

In addition, the distance between the cation and the anion is
analysed. The bond lengths of Cu-S;, S,, S3, and S, are 2.312 A,
2.888 A, 2.296 A, and 2.306 A, whereas the bond lengths of
As-Si, S,, S3, and S, are 2.245 A, 2.293 A, 2.272 A and 2.293 A.

Fig. 1
supercell projected along the (0 1 0) plane.

13988 | J. Mater. Chem. C, 2025, 13, 13986-14000

(a) Crystal structure along the a-axis, tetrahedral coordination of (b) Cu—S and (c) As—S and (d) 2D electron localization function for the 2 x 2 x 2

This journal is © The Royal Society of Chemistry 2025
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Table 1 The calculated and experimental lattice parameters of enargite
mineral

Lattice parameter (A)

a b c
Present work Calc. 6.485 7.470 6.191
Robert R. Seal, II et al.** Expt.  6.432 7.402 6.149
Pauling, L. & Weinbaum, S.>> Expt. 6.460 7.430 6.180
D. J. Vaughan et al.”® Expt.  6.470 7.440 6.190

The unequal bond lengths between the cation and the anion
are observed in both the tetrahedra. In order to identify the
bonding characteristics, the 2D electron localization function
(ELF) is computed for the supercell and illustrated in Fig. 1(d).
The ELF values 0 (blue), 0.5 (green) and 1.0 (red) indicate no,
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equal and complete localization of electrons. Moreover, the
ELF value between 0.7 and 0.8 is observed in As-S, which
manifests the stronger bonding (mostly covalent) character-
istics. On the other hand, lower electron population is noted
between Cu and S, indicating lower bonding strength (prob-
ably ionic bonding). These unequal bond lengths and bonding
heterogeneity can trigger the lattice anharmonicity, which
resists phonon propagation and thus lowers the lattice ther-
mal conductivity.

To further understand the thermodynamic stability of the
studied compound, the formation and cohesive energies are
calculated using eqn (2) and (3). Formation energy gives the
idea about the possibility of forming the required phase
experimentally and the cohesive energy describes the stability
of the compound after synthesis.
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(a) Evolution of free energy at different simulation temperatures. The final structures at (b) 300 K and (c) 900 K. (d) Averaged total and partial pair

distribution functions. The atomic trajectory of atoms at (e) 300 K, (f) 600 K and (g) 900 K, respectively.
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Erom = E(Cu3AsSy) — 3E (Cusolidg) — E(Assona) — 4E (Ssolid)ev per atom @)
E(Cu3AsSs) — 3E(Cuyiom) — E(ASyiom) — 4E(S,
Econ = (Cu3AsSq) — 3E(Ctlaiom) (ASatom) (S‘mm)eV per atom (3)

8

Here, E(Cu3AsS,) represents the total energy of the system
and E(Cugolia), E(ASsolia), and E(Ssolia) represent the total energy
of the respective elements in their bulk form (in terms of eV per
atom), while E(Cuacom), E(ASatom), and E(Satom) correspond to
the total energy of constituent elements as isolated atoms.***°
The calculated formation and cohesive energies of Cu;AsS, are
—0.20 eV per atom and —4.08 eV per atom, respectively. The
negative sign in both these parameters indicates that CuzAsS,
can be experimentally synthesized and is thermodynamically
stable.

3.2. Thermal stability

To examine the thermal stability of enargite mineral, AIMD
simulations are performed using the Nose-Hoover thermostat
for 5 ps. The structures are initially equilibrated for 1 ps at the
corresponding temperatures. After neglecting the initial 1 ps,
the evaluation of free energy as a function of time (up to 4 ps) is
shown in Fig. 2(a). The free energy remains almost the same
with negligible fluctuations at 300, 600 and 900 K. The evolved
structures after the simulation time of 5 ps are shown for both
300 and 900 K in Fig. 2(b) and (c), which indicates that the
structure is stable up to 900 K. At 300 K, the structure retains its
original atomic arrangements with small distortion, whereas
this distortion is intense at 900 K.

Fig. 2(d) depicts the calculated radial pair distribution
function (PDF) to examine the crystallinity of CusAsS,. The
peaks are well consistent and they broaden at higher tempera-
ture up to 600 K. Even though the observed peaks are present
up to 900 K, the peaks above 5 A radius start disappearing. This
behaviour can be attributed to the solid to liquid phase
transformation. However, the experimental melting point of
CuzAsS, is 944 K.>' Hence, it is believed that the melting starts
around 900 K. To get further insight into this argument, the
partial PDF for each possible pair is calculated and depicted
along with the total PDF. The first peak at 2.25 A arises from the
superposition of Cu-S and As-S pairs, whereas the second peak
(highlighted in yellow colour) at 3.75 A can be due to Cu-As,
Cu-Cu and S-S pairs. It is noted that the fourth peak (high-
lighted in purple colour) at 5.3 A is definite both at 300 K and
600 K, while at higher temperature (900 K) it completely
disappears. This peak is contributed by Cu-Cu, As-As and
S-S pairs. However, the peak is detectable for all pairs even at
900 K, except for the Cu-Cu pair. This behaviour is also
observed near 10 A (highlighted in green). Hence, it can be
expected that the solid to liquid phase transition begins with
the diffusion of Cu atoms. These characteristics are quite
common in chalcogenides such as AgCrSe, and Cu;SbSe;.>**°

In order to verify this, the simulated trajectory of atoms in
the a-b plane is presented in Fig. 2(e-g). It is noted from
Fig. 2(e) that the movement of all atoms in the lattice is similar

13990 | J Mater. Chem. C, 2025, 13, 13986-14000

at 300 K. Upon further heating to 600 K, As and S atoms vibrate
at a similar amplitude to the previous one. In contrast, the Cu
atoms cover a relatively larger area. This movement of Cu atoms
becomes more vibrant at a higher temperature of 900 K. It can
also be associated with the weakly bonded (i.e., ionic bonding)
Cu-S tetrahedra. In other words, the Cu atoms are weakly
bound to the lattice, resulting in large vibrations upon heating.
Hence, the Cu atoms move back and forth more vibrantly. This
can be the possible reason for the absence of definite peaks
above 5 A in the total PDF. However, there is no bond breakage
in Cu-S and As-S tetrahedra, ensuring the crystallinity. This
vibration of Cu atoms at higher temperatures results in
enhanced tetrahedral distortion and large anharmonicity,
which drives the phonon scattering process frequently.

3.3. Elastic constants and mechanical stability

The study of elastic constants plays a vital role in understand-
ing the mechanical stability of the solids. For CuzAsS,, these
constants are calculated by the conventional strain approach.
According to orthorhombic symmetry, there exist 9 indepen-
dent elastic constants whose values are listed in Table 2. The
Born’s criterion is a well-known condition to ensure the
mechanical stability of the crystalline solids. It depends on
the crystal symmetry. Eqn (4) represents the Born’s stability
criteria for orthorhombic structure.>®

C11 > 0; C11Cpp > 0122; C11C23C33 + 2C15,C13C3 — 0110122 -
C2C13° — C33C15> > 0; Caq > 0; Cs5 > 0; Ces > 0
(4)

The enargite mineral satisfies all these six conditions, which
ensures its mechanical stability. Using Voigt-Reuss-Hill
approximation, bulk modulus (B), Young’s modulus (Y) and
shear modulus (G) are calculated (refer to Table 2).>”>° The
calculated bulk and shear moduli are 81.52 GPa and 27.43 GPa,
respectively. The larger B, G and Y values indicate the resistive
nature of CuzAsS, towards deformation, fracture, and stiffness.

Table 2 The calculated elastic constants and mechanical properties of
CusAsS,. Here, B — bulk modulus, G — shear modulus, Y — Young's
modulus, v = Poisson’s ratio and CP — Cauchy's pressure

Elastic constants (GPa) Mechanical properties

Cn 146.02 B (GPa) 81.52
Ciz 44.35 G (GPa) 27.43
Cis 27.55 Y (GPa) 73.99
Cos 34.52 BIG 2.97
Cas 25.88 v 0.35
Css 173.81 CP (GPa) 111.50
Cua 34.52
Css 36.11
Ces 49.52

This journal is © The Royal Society of Chemistry 2025
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The value of Pugh’s ratio (B/G) > 1.75, v > 0.26 and positive
Cauchy’s pressure (CP) suggest the ductile nature of the
system.®® The Pugh’s ratio of CuzAsS, (2.97) is higher than that
of Ag,S (~2.8) and AgCuS (2.3).°"°> The compared sulphur
based thermoelectric materials are well-known for their excel-
lent mechanical stability (ductility). But, Ag,S has the con-
straint of adjusting the carrier concentration via doping
without affecting its ductility, while zT' of AgCuS requires
significant improvement. In this aspect, Cu;AsS, is regarded
as an advantageous candidate, which intrinsically possesses
excellent metallic like ductility and can outperform well in the
device aspect.

3.4. Phonon dispersion and dynamical stability

The phonon dispersion spectra along with phonon DOS are
displayed in Fig. 3(a) and (b). The phonon dispersion is
calculated along high symmetry points ie., I' (0, 0, 0) — X (3,

070)_5(%1%1 )_ Y(O’%io) _F(Or 0, 0) —Z(0,0,%) - U(%a Oa%)
~RELY-T(0,4,-2(0,0,) - x(0,0-U(,0,1) — Y0,
1,0 -7(0,3,3-5E1% 0 —R(E %Y. The presence of positive

(real) frequency in the phonon spectrum reveals the dynamical
stability of CusAsS,. Furthermore, 48 branches are observed in
the spectra with 3 acoustic and 45 optical modes. Generally, the
acoustic mode of vibrations is the primary contributor to the
heat transport in many solids.®® Hence, transverse acoustic (TA,
TA') and longitudinal acoustic (LA) modes are highlighted with
red, green, and violet colours, respectively. The observed high-
est acoustic mode frequency is 1.97 THz. And the branches
spread up to a maximum of 10.12 THz. Generally, the A-O
phonon mode coupling promotes the phonon scattering pro-
cess and decreases the phonon relaxation time. The acoustic
and low-frequency optical modes are primarily contributed by
the Cu and As atoms, whereas high-frequency optical modes by
the S atoms, as inferred from the phonon density of states
(PHDOS) (refer to Fig. 3b). The low frequency A-O coupling in the
Cu;AsS, system is due to the vibrations of Cu and As elements,
with nearly equivalent atomic masses. The optical-optical (O-O)
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frequency gap is noted near 5 THz. The temperature dependent
PHDOS at various temperatures are extracted from the AIMD
simulations and shown in Fig. 3c-e. Also, the population of phonon
modes in this O-O phonon band gap region increases with
temperature (refer to Fig. 3c-e, yellow highlighted region). The
slope of the optical modes decreases, indicating the flattening of
these branches. Furthermore, the phonon branches shift towards
the low frequency regime, manifesting the reduction of group
velocity and thus decrease of lattice thermal conductivity with
temperature is expected.

3.5. Phonon transport properties

3.5.1. Group velocity, Griineisen parameter, specific heat
and Debye temperature. To understand the phonon conduction
mechanism in Cu3AsS,, it is necessary to evaluate the phonon
related properties such as phonon group velocity (vy), Griinei-
sen parameter (y), Debye temperature (0p) and specific heat (C,)
to compute xp, of the system. Generally, the propagation speed
of phonons in the lattice can be understood from the group
velocity of phonons. The group velocity is calculated using

vi(q) :aué;y).“ The frequency-dependent v, is depicted in
Fig. 4(a). It shows that the predominant contribution to the
phonon propagation arises from the acoustic mode, particu-
larly LA modes. Thus, vibration of Cu atoms determines the
thermal transportation in Cu3AsS,. For better clarity, mode
dependent group velocity is illustrated in Fig. 4(b). From this,
the average v, of individual acoustic modes can be obtained
from the mathematical average of maximum v, at the respective
I-point. The calculated average v, for TA, TA’ and LA is 2635,
1437 and 1865 m s~ ', respectively. Comprehensively, the aver-

age v, for acoustic modes is 2186 m s ', derived from

1 . .
v = 5(VTAz + vra? + vLa?).*® This value for Cu,AsS, is com-

parable with those of the benchmark TE materials, as evident
from Table 3.

The Griineisen parameter, which determines the degree of
anharmonicity in the lattice, is calculated and shown in

(2) (b) (©) (d) ()
= TA TA' === LA e O Total
10 L Cu
% As > )
: o

= 8
: P—
z 64
= 1
)
=
=
£ 44
=

2 S

0 0 K (FDM)J 300 K (AIMD)] 600 K (AIMD)} 900 K (AIMD)

TXSYIZURTZ XU YT SR

g-points Phonon density of states (a.u)

Fig. 3 (a) Phonon dispersion spectrum and phonon density of states at (b) 0 K, (c) 300 K, (d) 600 K and (e) 900 K for enargite.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C, 2025, 13, 13986-14000 | 13991


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D5TC00351B

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 June 2025. Downloaded on 11/7/2025 3:34:07 PM.

(cc)

Journal of Materials Chemistry C

View Article Online

Paper

;
o T
_'»»...,N » LA
S—N S )
'T; 4 .
s .1

Jo) S

- \ N

Y Y Y rr—

[—]
2

3
1(d)
2 -
. B!
T[]
~ o P

Al

2 -

3 t+—TTTT71

. * TA
1 TA'
=2 - > LA
. PN
1
10

0 2 4 6 8

-3
Fr'XSYI'ZURTZ XU YT SR

Frequency (THz) Wave vector
1.80
1(e) 400 | Dulong-Petit timit
1.75 — 3NR
' / 1)
1.70 — £~300 —
i 4
1.65 = E
2 —
& h ~18 % = 00
1.60 — 3 -
T 100 —
1.55 —
1.50 — 17 o411 1117171717
300 400 500 600 700 800 900 0 100 200 300 400 500 600 700 800 900

Temperature (K)

Temperature (K)

Fig. 4 Group velocity as a function of (a) frequency and (b) g-points. The Grlineisen parameter as a function of (c) frequency, (d) g-points and (e)

temperature. (f) Specific heat against temperature.

Fig. 4(c). Generally, the positive and negative y implies the
degree of anharmonicity and negative thermal expansion. Since
the acoustic modes are important from the TE perspective, the
mode dependent y is calculated with respect to g-points using

: V. Odwilq) : P 64
the relation: y;(¢) = — and displayed in Fig. 4(d).
7i(9) g OV play g 4(d)
Furthermore, the average Griineisen parameter, ?(: (yf))

calculated for TA, TA’ and LA is 1.91, 1.86 and 0.38, respectively.
It is further averaged mathematically to obtain material’s y. The
value of y for the CuzAsS, system is 1.39. To understand the
effect of temperature on lattice anharmonicity, the temperature
dependent y is calculated by implementing quasi harmonic

13992 | J Mater. Chem. C, 2025, 13, 13986-14000

approximation (QHA) and shown in Fig. 4(e). Interestingly, the
y value rises from 1.50 at 300 K to 1.76 at 900 K (~18%
increase). This rapid increase in y can be attributed to tetra-
hedral distortion, as evident from the analysis of AIMD simula-
tion. Also, the obtained values of Cu3AsS, are compared with
other minerals and chalcogenides in Table 3. The observed
anharmonicity facilitates the phonon scattering process at high
temperatures.

Due to the direct relationship between x;, and specific heat
capacity, understanding the C, of the present system is also
important. Fig. 4(f) displays the computed C, as a function of 7.
Initially, C, abruptly increases with temperature, obeying the 7°
law. Then it gets saturated at higher temperatures, reaching the

This journal is © The Royal Society of Chemistry 2025
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Table 3 Comparison of calculated average group velocity (vy), Debye
temperature (0p), Griineisen parameter (7) and lattice thermal conductivity
(k) (at 300 K) of enargite with promising TE materials

Jp(ms ™) Opb(K) 7 Kk (Wm 'K Ref.

Cu;zAsS, 2186 245  1.50 1.173 (mDC) Present work
1.024 (Slack)
2.986 (PBTE-RTA)
3.164 (PBTE-Iterative)

Cu;Sbs, 2725 — —  4.100 67

CusSbSe, 2188 — 1.22 2.910 27

PbTe 1920 130 1.56 2.300 68

SnTe 2160 152 1.50 2.130 68

BiCuSeO 2107 243 1.50 0.550 69

Dulong-Petit limit. The classical limit according to the Dulong-
Petit law (= 3NR, N - the number of atoms in the unit cell, R - ideal
gas constant) for the enargite mineral is 399.11 J mol~" K. The
calculated C, falls within this limit.

It is equally important to calculate the Debye temperature of
the materials from the aspect of thermoelectrics. The 6y, values
for individual acoustic modes are calculated. The values for TA,
TA’ and LA are 126, 69 and 90 K, respectively. The global 0, of

1
_ b (3N
_kBg 4V ’

where N and V are the number of atoms and volume of the unit
cell respectively) is 245 K.°® This value is relatively higher than
those of most of the reported thermoelectric materials (see
Table 3).

3.5.2. Lattice thermal conductivity and phonon relaxation
times. The i, is the independent variable in determining the
thermoelectric behaviour of the materials. The x; values com-
puted using various computational approaches (discussed in
Section 2) are presented in Fig. 5(a). The PBTE-RTA and PBTE-
Iterative approaches calculate x; along different crystallo-
graphic directions as displayed in Fig. S2(b) and Fig. S3(d)
(ESIt). The geometric mean of these values is used to determine

enargite calculated from the averaged vy (0p

3.6
(a)™"7] —3— mDC (AICON2)
3.2 - —&— Slack
1 2 - <= PBTE-RTA (Phono3py)
284 PBTE-Iterative (ShengBTE)
~244 N
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Fig. 5
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the total x;, reported in Fig. 5a. The x;, value obtained both by
mDC and Slack models are comparable, whereas those derived
from the PBTE-RTA and PBTE-Iterative methods are significantly
higher. This discrepancy can be attributed to the strong treatment
of phonon dispersion and scattering rates in PBTE, in contrast to
the simplified approximations employed in the mDC and Slack
models. For instance, at 900 K, x;, values obtained for the different
models are 0.327, 0.341, 0.959 and 1.020 W m~ " K ', respectively.
And they are larger than the minimum thermal conductivity of the
system Z.e., 0.226 W m ™" K. Regardless of the model employed,
the observed ki, decreases with increasing temperature. For
example, in the mDC model, at 300 K, the observed &, is
1173 W m™ ' K ', which decreases by ~72% (0.327 Wm ' K )
at 900 K. Similarly, x;, from Slack, PBTE-RTA and PBTE-Iterative
approaches also decreases by approximately 66%. This can be
ascribed to the larger phonon scattering at higher temperatures.
Moreover, k;, decrease with temperature follows 1/T relation in all
the models. This characteristic indicates that the Umklapp three
phonon scattering process is dominant in the enargite mineral.
Further insights into the scattering mechanisms can be understood
from the calculated temperature dependent phonon relaxation
time shown in Fig. 5(b). Notably, Umklapp scattering is relatively
stronger than isotope scattering for acoustic branches. On the other
hand, isotope scattering is predominant in optical modes.

3.6. Electronic structure

Fig. 6 demonstrates the calculated electronic properties of
Cu;AsS,. The projected electronic band structure for the CusAsS,
system is depicted in Fig. 6(a). The enargite mineral is a direct
band gap semiconductor with the VBM and the CBM located at
the I'-point (0, 0, 0). The calculated band gap (E,) is 1.37 eV,
which is in reasonable agreement with experimental reports
(refer to Table 4). In addition, the total and projected DOS
(Fig. 6b and c) reveal that the VBM is mostly composed of the
combination of Cu (d-orbital) and S (p-orbital) atoms, whereas
the CBM predominantly arises from the S (p-orbital) atoms.

(b)107
10
10?
)
@ 1071
§ -11
N
= 10 MM
S
‘3 1012 \
4 Umklapp Isotope
= 1o —— A
~ -14 - — TA
10 — — LA
10715 %
10—16 T I T I T I T I T I T I T

|
300 400 500 600 700 800 900
Temperature (K)

(a) Lattice thermal conductivity and (b) phonon relaxation time as a function of temperature for enargite obtained in mDC.
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Table 4 The calculated and experimental band gaps for enargite

Band gap (eV)

Present work Calc. (PBE) 0.004
Present work Calc. (HSE06) 1.37
Shi et al.* Calc. (HSE06) 1.34
Suzanne K. Wallace”" Calc. (HSE06 + SOC) 1.24
Durant S. & Parkinsaon B. A.”>  Expt. 1.36

The nearly degenerate bands are observed near the CBM rather
than the VBM, named CBM; and CBM,. The energy difference
between the CBM and adjacent degenerate bands (such as CBM;
and CBM,) is 0.030 and 0.086 eV. The observed band conver-
gence effect has a positive impact from the aspect of improving
the electrical conductivity. Even with a slight increase in tem-
perature, the carriers in CBM; and CBM, will also take part in
conduction and thus lead to a significant increase in ¢ for n-type
Cu3AsS,. To look in detail, the Fermi surfaces are drawn using
the IFermi package and given in Fig. 6(d) and (e).”® Here, the
Fermi surface is plotted 0.1 eV below the VBM and 0.1 eV above
the CBM. It is noted that the Fermi surface near the VBM of
Cu3AsS, has only one closed sphere-shaped hole pocket at the
centre of the BZ, whereas the CBM has three electron pockets
due to the presence of degenerate bands at I'-Z and Z-X. It is
also inferred that the group velocity of the electrons is higher
than the holes. This degenerate band and higher carrier group

13994 | U Mater. Chem. C, 2025, 13, 13986-14000

velocity may result in larger electrical conductivity for n-type
CuzASS,.

Furthermore, the quantification of the effective mass of the
carriers (m*) plays a significant role in understanding the
transport properties of the material. Here m* is calculated by
fitting the band edges. Compared to the CBM, a slightly larger
band dispersion is observed at the VBM, resulting in 8%
heavier holes (mj =0.33my) than electrons (m}), ie., 0.31
my. Here my, is the rest mass of the electron. Generally, large
mass leads to less mobility. According to this observation,
electrons possess higher mobility in the CusAsS, lattice.
Furthermore, the charge density near the VBM and the CBM
is demonstrated to understand the conduction pathways of the
carriers (refer to Fig. 6f and g). Even though both band extrema
show similar carrier density, the VBM has slightly higher
density, leading to larger carrier pathways for holes. The
heavier holes may yield a large Seebeck coefficient for p-type
Cu,ASS,.

3.7. Electron transport properties

3.7.1. Relaxation time and electrical conductivity. Usually,
the thermoelectric properties are calculated both for hole and
electron-doped systems. It is inferred from the previous work
that Cu;AsS, is a p-type semiconductor.”® Hence, in this work,

This journal is © The Royal Society of Chemistry 2025
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the transport and thermoelectric properties are limited to hole
doping. However, the properties of the electron-doped system
are given in the ESI,} S1.2, concerning the future scope of the
mineral. Usually, CRTA underestimates the electron transport
of the system. To overcome the CRTA, the relaxation time (t) of
the carriers is calculated by accounting for various scattering
mechanisms using the AMSET program associated with VASP.
Fig. 7(a) shows the calculated carrier concentration dependent
7 for holes. It is noted that the 7,., and 7., are almost constant,
while 7y, decreases with n. At the same time, these parameters
are highly reliant on temperature. For example, at a specific n of
1 x 10" em 2, the value of T,co, Tpop and Timy, for holes is 13.9 fs
(33.0 fs), 311.0 fs (177.0 fs) and 118.0 fs (37.6 fs) at 300 K
(900 K). These relaxation times are averaged by Matthiessen’s
rule. The 7, of holes in the CuzAsS, lattice is 11.90 fs and
2.98 fs at 300 K and 900 K, respectively. The 7, is strongly
dependent on 7, rather than polar optical and impurity phonon
scattering mechanisms. Furthermore, the electron relaxation time
for the CujAsS, lattice is displayed in Fig. S4(a) (ESIY).

The calculated ¢ at various temperatures is shown in
Fig. 7(b). The ¢ increases with n following the relation, ¢ = nep.
For example, at 300 K, the observed ¢ is 5019 S m™" for a specific
carrier concentration of 1 x 10" e¢m™>. And it is increased to
260015 Sm ' atn =1 x 10*' cm ™ in Cu,AsS,. At the carrier
concentration of 1 x 10" ¢cm > and elevated temperature of
900 K, ¢ is 1397 S m™ " for the hole-doped system. The drastic
decrease of T with temperature leads to relatively higher carrier
scattering, which results in the decrease in ¢ with temperature.
The electron-doped system yields larger ¢ when compared to its
counterpart (refer to Fig. S4b, ESIt). This can be ascribed to the
larger m* of holes than electrons and to the presence of degen-
erate bands near the CBM. The lighter electrons exhibit more
oscillations and can undergo frequent collisions and scattering at
higher temperatures. This characteristic yield decreased ¢ at 900 K
for n-type CuzAsS,. The details about the magnitude of the
calculated parameters are recorded in Table S1 (ESIt).
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3.7.2. Seebeck coefficient and power factor. Fig. 8(a) dis-
plays the obtained S as a function of » at different temperatures
for hole-doped CujzAsS,. Usually, the Seebeck coefficient is
highly reliant on the band structure. In simple words, materials
with a larger band gap exhibit higher S. The S value decreases
with n by satisfying Mott’s relation for both hole and electron-
doped CuzAsS, systems.”® For instance, at 300 K, the S value of
341 and 58 puv K ' is observed at 300 K for the hole concen-
tration of 1 x 10" and 1 x 10*" ecm™?, respectively. Under
similar conditions, the S value of hole doped Cu3zAsS, is 14%
larger than that of the electron-doped counterpart (see Fig. S5a,
ESI{). This can be due to the larger m* of holes than that of
electrons. Conceptually, larger m* of the carrier can manifest
larger S due to its direct relationship. Furthermore, S gets
increased with the rise in temperature, following an inverse
trend with ¢. At 900 K and 1 x 10" em ™3, S is 508 uv K~ * for
p-type CuzAsS,.

Since S and ¢ are indirectly related and they are in the
numerator of zT relation, it is important to understand the
compensation between S and ¢. This can be done by calculating
PF (S%0). The PF is one of the deciding parameters in TE
materials (i.e.): higher TE performance requires larger PF.
Hence, the PF is calculated with respect to n at different
temperatures and displayed in Fig. 8(b). The PF increases with
carrier concentration up to some extent for both carrier doping
and then decreases. Furthermore, the peak PF noted for p-type is
1.49 mW m ™" K2 at 300 K. This value is higher than that of the
n-type counterpart (0.82 mW m ™" K~ ?), which clearly shows that
the major contribution to PF is acquired from S. In other words,
even though ¢ is higher for the electron-doped system, the PF is
higher for the hole doped system, indicating the higher reliance
of PF on S. The PF further increases with temperature. At 900 K,
the peak PF reaches 1.80 mW m™ ' K > for p-type CuzAsS,,
whereas 0.36 mW m™"' K 2 for n-type CuzAsS, (refer to Fig.
S5b, ESIt). For better comparison, the peak PF and corres-
ponding carrier concentration are recorded in Table S2 (ESIT).
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(a) Carrier relaxation time and (b) electrical conductivity of hole-doped CusAsS,4 against carrier concentration at different temperatures.
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3.7.3. Electronic and total thermal conductivity. The . is
calculated as a function of n at different T for hole and electron-
doped Cu;AsS, and displayed in Fig. 9(a) and Fig. S6 (ESIt). The
value of k. increases with increment of carriers, and at the same
time decreases with temperature, following a similar pattern to o.
This behaviour can be understood from the Wiedemann-Franz
law (k. = LoT, where L is the Lorenz number), which shows
their direct relationship. The observed k. of p-type CuzAsS, is
0.034Wm 'K 'atn=1 x 10" em~* and T'= 300 K. This observed
value is lower than that of its counterpart (0.051 W m ™" K~ ') under
the same conditions. The reason behind this observation can be
ascribed to the lighter mass of the electrons that can move faster
than heavier holes, which are conductors of both electricity and
heat. At 900 K, the value of x. decreases to 0.017 W m™* K~ ! and
0.008 W m~ ' K for hole- and electron-doped CuzAsS,.

Carrier Concentration (cm™3)

(a) Seebeck coefficient and (b) power factor of hole-doped CusAsS, against carrier concentration at different temperatures.

The computed total thermal conductivity (krotar) for hole-
doped CuszAsS, is depicted in Fig. 9(b). Since x;, is obtained
using different approaches, K, is also calculated accordingly.
For simplicity, only the ko, Obtained using the PBTE-Iterative
approach is presented here, while the results based on remain-
ing approaches are provided in the ESIT (see Fig. S7). Interest-
ingly, Ktota1 1S predominately contributed by the lattice part at
low carrier concentration, whereas the electronic contribution
is larger at higher concentrations. For instance, at 300 K and
1 x 10" ecm™3, the value of o is almost equal to xy ie.,
3.16 W m~ " K. It gets increased by nearly ~61% at higher
concentrations (1 x 10*' em™>, ie., 1.89 W m~" K™ "). This
change is more vibrant at higher temperatures due to the larger
K. contributed by higher carrier oscillations. Furthermore, the
Krotal fOr the electron-doped system is given in Fig. S8 (ESIT).
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(a) Electronic and (b) total thermal conductivity of hole-doped CuzAsS, at different temperatures. The light-colored lines indicate the

corresponding lattice thermal conductivity at specific temperatures obtained via the PBTE-Iterative approach.
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The values are also tabulated in Table S3 (ESIt) for better
clarity.

3.8. Figure of merit

As observed from the earlier discussion, the lattice thermal
conductivity computed by adopting various models has signifi-
cant difference. Hence, it is important to calculate the zT of

View Article Online

Journal of Materials Chemistry C

Cu;AsS, by incorporating «y, values from different models, in
addition to the electron transport properties calculated from
AMSET. Fig. 10(a)-(d) displays the calculated zT values as a
function of temperature and carrier concentration for hole-
doped Cuj;AsS,. Regardless of the models, zT increases consis-
tently with temperature. For example, the peak zT of p-CuzAsS,
(using mDC) at 300 K is 0.26, which increases by 9 times
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TE-RTA and (d) PBTE-Iterative for hole-doped CuzAsS,4 and (e) zT and x| are
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) EusSn,Ase®® and (k)—(n) CusAsS,. The unit of x is W m™ K™%
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(i.e., 2.31) at 900 K. This behavior can be attributed to the larger
carrier scattering and contribution from degenerate bands at
higher temperatures. Also, the maximum z7T attained at 900 K
with x;, obtained via Slack, PBTE-RTA and PBTE-Iterative is 2.25,
1.12 and 1.07, respectively. The 2T for electron doped CuzAsS, is
displayed in Fig. S9(a—d) (ESIf). The peak 2T values and corres-
ponding carrier concentrations are summarized in Table S4 (ESIt)
for better clarity. The larger zT in CuzAsS, can be ascribed to: (i)
ultralow lattice thermal conductivity: originating from mixed
bonding nature (phonon scattering), A-O coupling (reduced
phonon relaxation time), low group velocity (limited phonon
propagation), larger Griineisen parameter (enhanced lattice
anharmonicity) and (ii) significant power factor: carrier effective
masses and nearly degenerate bands (moderate S and o).

The obtained zT and x;, are compared with other arsenic-
based and benchmark candidates in Fig. 10(e). It is noted from
the state-of-the-art that the enargite mineral has the tendency to
compete with the Te/Se based benchmark materials. Also, the
thermoelectric performance of CuzAsS, is higher than that of
CuFeS,, Cuy,Sb,S;3, and Cu,SnS; - sulfur-based compounds.®**
In the case of its applicability towards real-time applications, the
use of earth-abundant sulphur and arsenic (despite their toxicity)
rather than critical elements (like Se/Te) helps in maintaining the
low cost of the device. Although As is toxic, the toxicity of the
compound should be prioritized at two key stages: (i) during
handling at the synthesis stage, (ii) integration into the devices,
and (iii) during disposal into the environment. The first and
second stages can be managed by carefully reviewing the safety
data sheet, adhering to safety protocols, and using appropriate
personnel protective equipment. The third stage can be addressed
by following proper disposal procedures. Also, CuzAsS, exhibits
ZT greater than 1 at 900 K, which is higher than most of the As-
based compounds (blue regime in Fig. 10e). This suggests that
the enargite mineral can be an appropriate candidate for mid-
temperature TE applications.

Besides the significant thermoelectric performance of
Cu;AsS,, adopting a suitable strategy to reduce its lattice
thermal conductivity further improves its zT. Generally, vacancy
and impurity engineering hold significant promise for tuning
the thermoelectric properties of Cu-related materials. Recent
studies have increasingly focused on the role of intrinsic and
extrinsic defects in enhancing TE performance. For example,
in Cu;SbS;, an excess of sulfur content has been shown
to increase both hole carrier concentration and mobility.®*
Additionally, the elevated sulfur levels enhance phonon scatter-
ing, leading to a substantial reduction in the k. As a result, the
thermoelectric zT improves by nearly fourfold (i.e., increased
from 0.2 to 0.71) compared to the pristine material. Similarly,
in Cu,SnSe,, the introduction of cationic vacancies has been
demonstrated to significantly enhance thermoelectric perfor-
mance, doubling the zT by promoting strong phonon
scattering.®® These cationic vacancies effectively reduce xy, to
reach the amorphous limit at 900 K. For instance, x, is reduced
from 1.1 Wm " K ' to 0.6 Wm ™" K", Given these promising
results in related materials, similar defect-engineering strate-
gies could be highly effective in optimizing the TE properties of
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Cu;AsS,. These results highlight an important research avenue
and invite further experimental and theoretical research on the
use of defects to enhance the thermoelectric efficiency of
CuzAsS,.

4. Conclusions

This study presents a comprehensive computational investiga-
tion of the structural, mechanical, thermal, and thermoelectric
properties of the enargite mineral. The experimentally existing
and unexplored (from the TE perspective) orthorhombic
Cu;AsS, system is chosen. The unit cell comprises two tetra-
hedra (Cu-S,) and (As-S,), with inequivalent bonding. It led to
mixed bonding characters between cations and anions.
Mechanical and dynamical stabilities of the present system
are confirmed through elastic constants and phonon spectra,
respectively. The electronic structure reveals the direct band
gap semiconducting nature of enargite. The A-O, O-O coupling
at high temperatures, intensive Cu-S tetrahedra distortion, and
significant Griineisen parameter ensure the occurrence of
enhanced phonon scattering process and lattice anharmoni-
city. This favourable structural and phonon properties ended
up with an ultralow x; from 0.327 to 1.020 Wm ™ * K * at 900 K.
The moderate S and ¢ yield a noticeable PF. The combined effect
of ultralow x;, and moderate PF yields the large zT (above 1) at
900 K for hole-doped CuzAsS,. These findings suggest that
enargite can be a suitable system for mid-temperature thermo-
electric applications, when compared to other As-based thermo-
electric materials. Also, the present work illustrates a clear
physical and mechanical picture of CuzAsS,;, which helps to
achieve better understanding from the device aspect.
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