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ABSTRACT: Six new quaternary chalcogenides belonging to the My1s(BilSb), Q05 (Q = S or Se, n = 2.7)
pavonite sulfosalt mineral family with the general formula M,,,(Bi/
Sb),Q,..s (n = 2—7) were synthesized by direct reactions of the elements
at high temperatures. The compounds include InPbBi;S; (n = 2),
Iny sMn,Bi; Seg (n = 3), CdPb,Bi,S, (n = 4), Ag, CdBisSe;o (n = S),
Ag,CdBigSe,, (n = 6), and Ag, ;CdSbsSe, (n = 7) and crystallized in
the monoclinic space group C2/m. The pavonite structure consists of
two alternating slabs, a thinner slab composed of pairs of monocapped
trigonal prisms separated by octahedra and a thicker slab with a galena-
like structure motif. In the general formula, n corresponds to the number
of octahedra along the diagonal direction of the galena-like slab. The
complex compositions, mixed occupancies of the cations, and quasi-two-dimensional structures endow compounds of this
family with extremely low thermal conductivity. The charge and thermal transport properties of CdPb,Bi,Sq and CdAg,BiSe,;
were characterized from 300 to 810 K, and both materials exhibited n-type semiconductor behaviors and ultralow lattice
thermal conductivities of less than 0.35 W-m™"-K™"' for CdAg,BisSe;; and 0.73 W-m "K' for CdPb,Bi,S, in the measured
temperature range. Density functional theory calculations revealed the origins of this low lattice thermal conductivity to be a
combination of the low Debye temperature, small phonon velocities, and large Griineisen parameters. Thermoelectric properties
were measured, and the highest ZT values of 0.53 and 0.95 for undoped CdPb,Bi,Sy and CdAg,BisSe;;, respectively, were
attained at 775 K.

B INTRODUCTION [(PbSe) ],[(BiySes)sl,, O ' Cs,[Biy,,aTes,icl, "
CSNImBi?aTeSMnJ14 Am[Mi+lse2+l]Zm[Mgl+nse2+3l+n] (A = alkali

Phase homologies are regarded as “compound-generatin
& & P 8 & and alkali-earth element; M’ and M” = main group element) 3

machines” and provide a productive approach for designing ) i
inorganic structures with different modules. The structures of a and [BIQx]Z[ﬁng i1 Q 2 Xac1]in (Q=S, Se; X = Cl, By;
1/2 < x < 1)."> Many of these families harbor exotic materials

such as topological insulators and superconductors. Homolo-
gous structure design is especially important for incrementally
tuning material properties, including optical properties,
thermal conductivities, and electrical conductivities.'® Mineral

homology are related to each other by a construction principle
whereby the consisting modules resemble each other with an
incremental difference by adding a layer or line of atoms."
The expansion of the number of synthetic inorganic
materials provides a large database that can be used by

scientists to investigate the relationship between structures, structures are generally stable with good tolerance to cations of
look for novel phenomena and quantum behavior, test different radii and can serve as a prototype for designing new
theoretical predictions, and identify technologically enabling compounds by elaborately selecting elements or tailoring the
materials. Several chalcogenide homologies have been structure. The potential 057501“3 minl%rlal homologous seriels7,
reported, enabling the forecasting of precise inorganic including the cannizzarite,'” lillianite,">"” galenobismuthite,

structures which can also be used as raw materials to improve
thermoelectric (TE) performance through proper design.””° Received: February 8, 2019
Examples include chalcogenides such as (Sb,Te;),,(Sb,),,’ Revised:  April 6, 2019
[MTe],[Bi,Te;],, (M = Ge, Sn, Pb),7_9 Published: April 9, 2019

ACS Publications  © 2019 American Chemical Society 3430 DOI: 10.1021/acs.chemmater.9b00585
L2 4 Chem. Mater. 2019, 31, 34303439


pubs.acs.org/cm
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.9b00585
http://dx.doi.org/10.1021/acs.chemmater.9b00585

Chemistry of Materials

. .. 2021
and pavonite homologous series,”’~ has already been

demonstrated for TE applications. The pavonite structure
type was defined by Makovicky et al. as an extensive series of
complex sulfides in the Cu—Ag—(Pb)—Bi—S system”>** with
the general chemical formula M,,;Bi,Q,,s, where M is a five-
or six-coordinated metal and the number n, as recorded in the
literature, varies from O to 8; however, higher values of n are
still possible. This homologous series is an important
repository for targeting new types of semiconductors, including
TE materials.'”>* 7> New pavonite minerals are still being
discovered in nature,””>° and the general properties of
pavonite-type compounds have not been extensively inves-
tigated except for studies on the Cu,,,Bis_,Qs (Q = S, Se)
family.%’3 !

In this work, we report the synthesis and crystal structures of
six new quaternary chalcogenides belonging to the pavonite
homologous series with n varying from 2 to 7, including
InPbBi;S, (n = 2), Iny sMn,Bi; ;Seg (n = 3), CdPb,Bi,S, (n =
4), Ag,CdBissSe;, (n = 5), Ag,CdBicSe;; (n = 6), and
Ag, Cd,SbssSe;; (n = 7). Phase-pure CdPb,Bi,S, and
CdAg,BisSe;, samples were prepared using high-temperature
solid-state synthesis, and both of these compounds exhibited n-
type semiconducting behavior and ultralow lattice thermal
conductivities (<0.4 W/mK). Theoretical electronic structure
calculations on CdPb,Bi,Sy and CdAg,BisSe;, suggest indirect
band gaps and large Griineisen parameters. Relatively high ZT
values were attained for undoped CdPb,Bi,Sy and
CdAg,BiSe, ), suggesting their potential as TE materials.

B EXPERIMENTAL SECTION

Reagents. Silver, bismuth, cadmium, indium, manganese, lead,
and antimony with purities of 99.9% were purchased from Strem
Chemicals, Inc.; sulfur pellets with a purity of 99.99% were purchased
from Sigma-Aldrich, St. Louis, MO; and selenium pellets with a purity
of 99.99% were purchased from American Elements, Inc. All the
elements were used without any further purification.

Synthesis. All the reactants were weighed and loaded into a 9 mm
fused-silica tube and flame-sealed under a vacuum pressure of ~107*
mbar.

InPbBi3S; (n = 2). The reaction of In (114.8 mg, 1 mmol), Pb
(207.2 mg, 1 mmol), Bi (626.94 mg, 3 mmol), and S (224.7 mg, 7
mmol) in an evacuated silica tube resulted in InPbBi;S, crystals. The
samples was heated from room temperature (RT) to 1237 K over 18
h, held at this temperature for 12 h, cooled to 623 K over 32 h, held at
this temperature for 18 h, and finally cooled to RT over 10 h. The
obtained phase was impure, and Bi/PbS, appeared as the second
phase; the yield of InPbBi;S, was estimated to be ~62% using JADE
software (Materials Data, Inc., Livermore, CA, USA), and all the yield
mentioned below were obtained using this software.

IngsMn,Bis sSeg (n = 3). By high temperature reaction of In
(114.8 mg, 1 mmol), Mn (54.9 mg, 1 mmol), Bi (626.94 mg, 3
mmol), and Se (552.72 mg, 7 mmol), Iny,Mn,Bi; ;Seg crystals were
obtained. The heating profile was the same as that of InPbBi,S,
mentioned above. The obtained sample contained a Bi,Se; phase as
an impurity; the yield of InysMn,Bi; ;Seg was approximately 93%.

CdPb;Bi,Sg (n = 4). Crystals were obtained with starting elements
of Cd (37.5 mg, 0.33 mmol), Pb (69.1 mg, 0.33 mmol), Bi (278.6 mg,
1.33 mmol), and S (85.5 mg, 2.67 mmol). The tube was heated from
RT to 1123 K over 24 h, held at this temperature for 2 h, slowly
cooled to 673 K over 72 h, held at this temperature for 1 h, and finally
cooled to RT over 2 h. The yield of the target compound was
approximately 30%, and the residual peak did not match that of any of
the reported phases.

Ag, sCdBissSe,o (n = 5) and CdAg,BisSe;; (n = 6). The two
samples were obtained in the same reaction batch with starting
elements of Cd (37.5 mg, 0.33 mmol), Ag (36.0 mg, 0.33 mmol), Bi
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(299.5 mg, 1.43 mmol), and Se (210.6 mg, 2.67 mmol). The raw
materials were heated from RT to 1053 K over 24 h, held for 32 h,
slowly cooled to RT over 99 h. The synthesized samples contained
both #n = 5 and n = 6 phases, the proportions of which were 41 and
59%, respectively.

Ad,5Cd;Sbg sSe;, (n = 7). By reacting a mixture of Cd (56.2 mg,
0.5 mmol), Ag (107.9 mg, 1 mmol), Sb (365.4 mg, 3 mmol), and Se
(434.5 mg, 5.5 mmol) crystals suitable for single-crystal X-ray
diffraction (SCXRD) were obtained. The tube was heated to 1273 K
over 18 h, held for 18 h, cooled to 823 K over 18 h, held at this
temperature for 24 h, and finally cooled to RT over 10 h. The
obtained sample was pure without any observable second phase.

For all these compounds, bulk crystals with lengths up to ~1 mm
were obtained.

Pure Phase Synthesis. CdPb,Bi,S; was obtained by high-
temperature solid-state reaction with Cd (1125 mg, 10 mmol), Pb
(4145 mg, 20 mmol), Bi (8360 mg, 40 mmol), and S (2885 mg, 90
mmol). The mixture was placed into a fused-silica tube with an outer
diameter (OD) of 13 mm and flame-sealed under vacuum. The tube
was heated from RT to 1237 K over 24 h, held at this temperature for
32 h, and quenched with water to RT. The obtained ingot was
annealed at 823 K for 4 days.

CdAg,BisSe;, was synthesized by high temperature reaction of Cd
(674.47 mg, 6 mmol), Ag (1391.50 mg, 12.9 mmol), Bi (7335.21 mg,
35.1 mmol), and Se (5211.36 mg, 66 mmol). The mixture was put
into a tube with an OD of 13 mm and flame-sealed under vacuum.
The sample was heated to 1237 K over 10 h, held at this temperature
for 12 h, and water-quenched to RT. Powder X-ray diffraction
(PXRD) measurements (details see in the Supporting Information)
indicated that pure phases of CdPb,Bi,Sy and CdAg,BisSe;, were
obtained.

Single-Crystal X-ray Diffraction (SCXRD). STOE IPDS II
single-crystal diffractometer operating at 50 kV and 40 mA was used
to conduct XRD measurements with Mo Ka radiation (4 = 0.71073
A). The data collection was performed using X-Area software. X-RED
was used to perform the integration, and X-SHAPE was used for
numerical absorption corrections.”> X-RED and X-SHAPE are
programs provided by STOE. The crystal structures were solved
using direct methods and refined using the SHELXTL program
package.”® Detailed information on the atomic occupancies,
coordination numbers, and bond lengths of the title compounds is
provided in Tables S1—-S7.

Thermal Analysis. CdPb,Bi,S; and CdAg,BisSe;; powder
samples (approximately 70 mg) were placed into sealed fused-silica
ampoules. Differential thermal analysis (DTA) was carried out by a
Shimadzu DTA-S0 thermal analyzer, and the sample was heated to
1273 K with a heating and cooling rate of +10 K/min. Afterward, the
DTA products were collected and examined using PXRD.

Ultraviolet—Visible Spectroscopy. Diffuse-reflectance spectra
collection was carried out using a Shimadzu UV-3600 spectropho-
tometer (double-beam, double-monochromatic) with BaSO, refer-
ence. The reflectance data were converted to absorbance data using
the Kubelka—Munk equation.** The band gaps of the materials were
estimated using a linear fit of the absorption edge.

Electrical Properties and Seebeck Coefficients. The pellets
were cut into bars perpendicular to the direction of the sintering
pressure. The conductivity and Seebeck coeflicients were simulta-
neously obtained under a low pressure helium atmosphere using an
UlvacRiko ZEM-3 instrument. The measurement uncertainty was
approximately 5%.%°

Thermal Conductivity. The thermal diffusivity coefficients (D)
were measured with the samples cut from the same spark plasma
sintering (SPS)-processed pellet using a Netzsch LFA4S57 instrument.
The thermal diftusivities were measured in the direction perpendicular
to the sintering pressure direction. Analysis of the thermal diffusivity
data was conducted using the Cowan model with pulse correction.
The total thermal conductivity was calculated using the equation ki, =
DC,d, in which d is the actual density and C, is specific heat capacity
calculated by the Dulong—Petit law. The uncertainty of the thermal
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cond:lgctivity was about 8%, and the uncertainty of ZT was about
20%.”"

Hall Measurements. The Hall effect was measured for
CdPb,Bi,Sy and CdAg,BiSe;; at RT with Quantum Design PPMS.
Gold wires were attached to the surface of the sample using Dupont
4929N silver paste. The Hall resistivity, R,, = [R(+H) — R(—=H)]/2,
and the carrier density was calculated using the equation n = 1/

[(dR,,/dH)q).

Density Functional Theory Calculations. The total energies
and relaxed geometries were calculated using density functional
theory (DFT) calculations. The generalized gradient approximation of
the Perdew—Burke—Ernzerhof exchange—correlation functional with
projector augmented wave potentials was applied.*® We used periodic
boundary conditions and a plane-wave basis set, as implemented in
the Vienna Ab initio Simulation package.*” The band structure
calculations were performed with spin—orbit coupling to address the
heavy species of Pb and Bi. The total energies were numerically
converged to approximately 3 meV/cation using a basis set energy
cutoff of 500 eV and dense k-meshes corresponding to 4000 k-points
per reciprocal atom in the Brillouin zone. In order to perform DFT
calculations on materials with mixed atomic occupancy, we used
special quasirandom structures.*®

Phonon Dispersion Calculations. We employed the Debye—
Callaway model to quantitatively evaluate the lattice thermal
conductivities. It is well known that the Griineisen parameters
characterize the relationship between phonon frequency and crystal
volume change, which allow us to estimate the lattice anharmonicity
and to better understand the physical nature of «j,. The phonon and
Griineisen dispersions were calculated using first-principles DFT
phonon calculations within the quasi-harmonic approximation. The
phonon dispersions were calculated on a supercell of two volumes, the
equilibrium volume V), and the isotropically compressed volume
0.98V,,

The Debye—Callaway formalism®® has been demonstrated to
produce accurate values of kj,, compared with experimental results,
especially for low-conductivity TE compounds.*>*" &, can be written
as the sum of one longitudinal x;, and two transverse xr, and Ky,
acoustic phonon branches: &y, = k4 + kpa + krap'. The partial
conductivities «; (i corresponds to TA, TA’, and LA modes) are given
by

{ /ei/T CONEN
0 m(e® — 1)

fQ/T (x)xt e*
0

T;\,T[i)(ex - 1)2

K =

i

1 6,/T ‘rci x)xt e*
cr? f () dx +
0

(ex - 1)2 dx

(1)
Here, ©, is the longitudinal (transverse) Debye temperature, 1/7} is
the scattering rate for normal phonon processes, 1/ is the sum of all
resistive scattering processes, 1/ T'C =1/ 1"N +1/ T‘ﬁ, x = ho/kgT, and C;
= ky*/27*h%v,. 7 is the Planck constant, ky is the Boltzmann constant,
@ is the phonon frequency, and v; is the longitudinal or transverse
acoustic phonon velocity.

In this case, the resistive scattering rate includes the scattering rates
of Umklapp phonon—phonon scattering (1/7y;) and normal phonon
scattering (1/7y). The normal phonon scattering and Umklapp
scattering can be expressed as follows

1 _ kBS}/LAZV 25
whx)  Mh,® (2)
5 2
1 _ kg Yra rarV s
TIEA/TA,(x) Mh4l/TA/TA’5 3)
22
_1 _ kg 7’12 T3 o0/3T
) | M, )

Here, y, V, and M are the Griineisen parameter, volume per atom, and
average mass of an atom in the crystal, respectively. The Griineisen
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. Vow; . . . .
parameter is = ———", which characterizes the relationship between
Wy

the phonon frequency and volume change.

B RESULTS AND DISCUSSION

Synthesis and Thermal Behavior. Single crystals of
InPbBi;S;, IngsMn,Bi;Ses, CdPb,Bi,Sy, Ag; CdBissSey,
Ag,CdBigSe;;, and Ag,Cd,SbssSe;, suitable for SCXRD
were obtained by slow cooling (~5 K/h) from a melted
mixture of the respective precursors in a vacuum-sealed tube.
The pure phase of CdPb,Bi,S; was obtained by heating a
stoichiometric mixture of the elements in a vacuum-sealed
fused silica tube to 1273 K followed by annealing at 823 K for
4 days. The pure phase of CdAg,BisSe;; was synthesized by
heating a stoichiometric mixture of the elements in a vacuum-
sealed fused silica tube to 1273 K followed by water-quenching
to RT. The PXRD patterns are presented in Figure 1. All six

simulated

—— synthesized

Intensity (a. u.)

10 20 30 40 50 60
20, deg.

Figure 1. Comparison of PXRD patterns for synthesized CdPb,Bi,S,
(n = 4) and CdAg,BisSe;; (n = 6) with simulated patterns.

compounds were air-stable and insoluble in water, ethanol, and
acetone. Figure S1 presents energy-dispersive X-ray spectros-
copy (EDS) spectra and scanning electron microscopy (SEM)
images of all the compounds. The EDS elemental analysis
results are in good agreement with the crystallographic
analysis.

The DTA curves of CdPb,Bi,Sy in Figure 2a reveal three
endothermic peaks at 1023, 1050, and 1096 K, which
correspond to the decomposition of CdPb,Bi,Sy and melting
of the decomposed compounds. Upon cooling, three
exothermic peaks appeared at 1012, 1031, and 1068 K,
which correspond to the crystallization of the decomposed
products and residual CdPb,Bi,Sy. The PXRD pattern of the

(a) S 00 g 1031 K]068 K
E 0.1
E -U.
-0.2
|<£ 1Exothermic 1023 K~
o 03 |Endothermic 1050'K1096 K
500 750 1000 1250
Temperature (K)
(b)
0.1 ——Cycle 1
a c —— Cycle 2
§ 0.0 <90ling 949 K1‘0/48 «
3 —
< -0.1 Heating |
E 1Exothermic o K10\55 K
lEndothermic

500 750 1000 1250
Temperature (K)

Figure 2. DTA curves for (a) CdPb,Bi,S, and (b) CdAg,BisSe,,.
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Figure 3. Homologous sequence of pavonite structures with different numbers of octahedra along the diagonal of the “accreting” galena slab.

DTA product in Figure S2a confirms incongruent melting of
CdPb,Bi,Sy with peaks of undecomposed CdPb,Bi,S, still
remaining. Upon heating CdAg,BisSe;;, an exothermic peak
appears at 949 K, which corresponds to the decomposition,
and an endothermic peak appears at 1055 K, which
corresponds to melting. Upon cooling CdAg,BisSe;;, an
exothermic peak appears at 1048 K, corresponding to the
crystallization of the undecomposed CdAg,BicSe;;, and an
endothermic peak appears at 941 K, as shown in Figure 2b.
The two consecutive heating—cooling cycles in the DTA curve
agree well with one another. The PXRD pattern of the DTA
product in Figure S2b shows that CdAg,BisSe;, starts to
decompose before melting; however, diffraction peaks of the
undecomposed sample still remain.

Crystal Structure. All the compounds crystallized in the
C2/m space group, and Table 1 provides the refinement details
and the unit cell parameters of the crystal structures. All the
compounds belong to the pavonite homology with the general
chemical formula of M,,;(Bi/Sb),Q,.,s, where n varies from 2
to 7 (Figure 3). The homologous crystal structures consist of
two alternating slabs that stack perpendicular to the c-axis. One
of the slabs is usually referred to as a “accreting” slab with
different widths containing different numbers (n) of octahedra
along the diagonal direction; “*2 this slab can be regarded as an
adjustable block excised from a cubic NaCl lattice (or galena-
type structure) perpendlcular to the [311] direction.””** The
other slab is referred to as a “non-accreting” slab consisting of a
pair of square pyramidal columns of MQs, interconnected by
an octahedral column MQ, (M = Ag, Cd, In, Mn, or Pb; Q = S
or Se).

In the six new structures reported here, Pb and Bi (or Sb)
can be completely mixed to occupy same lattice sites. The Mn,
Ag, and Cd atoms can also share positions with Pb and Bi (or
Sb) because of the high tolerance of these crystallographic sites
for different sized atoms.””** Detailed information on the
atomic occupancy, coordination number, and bond length of
these compounds can be found in Table S1. In nature, the
common cations of this series of mineral sulfosalts are Bi, Ag,
Cu, or Pb; in some cases, divalent Pb can be replaced by Cd,
Hg, or Mn, and in more rare cases, Se can also replace S.”%**
The n values of this series range from 0 to 8; examples for n =
0 are AgBiSCl, and CuBiSCL,"” and an example for n = 8 is
Ag, sBi; S 3. Halogen members of this series can be obtained
by substituting some of the sulfur atoms with the univalent
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anions Cl, Br, or L.***’ This halogen substitution approach has
also been demonstrated to be an effective means of designing
new structures, as reported for the pavonite series with n = 1, 2,
3, 4, S, and 7 compounds in the Ag—Bi—S—Cl (or —Br)
system.””>” Notably, the n = 6 member is conspicuously rare,
both among minerals and synthetic compounds, with only
AgBi;;S,, (n = 6) being structurally analyzed.”” Thus, the
stabilization of Ag,CdBisSe;; (n = 6) in this contribution is
particularly interesting.

Optical Measurements and Electronic Structure
Calculations. CdPb,Bi,S, is a semiconductor with an optical
band gap of 1.0 eV, Figure S3a. The band gap of CdAg,BisSe;
is much narrower at ~0.05 eV, as shown in Figure S3b. First-
principles electronic structure calculations indicate that both
CdPb,Bi,S; and CdAg,BisSe;; are indirect-band-gap semi-
conductors, as shown in Figure 4a,b. The calculated band gaps
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Figure 4. (a, b) Electronic band structure of CdPb,Bi,S, and
CdAg,BisSe;;,. (c, d) Partial density of states of CdPb,Bi,S, and
CdAg,BicSe, ;.

of CdPb,Bi,Sy; and CdAg,BisSe;; are 0.39 and 0.09 eV,
respectively. The projected electronic density of states for
CdPb,Bi,S, indicates that the valence band maximum is mainly
contributed from Pb 6s and S 3p states and that the
conduction band minimum is from Pb 6p states, as shown in
Figure 4c. The contribution of the Cd states to the conduction
band minimum is negligible, suggesting that electron transport
in this material occurs mainly through Pb-based 6p orbitals.
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For CdAg,Bi,Se;,, the valence band top consists mainly of Se
4p states and the conduction band bottom consists mainly of
Bi 6p and Se 4p states, as shown in Figure 4d.

Charge Transport Properties. Dense pellets of
CdPb,Bi,Sy and CdAg,BisSe;; were prepared using SPS.
Figure S presents photographs and SEM images of the freshly

Figure S. Photographs, SEM images, and EDS elemental mapping of
freshly polished surfaces of SPS-processed (a) CdPb,Bi,Sy and (b)
CdAg,BicSe, ;.

polished surfaces of the specimens. EDS mapping revealed that
all the elements were homogenously dispersed. The electrical
conductivity and Seebeck coeflicients were measured perpen-
dicular to the SPS pressure direction. For the CdPb,Bi,S,
samples, the electrical conductivity was ~79 S-cm™" at 300 K
and decreased monotonically with increasing temperature to
~36 S-:cm™' at 810 K, as shown in Figure 6a. The carrier
concentration for CdPb,Bi,Sy; derived from Hall effect
measurements was ~1.6 X 10'® cm™ at RT with electrons
being the dominant carrier, Figure SS.

CdAg,Bi4Se,; also behaved like a doped semiconductor with
an electrical conductivity of ~267 S-cm™ at 325 K, as shown
in Figure 6. The electrical conductivity slowly decreasing with
temperature increasing till 550 K and then increasing with
temperature rising. The carrier concentration derived from
Hall effect measurements was 1.8 X 10" cm™ at RT with
electrons being the dominant carrier, Figure S6. CdAg,Bi,Se,;

possesses the highest electrical conductivity among reported
pavonites; for example, Mn,3,Sng¢BisSey (n = 5)* and
InSn,Bi;Seg (n = 3)°" have electrical conductivities of 47 and
79 S-cm™' at RT, respectively; CdPbBi,Ses (n = 3) exhibited
an electrical conductivity of 78 S-cm™ at 320 K; CdSnBi,Seg
(n = 3) exhibited an electrical conductivity of 150 S-cm™ at
320 K;** and LiSn,BisS;o (n = 5) behaved as a doped n-type
semiconductor with an electrical conductivity of approximately
165 S-cm™" at RT.*"

As observed in Figure 6b, the Seebeck coefficients of both
CdPb,Bi,Sy and CdAg,BisSe;, are negative, which show the
characteristics of electron-based charges. The Seebeck
coefficient of CdPb,Bi,S, was —59 uV-K™' at 300 K and
increased to —250 uV-K ™! at 810 K. The Seebeck coefficient of
CdAg,Bi¢Se;; was —57 pV-K™' at 325 K and increased to
—163 uV-K™"' at 850 K. The respective power factors (PF =
$?6) as a function of temperature are presented in Figure 6c.
The highest PF of CdAg,BisSe;; was 5.3 gW-cm™"-K™? at 825
K, and the highest PF of CdPb,Bi,S, was 2.2 yW-cm™-K ™2 at
810 K. The PF of CdAg,BisSe,, is higher than that of pristine
AgBi;Ss, which is approximately 1.5 gW-cm™K~2 at 750 K,
and is comparable to that of other undoped TEs, for example,
3.9, 39, 5.7, 6.7, and 82 uW-cm 'K™? for CsAgTe;,
AgyTITes,*> Yb,,MnSb,,,** TLBiTes,”® and a-Cu,_,S,*°
respectively.

As shown in Figure 6d, x,, for both CdPb,Bi,S, and
CdAg,BisSe;, was extremely low, with values of 0.78 and 0.54
W-m™"K™" at 300 K, respectively. These values decreased with
increasing temperature to 0.52 and 0.40 W-m™"K™" at 765 K,
respectively. A small rise in the thermal conductivity was
observed for both compounds above 765 K, which is attributed
to bipolar conduction. These values are comparable to the
reported thermal conductivities of other pavonites, for
example, 0.6, 0.6, 0.64, 0.69, and 0.8 W-m LK! for AgBi;S;
(n = 5),°* Mn, 3,Sn4¢BigSe,o (n = 5), CdPbBi,Seg (n = 3),**
CdSnBi,Seg (n = 3),”* and LiSn,BisS,, (n = 5)°° at RT,
respectively. K, is composed of an electronic-conducting
contribution (k) and lattice-conducting contribution (k).
The electronic thermal conductivity can be calculated using the
equation k.. = LoT, which is called the Wiedemann—Franz
law. i, is obtained by subtracting the electronic part from the
total thermal conductivity. The Lorenz number L (Figure S4a)
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Figure 6. Temperature dependence of TE properties of CdPb,Bi,Sy (n = 4, red lines) and CdAg,BisSe,, (n = 6, blue lines): (a) electrical
conductivity, (b) Seebeck coefficient, (c) PF, (d) total thermal conductivity, (e) lattice thermal conductivity, and (f) figure of merit. All the data

were measured perpendicular to the SPS pressure direction.

3435

DOI: 10.1021/acs.chemmater.9b00585
Chem. Mater. 2019, 31, 3430—3439


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00585/suppl_file/cm9b00585_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00585/suppl_file/cm9b00585_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b00585/suppl_file/cm9b00585_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b00585

Chemistry of Materials

was calculated with the assumptions of the acoustic-phonon
scattering mechanism and a single-parabolic-band mode by
fitting the Seebeck coefficient using the following equations’

_ k| 2K(n)
T [n Ey(n) 5)
L= (E]z 35 _ {21:1(’7) r
€ Ey(n) Ey(n) (6)
=) o

Here, k is the Boltzmann constant and Fj(5) is the Fermi
integral calculated from the reduced Fermi level, 7 = Ep/kgT.
As observed in Figure Ge, kj,, of CdPb,Bi,Sy was at the same
level as ki, because the low electrical conductivity resulted in a
negligible electronic thermal conductivity contribution. More
specifically, ,, of CdPb,Bi,S, decreased from 0.73 W-m™-K™*
at 325 K to 0.5 W-m "K' at 810 K. k;,, of CdAg,BiSe,; was
ultralow ~0.35 W-m K™ at 325 K and decreased further to
0.1 W-m™ %K™ at 733 K. Such low lattice thermal conductivity
values for CdAg,BisSe; are attributed to its complex structure,
the mixed site occupancy resulting in intrinsic mass contrast,
and the relatively large unit cell volume of 1119.8(4) A®. These
factors are further discussed in the theoretical calculations
section. The kj,, values of CdAg,BisSe;, are comparable to
those of some state-of-the-art TE materials with low lattice
thermal conductivities, for example, Cu,_,Se with x,, & 0.4—
0.6 W-m "K' over the entire temperature range,58 SnSe
single crystal with the lowest ki, value of 0.20 W-m "K'
along the a direction at 973 K,**°" CsAg,Te, with the lowest
Kie value of 0.14 W-m ™K™' at 727 K,** TL,VSe, with k,, ~
0.30 W-m™1.K" at 300 K,** AgCuTe with K, between 0.2 and
0.4 W-m™.K™,%* and TLAg,Te,,s with ki, varies between
0.20 W-m "K' and 0.25 W-m "K' from RT to 525 K.*°

The ZT wvalues calculated using the above transport
properties are presented in Figure 7f. For CdPb,Bi,Sy and
CdAg,Bi¢Se;;, the highest ZT wvalues of 0.53 and 0.95,
respectively, were obtained at 775 K. The ZT value of
CdAg,BiSe,; is comparable to that of undoped PbTe, which
was reported to be 0.8—1.0 at approximately 650 K°* and 0.8
at 700 K. All these results indicate that both of these
compounds are good candidates for further doping studies,
band gap engineering, and nanostructuring to further improve
the TE properties.

Generally, the average low kj,, of CdPb,Bi,S, originates from
the very low phonon velocities. Therefore, DFT-based phonon
calculations were carried out to elucidate the acoustic phonon
modes which define to a larger extend the thermal
conductivity. The phonon velocities can be calculated from
the slope of the acoustic phonon dispersion around the I" point
in Figure 7a; average phonon velocities of 1457, 1714, and
2925 m/s were determined for the TA, TA’, and LA modes,
respectively. The phonon density of states indicates that
acoustic phonon transport in phonon velocities is primarily
based on the motions of the heavier Bi atoms with minimal
contribution from S. The averaged Griineisen parameters were
relatively large with values of 2.62, 2.46, and 3.08 for the TA,
TA’ and LA mode contributions, respectively, as shown in
Figure 7b. Finally, as shown in Figure 7c, the theoretically
calculated CdPb,Bi,S, lattice thermal conductivities in the a
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Figure 7. Calculated (a) phonon dispersion, (b) Griineisen
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properties for CdAg,Bi¢Se;;: (d) phonon dispersion, (e) Griineisen
parameters, and (f) lattice thermal conductivity.

and ¢ directions were as low as ~0.9 and 0.4 W-m K7},
respectively, at 300 K. For the b (4.01 A) direction, the
relatively shorter lattice dimension than a (13.159 A) and ¢
(15.14 A) induced relatively larger Debye temperatures and
hence a higher ki, of 2.5 W-m™"-K™" at 300 K. We considered
the average of the calculated kj,, values for the three lattice
directions based on the monoclinic Brillouin zone. A
comparison between the calculated values and the exper-
imental observations is shown in Figure 7c. The calculated
values gradually decreased from 1.2 to 0.4 W-m™ "K' in the
range of 300—900 K. The values close to RT are higher than
the experimental results; however, at high temperatures, they
agree well with the experimental values. The higher average
calculated values of kj,, close to RT are due to the fact that we
only considered normal acoustic phonons and Umklapp
scattering processes. Other phonon-scattering mechanisms
may exist in actual samples, such as defects, cation disorders,
and grain boundary contributions, which are not considered in
our calculations.

The averaged calculated phonon velocities for CdAg,Bi4Se;;
were obtained from Figure 7d: 1284, 1545, and 2654 m/s for
the TA, TA', and LA modes, respectively, which are all lower
than the values calculated for CdPb,Bi,Sy, thus leading to
lower ki, As observed in Figure 7e, the averaged Griineisen
parameters for CdAg,BisSe,; were 2.60, 2.34, and 2.98 for the
TA, TA’, and LA branches, respectively, which differ slightly
from those of CdPb,Bi,S,. As observed in Figure 7f, the lattice
thermal conductivities of CdAg,BiSe;; were lower than those
of CdPb,Bi,Sy; the average atomic mass of CdAg,BisSe; is
~18% greater than that of CdPb,Bi,Sy, which induces lower
acoustic and vibrational frequencies for CdAg,BisSe;;.
However, the calculated lattice thermal conductivities of
CdAg,BisSe;, were higher than the measured values, as the
crystal structure model used for the calculation did not account
for many other phonon-scattering mechanisms such as grain
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boundary contributions, defects, and so forth. In general, the
calculated «,, values for both CdPb,Bi,Sy and CdAg,BisSe;;
are very low because the complex atomic structure induces
lower Debye temperatures, slow phonon velocities, and large
Griineisen parameters.

B CONCLUDING REMARKS

Six new compounds belonging to the pavonite homologous
series with a general formula of M,,;(Bi/Sb),Q,,s were
obtained with n varying from 2 to 7, including InPbBi;S; (n =
2), IngsMn,BiysSes (n = 3), CdPb,BiSy (n = 4),
Ag, sCdBi;sSe;, (n = 5), Ag,CdBisSe;; (n = 6), and
Ag, ;CdSbgsSe;, (n = 7). These materials are indirect-gap n-
type semiconductors. k,, of CdPb,Bi,S, was very low (less
than 0.73 W-m™"-K™") in the temperature range of 325—810 K,
and CdAg,BicSe,, exhibited ultralow . of 0.35 W-m™"-K™" at
325 K and 0.1 W-m™"K™! at 733 K. Theoretical calculations
revealed the origins of these low kj,, values to be the low Debye
temperature, slow phonon velocities, and large Griineisen
parameters. As a result, the highest ZT values of 0.53 and 0.95
were obtained for CdPb,Bi,S; and CdAg,BisSe;; at 775 K,
respectively. This series of compounds are potentially excellent
TE materials and deserve further investigation.
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