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Among the most sought-after chalcogenides, Hg-based diamondlike semiconductors have recently been
realized for ultralow low heat conduction and potential thermoelectric devices. We present a less well-known
but promising quaternary Hg-based chalcogenide, Cu,HgSnS, (CHTS), for its electrical and thermal transport
properties and compare it to its parent compound Cu,ZnSnS, (CZTS) for better insight. CHTS is observed
with distinct Hg-S and other bond pair strengths, but CZTS has similar cation-anion bond strengths, signifying
anharmonicity caused by the heavy element Hg. Phonon dispersion in the Hg-dominated top acoustic frequency
zone is nearly flat, indicating reduced phonon group velocity. The avoided-crossing characteristic, a sign of
coupling in both high-frequency acoustic and lower-frequency optical modes, is also evident in the same region.
The Hg atom’s weak binding and considerable vibration with avoided crossing resemble cagelike skutterudite
rattling. An ultralow glasslike average lattice thermal conductivity («;) of ~0.53 W m~! K~! at 300 K is noticed
and associated with overall lower phonon group velocity, mild anharmonicity, and a lower avoided-crossing
frequency. At higher temperatures, «; decreases to 0.23 Wm~' K~! at 573 K, comparable to typical Hg-based
tellurides such as Cu,HgGeTey and Cu,HgSnTe, (k; < 0.25W m~' K~') and noticeably smaller than the «;
of known Cu,HgSnSe; nanoparticles. A large power factor for p-type doped structures is ascribed to an
increased Seebeck coefficient because of the high-density-of-state effective mass close to the valence-band edge.
The isoelectronic environment of CZTS and CHTS band edges should make them conduct similarly. This is
further confirmed while comparing the estimated electrical conductivity of CHTS with the experimental data of
CZTS for moderate doping concentration. Furthermore, in modest concentrations, holes with Ionized impurity
scattering as their principal limiter have lifetimes of ~10 fs. A p-type Figure of Merit (ZT) value >2.0 is
obtained with moderate doping of ~10'® to 10" cm~—> at 700 K. These remarkable ZT and ultralow lattice
thermal conductivity characteristics suggest CHTS’s promise for intermediate-temperature thermoelectricity,

making it easier to implement devices using the same material.
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I. INTRODUCTION

With the potential for the reversible conversion of heat
energy into electrical energy through the Seebeck and Peltier
effects, thermoelectric materials have ushered in a new era
of innovation to address the global energy demand [1-3].
In thermoelectric devices, the energy conversion efficiency is
often determined by the dimensionless figure of merit defined
aszT = o S T (k.+k;)~ !, where o is electrical conductivity,
S is the Seebeck coefficient, T is absolute temperature, and
k; and k, correspond to lattice and electronic thermal conduc-
tivity, respectively. Thus, a low thermal conductivity with a
large power factor (PF) o S is the key for an efficient thermo-
electric device. However, the coupling of o, S, and k, makes a
big challenge to tune a single parameter in order to achieve
higher ZT for a TE material. However, several approaches
have been proposed to improve TE performance, including
adjusting the carrier concentration for large power factors,
band engineering, and introducing defects and dislocations to
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reduce thermal conductivity via enhanced phonon scattering
[4,5]. However, materials with intrinsically low lattice ther-
mal conductivity are in prime focus to realize efficient TE
devices.

In the past few decades, diamondlike, multinary-
chalcogenide semiconductors have gained recognition for
their potential in several key fields, including photovoltaics,
optoelectronics, and various energy-related devices. The most
well known of them are zinc blende GaAs, ZnSe, chalcopy-
rite CulnTe,, Culn,Ga;_,Se, (CIGS), and related quaternary
Cu,ZnSnS, (CZTS), among others [6—10]. Significantly, the
diamondlike structure (DLS), which is tetrahedrally linked,
gives them stability, tunability, and adaptability for a variety
of applications. Nevertheless, the strong covalent bonding in
these compounds is considered to possess significant ther-
mal conductivity and, therefore, is understood to preclude
thermoelectric applications [11,12]. However, in the last few
years, several discoveries have upended this presumption by
demonstrating lower k; and higher mobility in some DLSs,
which hence served as better thermoelectric devices. For
instance, some tellurides and mercury-based chalcogenides
have been extensively studied and shown to have high
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carrier mobilities and low thermal conductivities, which was
attributed to the presence of heavy elements Hg and Te as
well as the phonon scattering from Cup, and Hgc, antisite
defects for optimized doping, but further optimization of car-
rier concentration is required to enhance the thermoelectric
efficiency [13]. Strikingly, strategies like nanostructuring,
doping, and varying the chemical composition are well em-
ployed in DLSs for ZT enhancement [14—-17], such as in
Cu,CoSnSe,S4_y, for which low «; and enhanced power fac-
tor can approach 0.75 ZT for intermediate temperature [18].
A record ZT value of 1.6 at ~800 K was recently realized
in a Na-doped CZTS single crystal with a thermal conduc-
tivity of ~0.94Wm~! K~ [19]. In addition, the available
literature on various selenide materials (such as Cu,FeSnSey,
Cu,CdSnSey, and Cu,ZnGeSe4) shows that the quaternary
materials have much lower lattice thermal conductivity than
their binary and ternary counterparts. However, the chemi-
cal complexity of quaternary DLS due to native defects and
secondary phases during fabrication makes them sensitive to
growth conditions [13,20-22].

Instead, in most thermoelectric materials, it has been ob-
served that the overall ZT becomes constrained when multiple
techniques, such as doping and alloying, are employed to
achieve lower «;. This usually happens because of the in-
evitable scattering of charge carriers due to the introduction
of defects and doping. Therefore, the search for materials
with intrinsically low lattice thermal conductivity continues
as a first option to realize efficient thermoelectric materials
and exhibit reduced complexity in device fabrication. More
importantly, the possibility of decoupled electron and phonon
transport while using inherently low-«; materials always gives
an upper hand in independent control over the electronic trans-
port properties, which could simply be achieved by regulating
the band structure near the Fermi level.

Furthermore, to understand the possibility of lower lat-
tice thermal conduction, several reports have focused on
probing the phonon anharmonicity and looking at its depen-
dence on the electronic, bonding, and orbital configurations
[23-27]. The atomic mass is also one of the deciding fac-
tors as thermal conductivity is related to the inverse of
mean atomic weight via the Keyes expression [28]. Typi-
cal examples are diamond having 2200 W m~! K~!, silicon
with 156 W m~! K~!, and heavier germanium reported with
a minimum of ~60Wm~!K~!' [29]. This is often con-
sistent in many chalcopyrites and chalcogenides [30,31].
Some exceptions are also noticed, which do not adhere to
the Keyes rule. For example, in comparison to the lighter
CuAlS,, chalcopyrite tellurides like CuAlTe, and CuAlSe;
have a higher thermal conductivity [30]. This anomaly is
present in various rare-earth-based binary compounds in ad-
dition to chalcopyrite [32-36]. Here, it is asserted that the
metavalent character of the cations, which results in con-
siderable lattice distortion, enhances phonon anharmonicity
and gives sulfides a lower «; than selenides and tellurides
[37]. Moreover, additional factors that are supposed to con-
tribute to a low phonon velocity and further suppress the
lattice thermal conductivity include the softening of optical
modes and the lower value of avoided-crossing frequency
resulting from a strong coupling between acoustic and lower
optical phonon modes [38—40]. Considering the importance

of DLS and especially Cu-based quaternary chalcogenides
Cup-II-IV-(S/Se), (I = Zn, Cd, Hg; IV = Si, Ge, Sn) hav-
ing sufficient mobility and the possibility of lower thermal
conductivity in heavy-element-based materials, we inves-
tigated the thermal properties of Cu,HgSnS, (CHTS), a
compound semiconductor. This substance is closely related
to CuyZnSnS,, which has been extensively studied for pho-
tovoltaic and thermoelectric applications. The presence of
numerous cation ordering motifs in close energetic proximity
to one another in quaternary DLS typically causes the stannite
phase of CHTS to remain stable while the kesterite phase of
CZTS becomes more favorable from an energetic standpoint
[13,41,42].

Furthermore, in a study on its selenide counterpart
Cu,HgSnSey, it is revealed that the localization of the hole
conducting bands in the [Cu,Se,] slabs preserve hole mo-
bilities from being influenced by the structural complexity
of the quaternary crystals, permitting the concurrence of
higher mobility with intrinsically low thermal conductiv-
ity. The reported Cu,HgSnSe, nanoparticles with different
material compositions yielded Seebeck coefficients up to
160 uV K~!, electrical conductivity ~10* Sm~!, and thermal
conductivity down to 0.5Wm~' K~ at intermediate tem-
perature [43]. Additionally, as pointed out in our previous
study, metals like CHTS’s ductility and its alloy composi-
tion also allow flexible devices [44]. This was demonstrated
through its estimated Pugh ratio (~3.2), which is larger
than the critical value (1.75) of ductile and brittle bound-
ary [45]. Moreover, since Cu,HgGeTe;s and Cu,HgSnTey
have recently been shown to be promising TE materi-
als, the thermal study of Cu,HgSnS; becomes significant;
yet, the thermoelectric properties of CHTS are still largely
unexplored.

In this work, we comprehensively analyze the thermo-
electric properties of the Cu,HgSnS, and its correlations
with bonding character, electronic configuration, and phonon
dynamics via first-principles methods, including ab initio
scattering and transport theory. We begin with structural anal-
ysis by quantifying the strength of the chemical bonds of
CHTS and comparing it with the parent CZTS, indicating
a sign of the Hg-S soft bond nature. Examining the elec-
tronic band structure reveals overall dispersive bands near
both band edges and the multiple band convergence near the
valence-band edge, ultimately benefiting the thermoelectric.
Furthermore, using three phonon scattering mechanisms, we
tried to understand the phonon transport and realize a signa-
ture of anharmonicity indicated by a large-mode Griineisen
parameter contributed by acoustic phonon modes dominated
by Hg atoms. Both particlelike and wavelike propagations
of phonons are considered to compute total lattice thermal
conductivity owing to the ultralow thermal conduction similar
to highly anharmonic and glasslike solids. Next, analyzing the
lattice and impurity scattering, the carrier relaxation time is
computed along with the implication of carrier concentration
as well. Herein, we also correlated most of the properties
with the well-available Cu,ZnSnS, data for better insight.
Consequently, we reveal that Cu;HgSnS, with low thermal
conduction ~0.39 W m~! K~! at 500 K could be a potential
material at intermediate temperature as ZT reaches = 1.0 for

p-type doping.
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II. METHODOLOGY
A. Electronic structure calculation

The density functional theory calculations are performed
with the full-potential linearly augmented plane-wave (FP-
LAPW) approximation as implemented in WIEN2k [46]
and the Vienna Ab initio Simulation Package (VASP) based
on the projector augmented wave (PAW) method [47]. The
electronic structure is calculated in WIEN2k. The modified
Becke-Johnson (TB-mBJ) potential [48] along with Hubbard
parameter [U = 0.52 Ry (7.705 eV) for Cu 3d and Hg 4d
electrons], and spin-orbit coupling is opted for better approx-
imation in band-gap value. This choice of method along with
the U value is borrowed from the available literature where
experimental and theoretical studies proposed an appropriate
Hubbard parameter for Cu, HgSnS, [49]. The parameters like
the plane-wave cutoff R x K., the wave function inside
the sphere expanded up to /nax, and Gnax, the charge den-
sity cutoff, are taken 8, 10 and 14 (a.u.)”! respectively, in
conjunction with —6 Ry Ecut (the core valence separation en-
ergy). The self-consistent field calculations are employed with
1500 k-points, and force and energy tolerances are kept at
0.001 Ry/bohr and 0.0001 Ry.

The electronic scattering rates, lifetime, and mobility
are evaluated using the ab initio scattering and transport
(AMSET) code [50], which solves the linearized electronic
Boltzmann transport equation. AMSET has been shown to per-
form well in estimating transport properties when compared
to both experimental observation and other highly accurate
theoretical methods using the EPW code [51]. Specifically,
scattering-mechanism-dependent transport properties are ex-
amined under the consideration of scattering from acoustic
deformation potential (ADP), ionized impurities (IMP), and
polar optical phonons (POPs). In ADP and IMP scatterings,
electrons do not acquire or lose energy, showing elastic scat-
tering, while POP is an inelastic scattering because it occurs
due to phonon emission or absorption. Here the elastic scat-
tering rate is calculated using the momentum relaxation time
approximation while the self-energy relaxation time approxi-
mation is utilized for computing the inelastic scattering rate.
The Fermi golden rule is used to calculate the scattering
rates for elastic and inelastic scatterings from an initial nk
state to a final mk + ¢ state and can be written as Egs. (2)
and (3) [50]:

_ 211
Ttk = |8 (e P — Emerg), ()

211
Tn;cl—>mk+q = 7|gnm(k’ q)|2 [(nq +1- f’gthq)
X 5(A82Z; — Fla)q) + (”q + fn(:k+q)

x 8(Ael" + hay)], 3)

where 7, §, n, and f are the Planck’s constant, Dirac delta
function, Bose-Einstein distribution, and Fermi-Dirac distri-
bution. The ¢,; corresponds to the energy of the |nk) state and
gnm(k, q) is the electron-phonon coupling matrix element of
the considered scattering mechanism. The —Zw, and +/iw,

correspond to the photon emission and absorption. Instead of
using the constant relaxation time approach, AMSET estimates
relaxation time using a different band and k-point-dependent
scattering approaches. The total scattering (r~!') rate or
carrier relaxation time (t) is estimated by Matthiessen’s
rule:

1 1 1 1
7 = Zapp TP T [pop° )

where tAPP 7IMP and tPOP are the relaxation times for

ADP, IMP, and POP scattering, respectively. The required
parameters to obtain the scattering rates, such as dense and
uniform band structures, elastic coefficients, wave-function
coefficients, deformation potentials, static and high-frequency
dielectric constants, and polar-phonon frequency, are cal-
culated using density functional theory (DFT) and density
functional perturbation theory, and details are provided in the
Supplemental Material [52]. A convergence test is performed
with multiple interpolation factors for best results (see Fig.
S4) in the Supplemental Material [52]. Finally, an interpo-
lation factor of 900 is used with the 105 x 105 x 55 dense
k grid for converging carrier relaxation time and mobility.
Furthermore, using the electronic structure calculations as
initially discussed, the Seebeck coefficient, electrical conduc-
tivity, and electronic thermal conductivity were calculated by
the BOLTZTRAP2 code [53] with reliable carrier relaxation time
obtained from the AMSET code.

B. Lattice thermal conductivity and anharmonicity

The chemical bond analysis based on the crystal orbital
Hamilton population (COHP) is investigated using the LOB-
STER code [54]. The phonon dispersion is obtained using
harmonic second-order force constants (IFCs) in PHONOPY
[55] through the finite displacement method on a 3 x 3 x 1
supercell, with and without spin-orbit coupling (SOC) taken
into consideration (see Fig. S2(a) [52]). The anharmonic
third-order IFCs are extracted via the thirdorder.py script of
ShengBTE [56], using the real-space supercell approach com-
bined with the DFT calculation implemented by VASP. Here,
we employed the 3 x 3 x 1 supercell size with converged
interaction cutoff as the eighth-nearest neighbors for fitting to
obtain third-order IFCs. The Perdew-Burke-Ernzerhof (PBE)
functional of the generalized gradient approximation (GGA)
is employed along with a 500 eV kinetic energy cutoff and
a 3 x 3 x 2 k-point mesh. Using unified treatment of phonon
transport including the contribution of particlelike propaga-
tion (k;’jﬁ) and wavelike tunneling and loss of coherence
between different vibrational modes (kffﬁ ), the total lattice
thermal conductivity (k" = k%P 4 kF) is computed using
the Wigner formalism. Consider the phonon mode indexed by
wave vector ¢ and branch s. The particlelike contribution
resulting from the diagonal (s = s’) terms of the Wigner heat-
flux operator [57] is written as

1
af __ S ., s s
kp - VN, Zcqvllﬂvqﬁtlf ®)
qs
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FIG. 1. (a) The crystal structure of Cu,HgSnS,: the blue, or-
ange, and cyan tetrahedral geometries belong to [CuS,], [HgS4], and
[SnS,], respectively. (b) The ICOHPs of the Cu-S, Hg-S and Sn-S
bonds near the Fermi level.

The heat carried through the coupling of vibrational modes,
described by off-diagonal (s # ') terms, is

i o+,
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qs  s#s
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where o and B are indexing the Cartesian direction. kg, V,
and Ny are the Boltzmann constant, the volume of the unit
cell, and the number of sampled phonon wave vectors in
the Brillouin zone, respectively. C;, v;, r;, wf,, v;"" and
Iy (= Fl;) are the heat capacity, group velocity, lifetime,
phonon frequency, velocity operator, and scattering rate of

a phonon mode, respectively. ny, = [exp(z%’) —1] 1 is the
equilibrium Bose-Einstein distribution. The underlying wave
mechanism described by the “coherences” term k. is phonon
interband tunneling between any two propagating modes s and
s’ with the same g. When the frequencies of the two modes,
w; and a)f]/, are closer, the wave coherence [ ~ ¢/ (w;—a)f]/),
where c is the speed of sound] increases, resulting in stronger
tunnelling [58].

The phono3py package is employed for computing kf’ﬂ
[59] using the single-mode relaxation time approximation
(SMA) because for ultralow-thermal-conductivity materials
the precise Peierls-Boltzmann thermal conductivity is known
to be practically indistinguishable from the SMA value
[57-60]. In addition, for preparing phono3py input, third-
order IFCs are converted to hdf5 format using hiphive [61]. A
converged mesh sampling of a 22 x 22 x 11 grid is adopted
for thermal conductivity calculation. The mesh and nearest-
neighbor convergence test details are provided in Fig. S3 of
the Supplemental Material [52].

III. RESULTS AND DISCUSSION

A. Structural and electronic properties

Crystallization of Cuy;HgSnS, occurs in the stannite tetrag-
onal phase ([42m space group), as previously reported
(Fig. 1). The lattice parameters are borrowed from our previ-
ous study and are a = b = 5.57 A and ¢ = 10.89 A, agreeing
well with experiments [62]. We see that in Cuy,HgSnS,, the

Cu, Hg, and Sn atoms are tetrahedrally coordinated by the S
atoms with uniform bond lengths of 2.29, 2.56, and 2.45 A,
respectively, and their arrangement follows an edge-sharing
pattern. Despite the substitution of Hg>" for Zn?* in the
lattice, this structure is nevertheless very close to that of
the stannite phase Cu,ZnSnS,, except for somewhat higher
lattice parameters. However, it is anticipated that substitut-
ing Zn with a heavy Hg atom could cause changes in the
bond strengths of some cation-anion combinations, perhaps
leading to anharmonicity in the system. Considering the pos-
sible impact of heavy atoms on the bonding properties, we
calculated the COHP and its integration (ICOHP) near the
Fermi energy for CuyHgSnS,. This allowed us to measure
the bond strength within the unit cell. It is clearly seen that
in Fig. 1(b), the |ICOHP| for the Hg-S bond is ~3.35, that
for the Cu-S bond is ~4.15, while for the Sn-S bond it is
~4.25. A noticeable difference in [ICOHP| values between
Hg-S and other cation-anion pairs represents the relatively soft
Hg-S bond and indicates the presence of mild anharmonicity
in the system. In addition, the ICOHP for Cu,ZnSnS, was
also displayed in Fig. S1 [52], so that we could examine
the anharmonicity introduced by the Hg atom upon the sub-
stitution of Zn in the parent compound. We see something
interesting: the [ICOHP| for Cu-S, Sn-S, and Zn-S all re-
main between 4 and 4.2, indicating that there is no bond
heterogeneity in Cu,ZnSnS, because all cation-ion bonds
have same strength, whereas for CHTS all pair strengths dif-
fer significantly. Therefore, we can see that the substitution
of the heavy element Hg alone can produce a considerable
variation in bond strength and is able to generate a small
anharmonicity. We can expect that the emerging anharmonic-
ity could contribute to lower heat conduction in Cu,HgSnS,
since phonon velocity v, is proportional to «/k/M, where k
and M stand for bond stiffness and atomic mass, respectively
[63]. Thus, we may anticipate that the growing anharmonicity
(reflected in terms k and M) may help reduce heat conduction
in CqugSnS4.

Accurate information of band gap and electronic states
near the band edges is essential to predict the material’s
thermoelectric performance. In Fig. 2, the band structure is
shown and is colored according to the fractional amplitudes
of the orbitals, which largely contribute near the band edges,
ie.,, Cud, Hg d, Sn s, and S p orbitals. It exhibits a direct
band gap of ~1.33 eV as both conduction-band minimum
(CBM) and valence-band maximum (VBM) are located at the
I' point. Noticeably, three bands are found to converge on
the I" point, giving a signature of significant electrical con-
ductivity with the Seebeck coefficient [64,65]. These bands
primarily arise due to the hybridization of Cu d and S p
orbitals. The Hg d orbital has also made some contributions
to these states but mostly determines the deep energy levels
inside the valence band; thus, Hg orbitals would be negligibly
contributing to the electrical conductivity. As a result, the
possibility of altering electrical conductivity in comparison
to the Cu,ZnSnS,; would also be small because both com-
pounds still have an isoelectronic environment close to their
band edges. Additionally, as shown in -COHP in Fig. 2(e),
the hybridized orbitals of Cu d and S p strongly contribute
as antibonding states below the valence bands. However, the
Hg-S bond also appeared to contribute to antibonding states
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FIG. 2. The orbital projected band structure of Cu,HgSnS, with (a) Cu d, (b) Hg d, (c) Sn s, and (d) S p orbital projection. The diameter
of the colored circles is the fractional amplitude of atomic orbitals. (e) The negative COHP of Cu-S, Hg-S, and Sn-S bonds. The states -COHP
<0 are showing antibonding while -COHP > 0 represent bonding configuration.

but with little amount. In general, it is anticipated that these
antibonding states in the valence bands will reduce the bond
strength since they introduce instability with increased system
energy [27].

Additionally, there are indications of higher mobility in a
highly dispersive conduction band, which is associated with
a lower effective mass of electrons compared to holes and
would be advantageous for an n-type system (see Table I).
Instead, multiple valleys near a few meV above and below the
band edges are furthermore anticipated to contribute to the
greater power factor as discussed later. According to COHP,
Sn s orbitals and S p orbitals close to the conduction-band
edge are the main contributors to the strongly dominated Sn-S
bond. The overall relatively lower contribution from Hg or-
bitals, as seen in the projected bands and lower COHP value
of the Hg-S bond, further implies the soft bond character of
the Hg-S bond, which is also visible through the ICOHP, as
mentioned above.

B. Phonon properties

In order to understand the micromechanism of lattice dy-
namics the phonon dispersions with phonon partial density of
states (Ph-DOS) are computed based on PBE+SOC estimated
force constants and drawn along the directions Z-I"-X-P-I"-
N of the Brillouin zone [Fig. 3(a)]. The dynamic stability
is confirmed by the absence of imaginary phonon modes.
Cu,HgSnS, has an eight-atom primitive cell, so 24 phonon
modes are seen for all g points, of which 3 are acoustic and the
other 21 are optical. We see a gap between high-frequency and
low-frequency optical modes, which often results from the
substantial range of atomic masses of constituent elements.
Notably, the acoustic modes <1.3 THz [shaded region in
Fig. 3(a)] show more or less flat branches along all direc-
tions, which may provide the system with significant phonon

TABLE I. The computed effective masses of electron and hole of
Cu,HgSnS, at CBM and VBM (in my), where my = 9.1 x 107*! kg.

CBM (my) VBM (myp)
r-X r-z r-= r-X r-z r-z
0.109 0.148 0.148 0.214 0.324 0.324

scattering or low phonon velocity and, thereby, low lattice
thermal conductivity. Additionally, phonon-phonon scatter-
ing appears to be aided by the lower optical modes (above
~1.3 THz), which also exhibit some smaller dispersion with
hybridized areas. Due to a large dispersion in the middle-
frequency region (2 < @ < 3.75 THz), it is expected to have
a large phonon group velocity, so a significant contribution to
the total «;.

It is interesting to note that the flat region of acoustic modes
lying in lower-frequency regions is where the heavy element
Hg contributes most. The avoided crossing between acoustic
and optical branches can also be noticed by further magnify-
ing the phonon dispersion near this region [zoomed view in
Fig. 3(a)], which manifests the coupling between lower opti-
cal and topmost acoustic branches. A little contribution of Cu
and Sn is visible in acoustic modes but primarily contributes
in the middle-frequency optical modes. In contrast, a higher
region of optical modes is dominated by the lighter element S.
This is consistent with the commonly known trend of lowering
phonon frequency with higher atomic mass. In order to better
comprehend how the nature of the vibrations and the crystal
structure relate to one another, we computed the amplitude of
atomic vibration at the I" point for the 4th and 24th branches,
as shown in Fig. 3(b), while that for the 1st and 12th branches
is presented in Fig. S2(b) [52]. The large vibrational amplitude
of the Hg atom for the fourth phonon branch [the bottom one
of Fig. 3(b)] again confirms its large populated density of
states observation in the shaded region of phonon dispersion.
The topmost 24th optical branch with largely dominated S-
atom vibration with partially observed Sn vibration is also
confirms the lightest atom vibration at a higher frequency as
per the convention [top one of Fig. 3(b)]. Furthermore, the
temperature-dependent mean squared displacements in Fig.
S2(c) [52] also signify the higher amplitude of the Hg atom.
Overall, the vibrational feature of Hg, like weak bonding and
significant vibrational contribution, indicates a kind of atomic
rattling that is analogous to the rattling in cagelike compounds
such as clathrates and skutterudites where the loosely bound
guest atoms rattle in the host cage structures and scatter the
heat-carrying phonons [38,66]. Additionally, the localization
of phonon modes in the lower as well as higher frequencies
may lead to scattering centers which may further assist for
lower thermal conduction.
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FIG. 3. (a) Phonon dispersion along Z-I"-X-P-I"-N directions and phonon density of states (Ph-DOS) contributed by constituent atoms
considering spin-orbit coupling. The light green shaded region highlights the less dispersive band belonging to the acoustic frequency. This
region is mainly dominated by Hg atom vibration, as visible in the intense orange color peak in the Ph-DOS. The dotted circle indicates the
avoided-crossing area between acoustic and optical modes, which are shown at the magnified view in the inset. (b) Atomic vibration at the
I" point corresponds to the 4th branch (bottom) and 24th branch at top, where the atomic displacement is indicated by red arrows while
the orange, blue, cyan, and yellow spheres represent Hg, Cu, Sn, and S atoms, respectively. A significant vibration of Hg is well captured as

the 4th branch lies in the shaded region of phonon dispersion.

C. Particlelike contribution to «;

Initially the particlelike lattice thermal conductivity (k)
for CuyHgSnS, is calculated. Its temperature variations per-
pendicular to the ab plane or crossplane (Kpl) and parallel to
the ab plane or in plane («}) with their average (k,"®) are
shown in Fig. 4. With changing temperatures, it is noticed
that «,'® follows an inverse, i.e., ~T !, relation, which can
be correlated with the conventional phonon gas model and en-
hancement of the phonon-phonon scattering with an increase
in temperature. The computed K,',' and /cpl values at 300 K

are ~0.46 and ~0.37Wm~' K~!, respectively, as shown in
Fig. 4(a). A small anisotropy in «, could possibly arise due
to uneven phonon transport in these directions. Next, it is
crucial to obtain the cumulative «, to ascertain the contribu-
tion of various phonon frequencies to the total «,. For this,
we examine the derivative of «, with respect to the phonon
frequency at 300 and 500 K as shown in Fig. 4(b). Even
though the majority of the peaks are in the acoustic range
(<1.3 THz), it is noted that the lower optical frequency zone
considerably contributes to the overall «,. Hence, similar to
other Cu-based chalcogenides, the «, of Cu,HgSnS; is also
non-negligibly impacted by the optical modes, as seen by the
normalized «, as a function of frequency. For instance, at
300 K, nearly half of the total «, is supplied by the lower
optical modes from the 1.3 to 4.2 THz region, such as 47%
and 45% to Kﬂ and KPL, respectively, while the acoustic modes
contribute 40% and 50% in both directions. A significant
contribution of higher optical modes >6.8 THz, i.e., ~13%
and 5% to Klﬂ and KIJ,‘, is detected for heat carriers. For both
temperatures, a similar «, distribution is observed over fre-
quency. Overall, it is confirmed that more than half of the
total «; value originates from the optical frequency region,
hence strongly influencing the heat conduction in Cu, HgSnS,
material. Moreover, the impact of particle size is examined in
Fig. 4(c) by plotting the mean free path (MFP) dependency

of K}l and K[J)‘ at temperatures of 300 and 500 K. It is evident
that the short MFP (<10 nm) dominates the thermal transport
in Cu;HgSnS,. For a 50% reduction in the «, value, the
MEFP for «)) and «, are as short as 1.2 (2.03) nm and 3.27
(5.48) nm at 300 (500) K, respectively, signifying a weak
size effect because a significant reduction in «, could only be
achieved while reducing the size to a very small value or a few
nanometers.

Furthermore, to deeply understand the obtained low «,, we
analyze the frequency-dependent phonon group velocities vy,
Griineisen parameter y, and anharmonic scattering rates 7~
[see Figs. 4(d)—4(f)]. According to the kinetic theory, lattice
thermal conductivity is given as x; = %Cv vér, where C, and t
denote specific heat and relaxation time, respectively [63]. We
discover a maximum group velocity of 4.28 km s~! near 0.47
THz in the acoustic region. Large v, values can be seen in the
intermediate phonon modes at ~2.5 THz as well. These large
group velocities can be correlated with the steeper phonon
dispersion in these regions and their region of population is
consistent when comparing with peaks of the % in Fig. 4(b).
Instead, due to the moderate phonon dispersion, a smaller
group velocity <1.7kms~! is noticed for higher-frequency
modes. While deep monitoring, we also notice a smaller value
of v, near the 1.2 THz region which arises due to the almost
flat band geometry and avoided crossing in this acoustic fre-
quency region. Noticeably, the overall v, in Cu,HgSnSy is still
lower than those of moderate-thermal-conductivity materials
like the perovskites SrTiOs, LaWNj3, etc. [67,68], but are the
same order of magnitude as Na, TISb, BayAgSb, A,Se,, and
PbTe with ultralow «; [34,69-71]. Furthermore, the computed
specific heat appears to be in line with the trend of group
velocity, having a larger weightage of lower-frequency but
little participation by larger-frequency phonons with the Cy
value 8.6 x 107> to 6.8 x 107> eV, which may serve as a
guide for future research [see inset of Fig. 4(d)].
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FIG. 4. (a) The calculated particlelike lattice thermal conductivity vs temperature along perpendicular and parallel directions of the ab
plane. (b) The derivative of «; (left scale) with respect to frequency along with the normalized cumulative «, (%) vs frequency at 300 K (top)
and 500 K (bottom). (c) The calculated normalized cumulative «, (%) as a function of the mean free path (MFP) for 300 and 500 K. (d)
The frequency-dependent phonon-group velocity. The inset displays specific heat as a function of frequency. (e) The Griineisen parameter vs
frequency with average shown by a dotted line. (f) Anharmonic scattering rate due to three-phonon (3ph) scattering as a function of phonon
frequency at 300, 500, and 700 K. The solid red line denotes the loffe-Regel limit, defined as ﬁ =w.

Importantly, the strength of anharmonicity in a periodic
crystal is determined by the average Griineisen parameter ().
It explains the change in phonon frequency concerning the
change in unit-cell volume. Positive or negative values of y
indicate the phonon frequency softening or hardening with
the expansion of the lattice [67]. As per the Slack theory, y
is inversely related to the lattice thermal conductivity (k; o
1/y?) [65]. A large negative ¥ up to the value of —6 for
acoustic and lower optical modes <2THz frequency signifies
an anharmonicity of phonons in Cu,HgSnS, and suggests the
existence of negative thermal expansion [72]. The average
y value is ~1.0, which is almost comparable to the known
thermoelectric materials such as PbSe (1.65) and PbTe (1.69)
[62]. Indeed, the heavy element Hg-bonded S atom is the
main source of anharmonicity leading to low «;, which is
also noticed in ICOHP analysis. Moreover, anharmonic scat-
tering rates are another deciding factor for «;, which tells us
about the possible lifetime of phonons in different frequency
regions. In Fig. 4(f), we find a lower value of anharmonic scat-
tering (<1 ps~!) below the 1.3 THz frequency corresponding
to the acoustic region. The optical modes mostly appeared
to have large scattering rates and signify lower phonon life-
time compared to acoustic modes during heat propagation.
Furthermore, to understand the limit of the particlelike contri-
bution of the phonons, the Ioffe-Regel limit ﬁ, the limit in
which a phonon scattering rate equals its frequency, is drawn
over the scattering rate. Phonons whose scattering rate lies

below this reference limit (% < ﬁ) are known to contribute
to particlelike thermal conduction while phonons having
larger scattering (% > ﬁ) would be crucial to determine the
wavelike tunneling similar to amorphous solids and glasses
[73,74]. We see that at high temperatures a significant scat-
tering above the Ioffe-Regel limit indicates a non-negligible
contribution of wavelike thermal conduction («x.) and is there-
fore considered in the next section.

D. Wavelike contribution to «;

The calculated «. values for Cu,HgSnS, along perpen-
dicular and parallel directions are shown in Fig. 5(a). A
positive temperature dependence of both I(CH and KCJ‘ is no-
ticed as these are found to be ~0.14 (0.17) and ~0.10
(0.12) Wm~' K=, respectively, at 300 (500) K. With the
increase in average value (k¢'®) as ~T%2% temperature de-
pendence it reaches ~0.16 Wm~! K~! at 700 K compared
to 0.12Wm~'K~! at room temperature. This signifies the
importance of wavelike tunneling of phonons at higher tem-
peratures when «,'® reduces with ~T~! and therefore «.
become comparable to k,. With the added «. contribution, the
total lattice thermal conductivity at room temperature reaches
up to 0.60 and 0.45W m~' K~! for in-plane and crossplane
directions [see Fig. 5(b)] which is almost half of the «; of
the quartz glass (~0.9 W m~! K~!). Unlike the T~! trend of
kp ¢, the total average thermal conductivity (k|"®) exhibits
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FIG. 5. (a) Calculated wavelike (coherent) lattice thermal conductivity along in-plane (x 'C‘) and crossplane (Kcl) directions as a function of
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o< T%'. The inset represents the percentage ratio of wavelike components to total lattice thermal conductivity.

(c) A comparison of ; for Cu,HgSnS, with other well-known chalcogenides.

milder decay with temperature, ~T951 which is observed
in several highly anharmonic crystals. Notably, the ~47%
contribution of the wavelike phonon is found for the «,"*
value, at 700 K, which was ~22% for 300 K as shown in
the inset of Fig. 5(b). This evidences the significance of the
wavelike contribution to the thermal transport of Cu,HgSnS,
and similar DLS. Strikingly, «,"* (~0.53 W m~'K™) is far
smaller than for the well-known chalcogenides like PbTe
and PbSe, oxides BaTiOz and PbTiOs, and other DLS-like
Cu,CdSnSes and Cu,TiSes [22,33]. At ~573 K (300°), the
k"% for CuHgSnSy is ~0.37Wm™' K~!, which is even
lesser than for CuyHgSnSe4 nanoparticles [43] and still close
to the reported value (<0.25W m~!' K~!) of Hg-based tel-
luride DLSs such as Cu;HgGeTe4 and Cu;HgSnTe, at the
same temperature [13]. A comparison between the «; values
of chalcogenides with CHTS is also shown in Fig. 5(c).

Therefore, due to significant scattering of high-frequency
phonon modes with lower group velocity, and lower heat ca-
pacity, these modes play a key role in limiting the total lattice
thermal conduction, whereas relatively lower scattering, in
particular one order less of scattering rates corresponding to
the lower acoustic frequency with an enhanced v, is con-
tributing positively to the total ;. Additionally, the wavelike
tunneling of phonons is adding a significant contribution to
the total thermal transport. Thus, the overall smaller v, values,
anharmonicity due to the heavy Hg atom, and lower avoided-
crossing frequency are realized as the joint reason for ultralow
lattice thermal conductivity in stannite Cu, HgSnS,.

E. Transport properties

The evaluation of the TE performance in semiconductors
also depends on the scattering mechanism of carriers; hence
the current work considers three crucial types of carrier scat-
tering: ADP scattering, IMP scattering, and POP scattering.
In the literature, we see that IMP and POP scattering do have
a more significant effect on electronic transport in terms of
carrier lifetime over the generally considered ADP scattering
based on deformation theory [75,76]. Therefore, these met-

rics are drawn for both electron (n-type) and hole (p-type)
doping in Fig. 6. While plotting the overall and scattering
resolved average lifetime as a function of temperature for
a fixed doping concentration 1 x 10" c¢cm™3, in Figs. 6(a)
and 6(c), we observe a decrease in overall lifetime from
25x107" s I x107s)to 1.2x 107 s (8 x 1071 s)
for the electron (hole) while elevating temperature from 300
to 900 K. The ADP and POP lattice scattering-based lifetimes
decrease with temperature while IMP remains almost constant
as it does not change too much in all temperature ranges. A
large IMP scattering is found to be the key factor for reducing
the total lifetime value. Through the illustration of scattering
events near the band edges [see Figs. 6(b) and 6(e)], it is
clearer that in CuyHgSnS, the scattering magnitude follows
the order IMP > POP > ADP. The complex band geometry
accompanying multiple valleys and more dense energy bands
facilitates a sophisticated scattering pattern in the vicinity of
the valence-band edge. On the other side, very few bands
present near the conduction-band edge are providing rela-
tively less dense scattering events. Especially at ~1.7 eV
energy, another valley from the conduction band appeared to
collectively increase all the scattering events.

In addition, by varying the carrier concentration we try to
understand its effect on transport. We observe the dominance
of POP scattering at lower concentrations or nominally doped
regions, say, 10"7cm™3, while at large carrier concentration
it diminishes, and IMP scattering becomes more prominent,
of the order ~10*s~! at both band edges, to decide the
carrier’s lifetime and mobility (see Figs. S5-S7 [52]). Never-
theless, regardless of carrier concentration, ADP scattering is
largely inconsequential because it almost remains unchanged
except for a small increase in higher concentration and hap-
pens at a much slower rate than the other mechanism. This
nature may have developed because of acoustic phonon and
carrier coupling that was essentially identical at low carrier
concentrations and slightly enhanced at higher carrier concen-
trations. The lower values of deformation potentials (~3.9 eV
for the valence band and ~2.9 for the conduction band) are
another factor contributing to the ADP scattering’s lack of

205203-8



ULTRALOW THERMAL CONDUCTION AND IMPURITY ...

PHYSICAL REVIEW B 109, 205203 (2024)

12 16
@10 ADP mp POP ——TOTAL (b) 10 ADP IMP POP (©) 10 ADP mMp POP—@—TOTAL
10151
z R ~ 10*3
QEJ 10*13- \g 1014 ‘Tm
=] = >
= o ~
.E .E‘Jlﬁ E 10%4
3 M B g
S 1014 £ 102 =
] il =
&~ @ 2 104
1014 =
n-type n-type n-type
15— r T , y T T 10" T T T T T 14— y r T r r ;
10 300 400 500 600 700 800 900 14 15 16 17 18 19 2.0 10 300 400 500 600 700 800 900
Temperature (K) Energy (eV) Temperature (K)
-12 16 3
(d)l() ADP IMP POP—@—TOTAL (e) 10 ADP IMP POP (f) 10 ADP IMP POP=@=TOTAL
1054
2 o o
P I -
2 10 < 10M4 P U
= = ~
B
2 010" 4 E
h=1 12 =
3 107 £ 107 Z 104 M
@ =
104
p-type p-type p-type
10
15+— T T T T T T L 2 4 : : 100+ T T T T T T
107350 460 500 600 700 800 900 0.6 05 04 —-03 —-02 -01 00 %7300 400_500 600 700 800 900
Temperature (K) Energy (eV) Temperature (K)

FIG. 6. [(a), (d)] ADP, IMP, and POP scattering-mechanism-based relaxation time as a function of temperature for n-type and p-type
doping, and [(b), (e)] their scattering rate near the conduction- and valence-band edges as a function of energy at 300 K. The dominance order
of scattering near the band edges is IMP > POP > ADP. [(c), (f)] The overall and all individual scattering resolved mobilities vs temperature
for n-type and p-type doping. In all the results 1 x 10" cm~ doping concentration is considered.

significance. The nondominant ADP scattering also aligns
with other studies on CuyTiSe,4, BaSnS3, LaAgOS/Se, A,Se;,
and CaCuP [71,75,77-79].

Furthermore, the overall carrier mobility values are
~225.0 (14.0)cm? V= 's~! and ~159.0 (8.0)cm? V~!'s~! for
the electron (hole) at 300 and 900 K, respectively [see
Figs. 6(c) and 6(f)]. ADP, POP, and the overall mobilities
follow a decreasing trend with increasing temperature which
is attributed to the enhancement in phonon density and re-
spective scattering events at high temperatures. However, it
is generally seen that the IMP scatterings remain almost unaf-
fected by temperature; the same is reflected by the consistent
contribution of their mobility in the all-temperature range.
Overall, the higher mobility of electrons compares to the holes
due to the large dispersion in the conduction band and rather
complex and less dispersed valence bands indicates the pos-
sibility of enhanced electrical conduction while using n-type
doping.

Furthermore, we determined Seebeck coefficients (S), elec-
trical conductivity, power factor, and electronic thermal con-
ductivity against the carrier concentration (10'7—10%! cm~3)
at 300, 500, and 700 K for n-type and p-type doping along the
in-plane and crossplane direction. This range of doping can
be accomplished by commonly used chemical doping tech-
niques, which alter carrier concentrations to regulate chemical
potential to imitate the doping process without adding actual
dopants to the system [80]. While observing, we found that
at ~1 x 10" cm—3 carrier concentration, the value of |S| for
the electron (hole) is ~45.4(245.5)uVK~! at 300 K and
~101.79 (253.4)uV K~! at 700K along the in-plane direc-
tion. In the crossplane direction, |S| is ~45.27 (235.0) uV K~!

for 300 K and ~100.3 (244.8) uV K~! for 700 K [Figs. 7(a)
and 7(e)]. Here, the S values are almost isotropic and hence
can be thought of as independent of the crystallographic
orientation and could also be attributed to the almost equal
effective mass along I'-X and I"'-Z directions. As can be seen,
|S| for p-type doping is nearly two times that of the n-type
configuration, and this would be a crucial attribute to aid in
the production of high thermoelectricity in CuHgSnS,.

Furthermore, the higher Seebeck coefficient is also corre-
lated with the higher density of states effective mass near the
band edges as given by m; = N/ 3m’£, where N, denotes the
orbital’s degeneracy and m; is the average effective mass of
degenerate valleys [59,60]. This implies that, for a given car-
rier concentration, the Seebeck coefficient can be either due
to a large degeneracy, N,, or large mj. In Cu,HgSnS,, due to
the complex band geometry of the valence band, both N, and
my; are larger around the valence-band edge compared to the
conduction-band edge, facilitating larger m;;, and hence serve
relatively large Seebeck coefficient value for p-type doping.
Instead, for both doping configurations, the absolute value of
S decreases with the increasing carrier concentration while
rising along temperature elevation. This trend is in parallel to
the relation S = 87;2];‘? X (3”—,[)% x m};, where n and h show
carrier concentration and Planck’s constant, respectively [81].
It signifies that the tuning carrier concentration could be an
effective strategy to achieve a large S.

Figures 7(b) and 7(f) demonstrate the variation of electrical
conductivity o with carrier concentration. With increasing p,
o seems to follow the trend of mobility, i.e., rising constantly.
This is because of its direct dependence on carrier mobility as
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FIG. 7. Electronic transport properties of Cu,HgSnS, as a function of carrier concentration with temperatures 300, 500, and 700 K along
in-plane and crossplane directions: [(a), (e)] Seebeck coefficient, [(b), (f)] electrical conductivity, [(c), (g)] electronic thermal conductivity, and
[(d), (h)] power factor for n-type and p-type doping, respectively. Inset of (f) shows a comparison of our estimated o of CHTS with p-type

CZTS crystal at 300 K.

o neu, where n, e, and y are the carrier concentration, unit
charge, and charge carrier mobility, respectively. For example,
at 300 K and 2.5 x 10'8 cm ™3 doping, along the crossplane
direction, o, (o3,) is ~3.0 x 10* (0.41 x 10*)Sm™", while at
higher carrier concentrations such as 1 x 10 cm™3, it in-
creases to ~5.4 x 10° (1.8 x 10°)Sm~!. Interestingly, our
results on p-type doping show good agreement with ¢ val-
ues for moderately doped p-type CZTS crystal for the range
~10" to ~10' cm™3, as shown in the inset of Fig. 7(f). For
instance, at 3.0 x 10'®cm™> p-type doping, o is reported to
be 0.42 x 10* Sm™! for CZTS [19], which is close to 0.41 x
10*Sm~! for CHTS at 2.5 x 10" cm~2 doping. These find-
ings seem consistent with our previous analysis that replacing
Zn with Hg would not significantly alter the electrical con-
ductivity of CHTS because o primarily depends on carrier
properties near the Fermi level or the band edges. Again, in
both CHTS and CZTS, an isoelectronic orbital dominance
from Cu and S atoms confirms similar electrical conductivity.
Furthermore, at a higher temperature range due to strong
carrier phonon coupling, a large scattering results in a lower
o value. This is visible by the decrease in o, around even one
order of magnitude for electrons, and a significant change for
the hole as well at the same carrier concentration.

In order to determine the optimal doping for an ex-
cellent thermoelectric material, the trend of power factor
(PF = 05%) as a function of carrier concentration plays
a key role [Figs. 7(d) and 7(h). The PF reaches a peak
value at the optimal carrier concentration when the increase
in o and the decrease in S achieve a balance. For in-
stance, at 700 K, we see that the PF first increases to near
~1 x 10*° cm~3 and afterward shows a sharp reduction for

both electron and hole doping. The anisotropic PF arises
due to the anisotropy in S and o along different axes at
the same temperature. Further monitoring the p-type dop-
ing, we noticed that a significant difference in S value
serves a maximum PF ~226mWm~' K~2 at 300 K. At
the same time, the peak is at ~3.79 for 700 K. Interest-
ingly, this value of PF is sufficiently larger than those for
the recently reported CZTS single crystal (1.6 mW m~! K~2)
[19], chalcopyrite CuGaTe, (1.25 mWm~! K~?) [82], and
Sbg.1GepoTengsSen.12 (~2.88 mW m™! K_z) at 700 K [83].
On the other side for n-type doping a smaller PF of value
0.52mW m~! K2 is found at 300 K due to the lesser o while
at higher temperature, ~700 K, it touches 1.19mW m~! K2
just because of the one order of increase in o.

In Figs. 7(c) and 7(g), the electronic thermal conductiv-
ity is plotted, which is one-to-one related with o via the
Wiedemann-Franz law «, = Lo T, where L is the Lorenz
number, which, however, varies in semiconductors with
the doping level [84]. We see k. increases with carrier
concentration and is slightly affected by temperature. Fur-
thermore, «, is found to be nearly insignificant in the
low-carrier-concentration regime to the 1 x 10%° cm™3 dop-
ing region. Above this carrier concentration, k, increases
for both types of doping and achieves a value compara-
ble to the lattice thermal conductivity «;. For example, at
~1 x 10" cm~ and along the in-plane direction, the «, re-
mains at 0.65 (0.15)Wm~'K~! at 300 K and was found
to be ~0.77 (0.12)Wm~'K~! for the electron (hole) at
700 K. Hence, the maximum total thermal conductivity («x, +
ki, k;=038Wm™'K™!) at 700 K is ~0.50 Wm~'K~!
for p-type CHTS, which is still far smaller than that of
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the CZTS crystal (~1.23Wm~' K1) [19]. Overall, the ef-
fective power factor for the intermediate-temperature range,
even for both n- and p-type carrier concentrations, would
provide a better opportunity for efficient thermoelectric
application.

F. Figure of merit

Hence, after analyzing all the transport properties compre-
hensively, we investigated the ZT for the 300-700 K range. In
Figs. 8(a) and 8(b), we depicted the computed ZT as a function
of carrier concentration for stannite Cu,HgSnS,. Generally,
most of the quaternary chalcogenides show intrinsically p-
type behavior. However, in this analysis, we considered both
n-type and p-type possibilities in Cu,HgSnS,. It shows nearly
similar values in all directions for corresponding carrier con-
centrations and temperatures with a slight anisotropy. For
instance, at 500 K the computed ZT value for n type (p
type) doping is ~0.45 (1.46), and at higher temperatures, say,
700 K, it reaches the maximum value of ~0.77 (2.28) at an op-
tical carrier doping level ~2 x 10" cm =3 (~ 2 x 10" cm ™)
along the crossplane direction. Since the ZT values for p-
type doping are approximately three times those of n-type
doping, p-type doping could effectively enhance the TE per-
formance of Cu,HgSnS,. The difference in n- and p-type ZT
could be attributed to the aforementioned variance in See-
beck coefficient (at 500 K, S, =76.26 uV K~! and S, =
328.23 uV K~!) and, hence, a large power factor for the p-
type system is due to the large density of states effective mass
near the valence-band edge. Notably, at 700 K, the estimated
ZT for p-type CHTS exceeds well from the CZTS crys-
tal (~1), chalcopyrite AgInTe, (~2), CuGaTe, (~0.4), etc.
[19,82,85]. However, for n-type doping, the ZT remains lower
than the n-type SnSe (~2.8 at 773 K) [86]. The predicted ZTs
for p-type Cu,HgSnS, are also comparable to other DLSs like
Cu,HgSnTey, Cu,;CoSnSey, and other commercially avail-
able PbTe [see Fig. 8(c)]. Moreover, the obtained optimal
doping concentrations are also practically relevant in bulk
materials like DLSs. Hence, a significant power factor along
with ultralow lattice thermal conductivity makes the Cu,
HgSnS, suitable for intermediate-temperature thermoelectric
applications.

IV. CONCLUSION

In summary, we systematically analyzed the thermal and
electronic transport properties of a quaternary DLS, i.e.,
stannite Cup,HgSnS4, via first-principles calculations com-
bined with Boltzmann transport theory. Unlike Cu;ZnSnSy,
the heavy atom Hg contributes a modest amount of anhar-
monicity to the system, as inferred from the ICOHP values.
The relatively weak binding of the Hg atom and demon-
stration of a significant vibration are similar to the rattling
mode in cagelike compounds. The noticed avoided cross-
ing between acoustic and low-frequency optical modes also
corroborates the same and indicates lower thermal conduc-
tion. The noticed significant density of states effective mass
near the valence-band edge facilitates a large Seebeck co-
efficient for p-type systems. Cu and S mainly contribute to
the band edges; therefore, the Hg cation in place of Zn does
not seem to alter electrical conductivity compared to the
known DLS, Cu,ZnSnS,. In contrast, the impact on phonon
dynamics due to Hg atoms leads to an ultralow value of
k; ~ 0.53Wm~! K~! at 300 K, which further drops to ~0.39
and ~0.33 at 500 and 700 K, respectively. The dominance
of IMP scattering decides the overall mobility in Cu, HgSnS,
compared to ADP and POP scattering mechanisms. Finally,
the maximum ZT values, such as 2.28 for p type and 0.77 for n
type at 700 K, are reported in the range of ~10'° cm~—3 doping
concentration. Our present study on Cu,HgSnS4 serves the
underlying transport mechanism in Hg-based chalcogenides
and introduces it as the most efficient thermoelectric material
at intermediate temperatures belonging to the DLS family.
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