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Understanding the structural and physical origins of low thermal conductivity behavior is essential for
improving and searching for high-efficiency thermoelectric materials. Natural minerals are cheap and usually have
low thermal conductivities. The lattice thermal conductivities of two isostructural natural materials, chalcostibite
CuSbS, and emplectite CuBiS,, are substantially low in experimental measurements. In particular, the lattice
thermal conductivity of CuBiS, is much lower than that of CuSbS,. Using first-principles Debye-Callaway
calculations, we found that the lattice thermal conductivities of CuSbS, and CuBiS, are 1.44 W/mK and
0.46 W/mK at 300 K, respectively, which are in good agreement with the experimental measurements. From the
calculated vibrational properties, we demonstrate that the stereochemically active lone-pair electrons at the Sb
sites are major contributors to the low thermal conductivity of CuSbS,. However, for CuBiS,, the dual effects
of the lone-pair electrons at the Bi sites and the rattling of the Cu ions are the primary reasons for the ultralow
thermal conductivity. Because of the ultralow thermal conductivity in CuBiS,, our predicted highest ZT value in
the material could reach 0.91 for n-type doping at 700 K and 0.77 for p-type doping at 780 K, which implies that
CuBiS, can be utilized as a potential low-cost thermoelectric material for both n and p type. The present work
emphasizes the importance of lone-pair electrons and rattling modes in impelling the phonon anharmonicity,
providing a useful guide to seek and design new thermoelectric materials with ultralow thermal conductivity and

high efficiency.
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I. INTRODUCTION

Thermoelectric materials allow direct solid-state power
conversion between thermal and electrical energy [1]. Thermo-
electric properties are characterized by a dimensionless figure
of merit ZT = S%6T /k, where S is the Seebeck coefficient,
o is the electrical conductivity, T is the absolute temperature,
and « is the thermal conductivity, which is typically written
as the sum of the electronic («,) and lattice (k;) contributions:
Kk = Kk, + k. A large figure of merit requires high S and o but
low k. However, it is quite difficult to enhance the ZT value of
a thermoelectric material since S and o are strongly coupled
via the carrier concentration.

There are two approaches generally used to improve
thermoelectric performance. One is to enhance the electrical
transport performance by modifying the band structures to
obtain higher band degeneracy [2,3] or introduce the resonant
level [4]. The other one is to decrease the thermal conductivity
by controlling the various structural defects to scatter phonon
effectively, such as alloying [5], grain boundaries [6], and
nanostructures [7]. Recently, much attention has been focused
on searching for thermoelectric materials with intrinsically low
lattice thermal conductivity, originating from a complex crystal
structure [8], large number of atoms [9], strong anharmonicity
[10], or liquid-like (atomic rattling) behavior [11,12].

The widely investigated compounds, such as Ag-Bi-Se,
Cu-Sb-S, or Cu-Sb-Se belong to a large family of natural
minerals, which contains earth-abundant and environmentally
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friendly elements. Many compounds from the family ex-
hibit intrinsically low lattice thermal conductivity and high
thermoelectric performance. The low thermal conductivity
results from the strong lattice anharmonicity or Umklapp
phonon scatterings. For some [-V-VI, natural materials, such
as AgSbSe, [13], AgBiS, [14], and AgBiSe, [15], the strong
anharmonicity or low lattice thermal conductivity comes from
the electrostatic repulsion between the stereochemically active
s? lone pair of cations and the p-orbital of anions. The
intrinsically low lattice thermal conductivity in Cu3SbSe; [16]
and Cu;»SbyS3 [17] is due to the bond anharmonicity caused
by the stereochemically active lone-pair electrons at the Sb
sites. Qiu et al. [18] theoretically investigated the low lattice
thermal conductivity behaviors of two Cu-Sb-Se compounds
(CuSbSe, and Cu3SbSes). The authors found that the lone-
pair electrons at the Sb sites dominate the anharmonicity in
CuSbSe,. However, for Cus;SbSes, they suggested that the
liquid-like random diffusion of Cu atoms instead of lone-pair
electrons has a great influence on the phonon anharmonicity.
Since the two compounds have different crystal structures, it
is difficult to identify the key role in the low lattice thermal
conductivity. Therefore, understanding the determined chemi-
cal and physical factors for low lattice thermal conductivity in
materials is the crucial issue for searching for and designing
new materials with the low lattice thermal conductivity and
high thermoelectric performance.

We thus focus on two isostructural natural mineral com-
pounds (CuMS,, M = Sb, Bi, called chalcostibite and
emplectite) to understand the effects of lone-pair electrons
and atomic rattling. The experimentally measured lattice
thermal conductivities of the two compounds are intrin-
sically low at room temperature: 1.5 W/mK [19,20] and
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0.5 W/mK [20,21] for CuSbS, and CuBiS;, respectively.
CuMS, (M = Sb, Bi) can be expressed as Cu+M3+Sz_ , which
means that the outermost 3p electrons form covalent bonds
with neighboring atoms, leaving the two s electrons as a
lone pair like in CuSbSe;. Although the two compounds
are isostructural and both have the s> lone-pair electrons,
the experimentally measured lattice thermal conductivity of
CuBiS; is only a third of that of CuSbS,. The origin of
such different thermal conductivity behaviors has not been
fully explored. Hence, it is imperative to understand the key
factors for the ultralow thermal conductivity in CuBiS, and
set up a detailed study of thermoelectric performance of the
compound.

In this work, we investigate the vibrational properties of the
two compounds using first-principles quasiharmonic phonon
calculations. We find that the lone-pair electrons at the Sb
sites in CuSbS; lead to a low lattice thermal conductivity.
However, the ultralow «; of CuBiS,; results from the lone-pair
electrons at the Bi sites combined with the rattling modes
of Cu atoms. Based on the theoretically calculated electrical
transport properties (S and o) and thermal conductivity, we
find that the n-type CuBiS, possesses higher ZT value than
the corresponding p-type one, which is mainly due to the
larger band dispersion for the conduction band minimum
or high o. The maximum ZT of n-type CuBiS, is 0.91
at 700 K, suggesting that CuBiS, is a potential low-cost
thermoelectric material. The present work helps guide further
thermoelectric property optimization of CuBiS, and seek or
design new sulfosalt systematics with stereochemically active
lone-pair electrons combined with rattler atoms as efficient
thermoelectric materials.

II. THEORETICAL METHODOLOGIES

A. Density functional theory calculations

The crystal structures of CuSbS, [19] and CuBiS,; [22]
were optimized utilizing the plane-wave projector augmented
wave (PAW) method [23] using the Vienna ab initio simulation
package (VASP) [24] based on density functional theory. The
Perdew-Burke-Ernzerhof parametrization of the generalized-
gradient approximation (PBE-GGA) was used for the ex-
change correlation potential. For total energy calculations, a
plane-wave energy cutoff of 500 eV was employed throughout.
For the sampling of the Brillouin zone, a (9 x 14 x 3)
Monkhorst-Pack [25] k-point mesh was used. The criterion
of the energy convergence for electronic self-consistence is
within 107% eV. The geometry relaxation was performed
by relaxing both atomic positions and lattice constants. The
crystal structure is considered to be in (local) minimum when
the Hellmann-Feynman forces on each ion are less than
0.005 eV/A.
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The electronic structures of CuSbS, and CuBiS, were
then calculated using the linearized augmented plane wave
(LAPW) method [26,27], as implemented in the WIEN2k
code [28]. The muffin-tin radii (Ryr) were set to 2.38, 2.5,
2.33, and 1.94 a.u. for Cu, Bi, Sb, and S, respectively. The
cutoff parameter Ryt X Kmax = 9 (Kmax 18 the magnitude of
the largest k vector) was used, the self-consistent calculations
were performed with the (9 x 14 x 3) k mesh in the irreducible
Brillouin zone, and the total energy was converged to within
0.0001 Ry. Since the local or semilocal exchange-correlation
approximation underestimates band gaps due to the presence
of artificial self-interaction and the absence of the derivative
discontinuity in the exchange-correlation functional [29],
accurate band gaps were calculated using the Tran-Blaha
modified Becke-Johnson (TB-mBJ) functional [30]. The com-
puted electronic structures with the TB-mBJ functional were
further used to obtain electrical transport properties. The
transport calculations were carried out using the semiclas-
sical Boltzmann theory, as implemented in the BoltzTraP
code [31], within the constant scattering time approxima-
tion, by taking 20000 k points in the irreducible Brillouin
zone.

The lattice dynamical properties of CuSbS, and CuBiS,
were calculated using the frozen phonon method, as imple-
mented in the Phonopy package [32]. A (2 x 3 x 1) supercell
(containing total 96 atoms) of CuSbS, and CuBiS, was con-
structed to ensure the convergence of the dynamic matrix. The
Griineisen parameters characterize the relationship between
phonon frequency and volume change, which provides an
estimation of the strength of anharmonicity in a compound.
We calculated the Griineisen parameters (y) based on the
quasiharmonic DFT phonon calculations, y; = ——- %3, in
which the system volume is isotypically expanded by +2%
from the DFT relaxed volume.

B. Lattice thermal conductivity

The Debye-Callaway model [33,34] was used to calculate
the lattice thermal conductivity. According to the model, the
lattice thermal conductivity (k) is contributed by three acoustic
modes: two transverse (kta and k1a/) and one longitudinal
(kLa) branch,

kK = KTa + KTA +KLA. (H

For a perfect order crystalline without any defects or
impurities, the dominant scattering mechanisms are the normal
phonon scattering (1/7y) and the Umklapp phonon scattering
(1 / ). The phonon relaxation time 77! is given by 77! =

rN + ‘L'U . k; (i corresponds to TA, TA/, or LA modes) can be
written as [33,35]
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where ©; is the transverse or longitudinal acoustic Debye
temperature, x = hw/kpT, C; = k3 /27>h>v;. Here, /i is the
Planck constant, k3 is the Boltzmann constant,  is the phonon
frequency, and v; is the transverse or longitudinal acoustic
phonon velocity.

The normal scattering process describes phonon-phonon
scattering events in which momentum is conserved but
phonons are redistributed. The phonon relaxation time for the
normal process is [33,36]

1 KBVTA/TA’V KB

— = xT?, 3
o) MR a
1 K3y Vo /kp\2
— _ BVZLA (%) .XZTS. (4)
Ty (x) Mhn ULA

For the Umklapp scattering process, its relaxation time is given

by

2 2

A] _ Fl)/2 (K_B) x2T3e_®i/3T, (5)
,(x) Mvi®;\ i

where V and M are the volume per atom and the average mass
of an atom in the crystal, respectively.

C. Electrical transport properties

The electrical transport properties of a compound were
investigated by solving the semiclassical Boltzmann transport
equations. Note that except for the Seebeck coefficient S,
the electrical conductivity o, the power factor S?c, and the
electrical thermal conductivity «, are all a function of the
carrier relaxation time t, which in principle is band structure
and temperature dependent [37,38]. In practice, T is often
determined by fitting the experimental results. Alternatively, T
can also be systematically determined using first-principles
calculations, by either explicitly considering the electron-
phonon scattering mechanisms [37] or using the single
parabolic band (SPB) model [39]. In the SPB model, the
electron relaxation time is a function of energy (E) as

2 2\ Frq12(E™)
— .= )~ o E 6
T 103 (r + 3> Fip(E%) ) (6)

where 1 is energy independent but it depends on effective
mass and temperature, and r is the scattering parameter. The
Fermi integral F\(E™) is represented as

o0 E*X
Fu(E") = / _dE, ™
o 1+exp(E* —EF)

where E* is the reduced energy (E* = E/kpT). At moderate
temperature, electrons are scattered by acoustic modes and
r = —1/2. Then the carrier relaxation time is given by
. 21/27rh4,0U,2 Fy(E™)
© 3E2(m*ipT)Y? Fipp(E*)

®)

where v, is the longitudinal sound velocity, E; is the deforma-
tion potential constant, m™* is the single valley DOS effective
mass, E¥ is the reduced chemical potential (E. = Ef/kpT),
and p is the mass density.

Then the directional carrier mobility u can be determined
by u = te/m?, where m is the effective mass along the
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FIG. 1. Crystal structure of CuMS, (M = Sb, Bi), with Cu, M,
and S atoms shown as blue, brown, and red spheres, respectively.
The gray square pyramid and purple tetrahedra indicate the MSs and
CuS, geometries, respectively.

direction i. Once the mobility w is known, the electrical
conductivity can be obtained from o = neu, where n is
the carrier density. The electronic thermal conductivity «! =
Lo; T, where the Lorenz number L is determined from the
Boltzmann transport equation. The effective masses m}; =

R? /[8%E 3k, dk;] for electrons and holes along the three direc-
tions were calculated near the band extrema. The longitudinal
sound velocities were obtained using the phonon dispersions
near the I" point. The deformation potential constant is defined
as E, = AV;/(Al/ly), where AV; is the energy change of the
ith band with the lattice dilation Al/[, along the direction of
d. In general, we take the energy change at the valence band
maximum (VBM) and the conduction band minimum (CBM)
for holes and electrons, respectively, with a series of lattice
constants (0.99ag,0.995ay, ap, 1.005ap, 1.01ag). The difficulty
in theoretical calculation of the absolute deformation potential
is that the reference of an energy level in an infinite periodic
crystal is ill defined. To overcome this problem, we followed
the approach proposed by Wei and Zunger [40], which assumes
that the energy level of the deep core state is not sensitive to
the slight lattice deformation. Therefore, it could be used as
the reference to obtain the absolute band edge shifts.

III. CRYSTAL STRUCTURE AND BONDING PROPERTIES

Figure 1 shows the optimized crystal structures of CuMS,
(M = Sb, Bi). CuMS, forms a stable orthorhombic structure
(space group Pnma), with the lattice parameters a = 6.134 A
b =3.830A,andc = 14.475 Afor CuSbS,,anda = 6.293 A,
b =3.953 A, and ¢ = 14.457 A for CuBiS,, which are in
agreement with the experimental values [19,22]. The two
structures are composed of square pyramidal MSs and nearly
regular CuS, tetrahedra as shown in Fig. 1. The Sb-S bond
lengths (3.12, 3.12, 2.48, 2.61, 2.61 A) in the SbSs square
pyramid in CuSbS; are shorter than the corresponding Bi-S
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FIG. 2. Electronic localization function (ELF) of (a) CuSbS, and
(b) CuBiS,. The isosurface level is 0.93. The ELF of (¢) CuSbS, and
(d) CuBiS, are projected onto the (101) plane.

bond lengths (3.13, 3.13, 2.61,2.70, 2.70 A) in CuBiS,, which
implies that the Bi-S bond could be relatively weak.

To understand the bonding character in CuMS, (M =
Sb, Bi), we calculated the electron localization function
(ELF) [41]. The ELF can be expressed as ELF(r) =

{1+ [K(@®)/Kn(px)]?} ", where K is the curvature of the
electron pair density for electrons of identical spin, p(r)
is the density at r, and K,[p(r)] is the value of K in a
homogeneous electron gas with density p. The ELF has often
been used to characterize the degree of electron localization
to quantitatively identify the character of chemical bonds
between atoms. The ELF value lies by definition between
zero and 1. ELF = 0 corresponds to no localization (regions
without any electron), ELF = 0.5 reflects the behavior of a
homogeneous electron distribution (as found in regions where
the bonding has a metallic character), and ELF = 1 indicates
full localization (as found in regions of covalent bonds, core
shells, and lone pairs).

Figures 2(a) and 2(b) show the calculated 3D ELF (isosur-
face level of 0.93) of CuSbS; and CuBiS,, respectively. The
“mushroom” ELF shape around Sb/Bi is a clear indicator of
the existence of lone-pair electrons. In addition, the electron
sharing can be better visualized using the 2D ELF map in
Figs. 2(c) and 2(d): the ELF of Sb/Bi lone pairs is in the shape
of bean. Moreover, the lone-pair electrons are mainly located
along the a and c axes. The electronic repulsion between the
lone-pair electrons and Sb-S/Bi-S bonding electrons could lead
to strong anharmonicity along the two axes in CuSbS, and
CuBiS;. According to the valence shell electron pair repulsion
(VSEPR) theory [42], the lone-pair electrons like to take up one
bonding site. Thus, in CuMS,, the coordination environment
of M is five bonds to the S atoms arranged in a square
pyramid and one vacant site occupied by the lone-pair electrons
(Fig. 1). The MSs (M = Sb, Bi) square pyramids undergo
considerable local distortions (the Sb-S bond lengths: 3.12,
3.12,2.48,2.61,2.61 A, and the Bi-S bond lengths: 3.13,3.13,
2.61, 2.70, 2.70 A). The large asymmetric distortion of the
MSs square pyramids could indicate the possibility of strong
anharmonicity, which can significantly enhance heat carrying
phonon scattering and reduce lattice thermal conductivity.
Furthermore, the interstitial electrons between Cu and S and
between Bi/Sb and S are localized close to the S atoms, as
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FIG. 3. Phonon dispersions of (a) CuSbS, and (b) CuBiS,. The
red, green, and blue lines highlight two transverse (TA, TA’) and one
longitudinal (LA) acoustic mode, respectively. The high-symmetry £
points X, I', Y, S, R, T, and Z represent (0.5, 0, 0), (0, 0, 0), (0, 0.5, 0),
(0.5,0.5,0), (0.5, 0.5, 0.5), (0, 0.5, 0.5), and (0, 0, 0.5), respectively.

expected from the larger Pauling electronegativity value [43]
of S (2.5) compared with Cu (1.9) and Sb (2.05)/Bi (2.02).
The ELF value of the area between Sb and S is approximately
0.75, larger than that between Bi and S (0.68), which suggests
a weak bonding between Bi and S atoms. The weak bonding of
Bi-S is consistent with the fact that the bond length of Bi-S in
CuBiS; is longer than the bond length of Sb-S in CuSbS;. The
weak bonding of Bi-S in CuBiS, may lead to a lower lattice
thermal conductivity than in CuSbS,.

IV. PHONON PROPERTIES

A. Phonon dispersions and atomic displacement parameters

Acoustic phonon dispersions strongly influence the thermal
transport properties. Figures 3(a) and 3(b) show the phonon
dispersions of CuSbS, and CuBiS, along high-symmetry
directions in their corresponding Brillouin zones. The real
frequencies of all modes indicate that the two crystals are
thermodynamically stable. Since the acoustic modes are
largely responsible for heat transport, we highlight these modes
with different colors in the plots. For the two compounds, the
acoustic branches are overlapping with the optical branches
near the BZ boundaries, leading to strong acoustic-optical
interactions and highly nonlinear dispersion curves. The
acoustic modes along the a (I'-X) and ¢ (I"-Z) axes are softer
than those along the b (I'-Y) axis. These soft modes are mainly
due to the stereochemically active lone-pair electrons at the Sb
and Bi atoms, which are mainly along the a and ¢ directions.
Moreover, the acoustic phonon modes of CuBiS, are softer
than those of CuSbS;, which indicates CuBiS, having the low
Debye temperature and low phonon velocity. Using the phonon
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FIG. 4. Calculated atomic displacement parameters (ADPs) for
(a) CuSbS; and (b) CuBiS,. The calculated potential energy curves for
all the atoms as a function of displacement around the equilibrium
positions along the x, y, and z directions for (c) CuSbS, and (d)
CuBiS,.

dispersions (Fig. 3), the calculated two transverse (TA, TA")
and one longitudinal (LA) Debye temperatures are 70.1, 81.8,
and 87.9 K for CuSbS,, and are 63.4, 62.8, and 78.1 K for
CuBiS,. The phonon velocity can be calculated using the slope
of the phonon dispersion around the I" point. For CuSbS,, the
transverse phonon velocities are 2244 and 2877 m/s, and the
longitudinal mode propagates at a higher speed of 4316 m/s.
The corresponding phonon velocities for CuBiS, are slower:
1690, 2064, and 3457 m/s, respectively (Table I). The low
Debye temperature and slow speed of sound in CuBiS, may
lead to a low lattice thermal conductivity.

The atomic displacement parameter (ADP) assesses the
mean-squared displacement amplitudes of an atom around its
equilibrium position in a crystal and reflects the strength of the
chemical bond. Usually, a relatively large ADP value implies
that the corresponding atom vibrates more frequently around
its equilibrium position than other atoms, indicating weak
restoring forces on the vibrating atoms or the weak bonding
[18,44,45]. As shown in Figs. 4(a) and 4(b), the ADPs of

atoms in CuSbS, are small (<0.02 ;\2), which means that
none of the atoms in CuSbS, have relatively weak bonds
[44,45]. The ADPs of Cu are highly anisotropic with the
maximum vibration along the z axis. The thermally induced
ADPs of Cu atoms along the z direction are larger than those
of other atoms. In particular, the ADP of Cu-z in CuBiS, has
the significantly largest value. The large anisotropic atomic
displacement parameters suggest that Cu atoms behave as
rattlers in CuBiS,. Additionally, from the potential energy
surfaces, shifting atoms away from their equilibrium positions
along the x, y, and z directions, as seen in Figs. 4(c) and
4(d), the Cu and other atoms in CuSbS; sit in deep potential
wells. However, we found that the potential energy surface
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FIG. 5. Calculated Griineisen dispersions for (a) CuSbS, and (b)
CuBiS;. The TA, TA', and LA modes are shown as red, green, and
blue lines, respectively.

of the off-centered Cu atom in CuBiS, along the z direction
is very flat. The large ADPs of Cu atoms in CuBiS, indicate
that they are loosely bound in the lattice. Thus, in addition
to the lone-pair electrons at the Bi sites, the Cu ratters could
strengthen crystal anharmonicity, further scattering phonons
and resulting in even lower lattice thermal conductivity.

B. Griineisen parameters

To explore the thermal conductivity within the Debye-
Callaway model, the important Griineisen parameter is re-
quired to be calculated. It is known that the Griineisen param-
eter provides valuable insight into the lattice anharmonicity
and is thus beneficial to analyze the physical nature of
lattice thermal conductivity behavior [16,46]. To quantitatively
evaluate the anharmonicity, we plot the dispersion of the
Griineisen parameters of acoustic modes of CuMS, (M =
Sb, Bi), as illustrated in Fig. 5. The most noteworthy feature
of the dispersions in Fig. 5(b) is the unusually high values
of the Griineisen parameters in CuSbS, and CuBiS, along
the I'-X and I'-Z directions, especially for CuBiS,. As we
mentioned before, the lone-pair electrons at the Sb/Bi sites are
mainly along the two directions. Thus, the lone-pair electrons
play an important role in the large Griineisen parameters along
the x and z directions in the two compounds. Since the two
compounds are isostructural, if the lone-pair electrons were the
only dominant role in the anharmonicity, the two compounds
would have similar Griineisen parameters. However, we found
that the Griineisen parameters along the x and z directions
in CuBiS, are significantly larger than those in CuSbS,. The
larger Griineisen parameters in CuBiS; result from the stronger
atomic rattling: the rattling of all atoms along x and z directions
in CuBiS; are larger than those in CuSbS, (Fig. 4). The large
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TABLE I. Summary of average transverse (TA/TA’) and longitudinal (LA) Griineisen parameters (¥ s a/14), Debye temperatures
(®1a/1A’/LA), and phonon velocities (ura;taa) for CuSbS, and CuBiS;. The Debye temperature is calculated using ® = wp/kp (wp is
the largest acoustic frequency in each direction); the phonon velocity is the slope of the acoustic phonon dispersion around the I" point.

System V1A Yr1a VLA O (K) Ot (K) Ora (K) vra (m/s) vrar (m/s) uLa (m/s)
CuSbS, 1.29 2.51 1.63 70.1 81.8 87.9 2244 2877 4316
CuBiS, 3.85 4.48 2.17 634 62.8 78.1 1690 2064 3457

values of the Griineisen parameters in CuBiS; imply that its
acoustic branches are strongly anharmonic.
We further calculated the average Griineisen parameters ()

of each acoustic dispersion (y = v/ (yiz) , as listed in Table 1.
The average acoustic Griineisen parameters are Y, = 1.29,
Va = 2.51, and Y, = 1.63 in CuSbS,. The corresponding
values for CuBiS, are 3.85, 4.48, and 2.17. The further
averages of the acoustic y of the two compounds are around
1.81 and 3.5, respectively. These values are comparable to
the average Griineisen parameters of low lattice thermal
conductivity compounds, such as AgSbTe, (2.05) [47] and
B-ZnySbs (1.57) [47]. Thus, the large Griineisen parameters in
CuMS,; (M = Sb, Bi) indicate strongly anharmonic vibrational
properties and low lattice thermal conductivity. In addition, the
acoustic y in CuBiS; is much larger than that in CuSbS,. This
indicates that CuBiS, has even stronger anharmonicity and
lower thermal conductivity than CuSbS,.

C. Lattice thermal conductivity

The Debye-Callaway approach calculates the temperature-
dependent lattice thermal conductivity of CuSbS, (M= Sb,
Bi) [Fig. 6(a)]. The theoretically evaluated «; for CuSbS,
and CuBiS, are 1.44 W/mK and 0.46 W/mK at room
temperature, respectively. These values are in good agreement
with those from experimental measurements [19-21] (1.5
W/mK and 0.5 W/mK for CuSbS, and CuBiS,, respectively).
For CuSbS,, the lone-pair electrons at the Sb sites dominate
the anharmonicity and lead to a low thermal conductivity.
However, except for the lone-pair electrons at the Bi sites, the
Cu ions rattling can further raise the Griineisen parameters.
The dual effects of lone-pair electrons and rattling atoms are
the major reason for the ultralow thermal conductivity of
CuBiS;.

For CuBiS, with the ultralow lattice thermal conductivity,
we further explored the lattice thermal conductivity behavior
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FIG. 6. (a) Calculated lattice thermal conductivity (k;) of CuMS,
(M = Sb, Bi). (b) Calculated «; along the a, b, and c axes of CuBiS,.

along three different directions (a, b, and c¢). As shown in
Fig. 6(b), the lattice thermal conductivities of CuBiS, are
anisotropic: the calculated room temperature x; of CuBiS;
along the a, b, and ¢ axes is 0.64, 0.88, and 0.25 W/mK,
respectively. The lower «; along x and z directions is attributed
to larger Griineisen parameters along the two directions
(Fig. 5).

V. ELECTRICAL PROPERTIES

Owing to the same outermost valence electrons (three p and
two s electrons) of Sb and Bi, the band structures (Fig. 7 and
Fig. S1 in the Supplemental Material [48]) and the effective
masses (Table II and Table S1 in the Supplemental Material
[48]) of the CuSbS,; and CuBiS; compounds are similar,
indicating the similar electrical transport properties. Since the
lattice thermal conductivity of CuBiS; is ultralow, it is worth-
while to especially study its electrical transport properties to
determine whether it can be used as a thermoelectric material.
The electronic structure is crucial for analyzing the electrical
transport properties. Figure 7 shows the calculated electronic
band structures of CuBiS, using the mBJ correction along the
high-symmetry directions. CuBiS, is a semiconductor with
0.73 eV indirect band gap in the calculation, which is in
reasonable agreement with experimentally measured 1.1 eV
[49]. The CBM is at (0.29, 0, 0) along the I'-X direction
and the VBM is at the [ point. At room temperature, the
large band gap is sufficient to prevent bipolar conduction for
the doped materials. Thus, the correction of the band gap
to the experimental value would not change our conclusions
significantly. The calculated band effective masses (m*) are

AW
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Energy (eV)
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FIG. 7. Electronic band structures of CuBiS,. The high-
symmetry k points I', X, S, Y, Z, U, R, and T represent (0, 0, 0),
(0.5, 0, 0), (0.5, 0.5, 0), (0, 0.5, 0), (0, 0, 0.5), (0.5, 0, 0.5), (0.5, 0.5,
0.5), and (0, 0.5, 0.5), respectively.
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TABLE II. The calculated effective masses (m*), deformation
potential constants (E,;), and longitudinal sound velocities (v;) along
the x, y, and z directions used for the SPB model to evaluate the
electrical transport properties of CuBiS,.

m* (mg) E; (eV) v (m/s)

System Carrier x y z X y z X y z

CuBiS, VBM 2.63 2.86 3.10 4.01 3.76 5.76 3964 3637 2702
CBM 0.26 0.65 0.50 3.01 2.73 9.37

given in Table II. It is well known that the light mass band is
beneficial to large electrical conductivity, while the heavy mass
band is favorable for a good Seebeck coefficient S. The VBM
of CuBiS; has larger band degeneracy and band effective mass
than those at the CBM, which is conducive to obtaining large
Seebeck coefficients for p-type CuBiS,, as can be identified
from Fig. 8. However, the band effective masses of the VBM
in all directions in CuBiS, are significantly higher than those
of the CBM (Table II), which suggests low hole mobility but
high electron mobility in CuBiS,. High electron mobility is
helpful to achieve a higher electrical conductivity for n-type
CuBiS, than the hole conductivity for the p-type one.

The calculated electrical conductivities and Seebeck co-
efficients as a function of carrier concentration at 300, 400,
500, 600, 700, and 780 K (CuBiS; melts at approximately
780 K [50]) are illustrated in Fig. 8. The average electrical
conductivities are calculated by o = (o, + 0 + 0.)/3. We
found that the electrical conductivity of n-type CuBiS; is larger
than the hole conductivity of the p-type one [Figs. 8(a) and
8(d)], due to the large conduction band dispersion or small
electron effective mass (Table II) near the Fermi level. For the
Seebeck coefficient (S), it decreases with increasing carrier
concentration or with decreasing temperature. The S of p-type
CuBiS, is larger than that of the n-type one [Figs. 8(b) and

n-type

\
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FIG. 8. The thermoelectric properties (o, S, and ZT') of p-type
(left) and n-type (right) CuBiS, at 300, 400, 500, 600, 700, and 780 K.

PHYSICAL REVIEW B 96, 235205 (2017)

8(e)]. This behavior is due to the heavy hole effective masses
(Table II) and large band degeneracy (Fig. 7), which can be
seen directly from the Mott formula

7Z2K129T d{In[o (E)]}

3e dE E—Ey
_ nzxéT 1dn(E)

T 3e n dE

S =

1 du(E)} o
E=Eyp ’

u dE

where n(E) and w(E) represent the carrier density and
mobility, respectively. Increasing the density of states near
the Fermi level or increasing band degeneracy could achieve a
large Seebeck coefficient for p-type CuBiS,.

With all the transport coefficients available, we can evaluate
the figure of merit (ZT') of CuBiS,. To calculate the averaged
ZT, the power factor is averaged over the three directions by
PF = (Sgoa + sza;, + Sczo*c)/3. Figures 8(c) and 8(f) show
the calculated ZT values of CuBiS; at different temperatures.
Because doping generally benefits the electrical conductivity
while it deteriorates the Seebeck coefficient, the ZT value will
first increase and then decrease with the carrier concentration,
consequently leading to an optimal value. The calculated ZT
of n-type CuBiS, is larger than that of the p-type one at the
optimum carrier concentration due to the larger electrical con-
ductivity of the n-type one. As seen in Figs. 8(c) and 8(f), the
maximum ZT for p-type and n-type CuBiS, is 0.77 at 780 K
(2.16 x 10%° holes/cm®) and 0.91 at 700 K (1.04 x 10"°
electrons/cm?), respectively. The ZT values can be compared
with a natural mineral tetrahedra-based compound Cu;,Sb4S 3
(a promising thermoelectric material), and the Mn-doped
Cu,SbsS13 has the highest ZT value of approximately 1.13 at
575 K [51]. For the CuSbS, compound, its electrical transport
behaviors (S and o) are similar to those in CuBiS, (Fig. 8
and Fig. S2 in the Supplemental Material [48]). Due to the
higher thermal conductivity of CuSbS;, it has a slightly worse
thermoelectric performance than CuBiS;: the maximum Z7T for
p-type and n-type CuSbS, are 0.67 (3.7 x 10%° holes/cm?)
and 0.85 (9.2 x 10" electrons/cm?®) at 780 K, respectively.
Therefore, CuBiS, is predicted as both an n-type and p-type
potential low-cost thermoelectric material.

VI. CONCLUSION

Considering two isostructural natural compounds, CuSbS;
and CuBiS,, we found that lone-pair electrons would result
in strong anharmonicity and hence reduce lattice thermal
conductivity efficiently. The stereochemically active lone-pair
electrons at the Sb sites are major contributors to the large
Griineisen parameters in CuSbS,. However, in CuBiS,, in
addition to the lone-pair electrons at the Bi sites, the Cu
ion rattling further raises the Griineisen parameters. The
larger Griineisen parameters in CuBiS, lead to an ultralow
thermal conductivity compared with CuSbS,. Moreover, the
highest ZT value in CuBiS, could reach 0.91 for the n-type
doping at 700 K and 0.77 for the p-type doping at 780 K,
which implies that good thermoelectric n- and p-type CuBiS,
can be achieved using the same pristine compound. The
ultralow lattice thermal conductivity and high figure of merit
of CuBiS; not only indicate the possibility of using sulfosalt
systematics as efficient thermoelectric materials but also
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offer new insights for discovering and designing high-ZT
thermoelectric materials with lone-pair electrons combined
with the rattler atoms.
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