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ABSTRACT: Two new compounds CdPbBi,Seg and
CdSnBi,Seg adopt the pavonite structure type and crystallize
in the monoclinic space group C2/m with a = 13.713(3) A, b =
4.1665(8) A, ¢ = 15.228(3) A, = 115.56(3)° for CdPbBi,Seg;
a=13679 A, b = 4153 A, ¢ = 15.127 A, § = 115.51° for
CdSnBi,Seg. Their crystal structures are composed of two
different types of polyhedral slabs, one containing a mixture of
one octahedron [MSe,] block and paired squared pyramids
[MSe;], while the other forms distorted galena-type (or NaCl-
type) lattices with three [MSeq] octahedral chains (M = Pb,
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Cd, Bi, Sn). Both CdPbBi,Sez and CdSnBi,Se; are stable up to ~970 K. Density functional theory (DFT) calculations show that
both CdPbBi,Seg and CdSnBi,Seg are indirect band gap semiconductors. DFT phonon dispersion calculations performed on
CdSnBi,Seg give valuable insights as to the origin of the observed low experimental lattice thermal conductivities of ~0.58 W m™"
K™ at 320 K. The title compounds exhibit n-type conduction, and they exhibit promising thermoelectric properties with a
maximum thermoelectric figure of merit, ZT, reaching 0.63 for CdPbBi,Seg, and 0.40 for CdSnBi,Seg at 850 K.

B INTRODUCTION

Thermoelectric materials, which can be used to convert waste
heat to electricity or generate cooling via the Peltier effect,
provide a more efficient means of energy usage and
conversion.' ™ Thermoelectric materials with large values of
figure of merit ZT = S$’¢T/k are necessary for efficient
thermoelectric devices, where T is the operating temperature, S
is the Seebeck coeflicient or thermopower, ¢ is the electrical
conductivity, and k is the thermal conductivity. From the
formula, the current challenge lies in achieving a high power
factor (6S*) and a low thermal conductivity (k) simultaneously
in one material.

There are several alternatives to improving ZT are either
using all-scale hierarchical materials engineering of existing
materials or searching for developing completely new
compounds that may exhibit high thermoelectric perform-
ance. "’ Among the high-ZT materials, lead or tin chalcogenides
and their alloys with other chalcogenides are the most efficient
ones for power generation applications at high temperature.™”
There are several large bismuth containing chalcogenide
homologous families which have been shown to be great
sources for narrow band gap semiconductors that are promising
as efficient thermoelectric materials.
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These include the A, [M;,;Se,1]5m[MyinSeszin] (A = alkali
metal, M = Sn or Bi)'°~"* and CsBi,,,, Tes,s,, families'* which
have produced K,BigSe;; and CsBi Tes as excellent thermo-
electrics. The main reason for this high performance is the
complex anisotropic crystal structures of these compounds
which tend to exhibit very low thermal conductivities. Another
such great homologous series is the so-called pavonite family,
but there is a dearth of data on the electrical and thermal
transport properties in this series. Like pavonite, there are some
other examples of minerals with thermoelectric properties
explored, such as PbsBisSe;,, a member of the cannizzarite
homologous series; PbBi,S,, a member of the galenobismuthite
homologous series; Pb;Bi,Ss, a member of the lillianite
homologous series;'* and Cu,,Sb,S,3, a derivative of tetrahe-
drite.'>"°

The minerals of the pavonite structure are from one of the
most prolific homologous series known.'” Pavonite structures
are three-dimensional (3D) but anisotropic and are composed
of two alternating types of slabs: one features single MQ, (Q =
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Table 1. Crystal Data and Structural Refinement Statistics for CAPbBi,Se; and CdSnBi,Se; at 293(2) K

empirical formula CdPbBi,Seg
fw 1785.58
cryst syst monoclinic
space group C2/m

unit cell dimensions

B =115.56(3)°

vV (&%) 784.9(3)
Z 2
density (caled) (g/cm®) 7.555
abs coeff (mm™) 75.210
F(000) 1467

0.049 X 0.034 x 0.02
2.966—29.132°

cryst size (mm3)
0 range for data collection (deg)

index ranges

reflns collected 3751

indep reflns 1195 [R,, = 0.0499]
completeness to 6 = 24.96° 99.8%

data/restraints/params 1195/0/46

refinement method full-matrix least-squares on F*
GOF 1.066

final R indices [>20(I)]
R indices [all data]

largest difference peak and hole
e A3)

R, = 0.0399, wR, = 0.0904
R, = 0.0484, wR, = 0.0936
5.393 and —2.582

a=13.713(3) A, b = 4.1665(8) A, ¢ = 15.228(3) A,

—18<h<18 —-5<k<5 —20<1<20

CdSnBi,Seg
1698.69

monoclinic
C2/m

a=13.679(1) A, b = 4.1528(3) A, ¢ = 15.4178(13) A,
B =11551°

775.5
2

7.274

66.888

1404

0.347 X 0.054 X 0.07
2.979-29.144°
~18<h<18-5<k<5 -17<1<20
3759

1142 [R,, = 0.0370]
98.4%

1142/0/48

1.086

R, = 0.0312, wR, = 0.0580
R, = 0.0433, wR, = 0.0609
1.629 and —1.859

“R = YIIF,| — IEN/YIE), wR = {X[w(IF,]> — IE)2]/ Y [w(IFI)]}2 and w = 1/[6*(F.?) + (0.1000P)*] where P = (F> + 2F.2)/3.

S and Se) octahedra and alternating with columns of paired
square MQs pyramids; the other one is slab of galena-like
structure with a variable thickness. Members of this series have
a general chemical formula My, ;Bi,Qy,s, in which M is six
coordinated metals, such as Li*, Na’, Ag*, Cu’, Pb*, Cd*,
Hg”*, Mn*, In**, Bi**, and Sb**, and Q can be S, Se, or CLY N
is the number of octahedra per one diagonal octahedral chain of
the galena-like slab. The N value can vary from 0 to 8, and
possibly higher.'” The combinations of these elements and
selection of N can lead to dozens of ternary and quaternary
pavonites.'® Furthermore, the high stability of the structure
allows the tuning of the band gap and property by suitable
element selection.'® Additionally, the pavonite compounds are
semiconductors with metallic luster and are stable up to >800
K.'”*" Recently, the thermoelectric properties of AgBi,Ss
(pavonite with N = S5) were shown to be enhanced after
doping with BiCl;, and a ZT value close to unity was
obtained.”" This suggests that pavonites could be excellent
thermoelectric materials, and are worthy of more detailed
investigations.

Herein, we report the synthesis, crystal structure, and
thermoelectric properties of two new quaternary chalcogenides
CdPbBi,Seg and CdSnBi,Seg with the pavonite structure type.
They are isostructural, crystallizing in the monoclinic space
group C2/m. Pure phases of CdPbBi,Se; and CdSnBi,Seg were
obtained by solid state synthesis, and both of them exhibit
promising ZT values at high temperature.

B EXPERIMENTAL SECTION

Reagents. All chemicals were used as obtained: cadmium metal
(99.9%, Strem Chemicals, Inc.), bismuth metal (99.9%, Strem
Chemicals, Inc.), lead metal (99.9%, Strem Chemicals, Inc.), selenium
pellets (99.99%, American Elements, Inc.), tin metal (99.99%, Sigma-
Aldrich, Inc.)

Synthesis. CdPbBi,Ses. Crystals of CdPbBi,Seg, large enough
(>0.1 mm) for single crystal diffraction, were obtained by mixing Cd
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(83.9 mg, 0.75S mmol), Pb (113.3 mg, 0.55 mmol), Bi (334.4 mg, 1.60
mmol), and Se (294.8 mg, 3.73 mmol) with the starting ratio of
Cd:Pb:Bi:Se = 1.65:1.17:3.4:8. The mixture was loaded into a 9 mm
fused silica tube and flame-sealed at a vacuum of ~107* and then
heated from room temperature (RT) to 350 °C in 6 h and held for 6 h
for the complete melting of Se. This material was then heated to 750
°C in 12 h and held for 32 h, with slow cooling to 300 °C in 96 h and
held for 1 h, followed by cooling to RT in 3 h. Pure phase was
obtained by a slightly different method by using a stoichiometric
starting material of Cd (449.6 mg 4.00 mmol), Pb (828.8 mg, 4.00
mmol), Bi (3343.6 mg, 16.00 mmol), and Se (2526.8 mg, 32.00
mmol) with molar ratio of Cd:Pb:Bi:Se = 1:1:4:8. The starting
materials were combined together in a 13 mm fused silica tube in a
dry, nitrogen-filled glovebox. The tube was evacuated to ~10™* mbar
and flame-sealed. The tube was then placed in a programmable
furnace. The mixtures were heated to 1000 °C and soaked there for 24
h, followed by water quenching to room temperature (RT).
Subsequently, the sample was put into a programmable furnace and
annealed at 550 °C for 8 days.

CdSnBi,Seg. CdSnBi,Seg crystals were obtained by reacting a
mixture of Cd (37.5 mg, 0.33 mmol), Sn (39.6 mg, 0.33 mmol), Bi
(278.6 mg, 1.33 mmol), and Se (210.6 mg, 2.67 mmol) with a molar
ratio of Cd:Sn:Bi:Se = 1:1:4:8. This mixture was heated from RT to
350 °C in 6 h and held for 6 h, and then it was heated to 780 °C in 12
h and held at this temperature for 32 h, with slow cooling to 300 °C in
96 h and followed by soaking at 300 °C for 1 h, and finally cooled to
RT in 3 h. Good crystals with sizes larger than 0.1 mm were obtained.
The pure phase of CdSnBi,Seg was obtained by combining together
Cd (215.7 mg, 1.92 mmol), Sn (231.6 mg, 1.95 mmol), Bi (1880.7 mg,
9.00 mmol), and Se (1374 mg, 17.40 mmol) with a molar ratio of
Cd:Sn:Bi:Se = 0.88:0.90:4.14:8. The same method and heating profile
used for CdPbBi,Seg pure phase synthesis was used to obtain the
CdSnBi,Se pure phase.

Powder X-ray Diffraction (PXRD). The purity of the synthesized
samples was examined by Rigaku Miniflex powder X-ray diffractometer
with Ni-filtered Cu Ka radiation operating at 40 kV and 15 mA.
Mercury software was used to calculate PXRD spectra by using the
CIFs of refined structures.

Scanning Electron Microscopy. Energy-dispersive X-ray spectros-
copy (EDS) was conducted with a Hitachi S-3400 scanning electron
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microscope equipped with a PGT energy-dispersive X-ray analyzer.
The EDS measurement was performed by using 25 kV accelerating
voltage, 80 mA probe current, and 60 s acquisition time. The results
reported here are an average of a large number of independent
measurements.

Single Crystal X-ray Diffraction (SCXRD). X-ray diffraction
measurements were conducted by using a STOE IPDS II single
crystal diffractometer operating at 50 kV and 40 mA with Mo Ka
radiation (4 = 0.71073 A). Single crystals were picked up and adhered
to the tip of glass fibers with glue. Data collections were carried out in
X-Area software, and X-RED was used for the integration; X-SHAPE
was used for numerical absorption corrections, and both X-RED and
X-SHAPE are programs provided by STOE.*” The crystal structures
were solved by XPREP via direct methods and refined with the
SHELXTL program package.23

The distinction of Bi and Pb or Sn and Cd atoms is not possible by
X-ray diffraction.'” Their relative proportion, according to EDS
elemental analysis, is about Cd, (PbgoBi;oSeg and CdgggSnggoBiy. 14S€g,
Figure SI. The crystal structure of CdPbBi,Seg exhibits three distinct
crystallographic Wyckoff sites 2d, 4i, 2a. The refinement of the crystal
structure was indistinct due to the very similar X-ray scattering power
of lead (Z = 82) and bismuth (Z = 83). According to the refinement,
two 4i sites and one 2d site can be assigned to Bi or Pb. The 2d site
was denoted to be Pb, and two 4i sites were assigned as Bi which is in
accordance with the EDS results of the crystal used for SCXRD, which
gave a ratio for Pb:Bi of ~1:4. With the 2a site solely occupied by Cd,
we obtained an R, of 4.12%. By using mixed occupancy of the Cd site
by Pb or Bi the R; lowered to 3.76%. The Pb at the 2d site mixed with
Cd further lowered R; to 3.69% and gave a Cd occupancy of 0.084%.
By mixing the Bi2 (4i) with Cd the R, value slightly dropped to 3.67%
and gave a Cd occupancy of 0.035% with a final composition of
Bi, ;Cd,Pby,Ses. The Bil (4i) site did not accept any Cd giving a
negative occupancy for it. The charge balanced composition of
CdPbBi,Seg was obtained with a final R, value of 3.99%.

A similar behavior was observed with CdSnBi,Seg, in this case
compounded by the very similar X-ray scattering power of cadmium
(Z = 48) and tin (Z = 50). Assigning the 2a site to Cd gave an R, of
3.16% compared with an R; of 3.10% when assigning the 24 site to Sn.
Therefore, Sn was assigned to occupy the 2a site. According to EDS
analysis (CdggSngoBis 4Seg), the Bi sites are refined to be mix
occupied with Cd. Finally, a composition of SnCd,oBi, sSes was
obtained which is very close to the charge balanced formula of
CdSnBi,Seg, and a final R factor of 3.12%. The crystal data and
structure refinement results are listed in Table 1, and selected bond
lengths of CdPbBi,Segz and CdSnBi,Seg are in Table 2. Atomic
coordinates, equivalent isotropic displacement parameters, and
anisotropic displacement parameters of CdPbBi,Seg and CdSnBi,Seq
are given in Tables S1—84.

Thermal Analysis. About 75 mg of CdPbBi,Se; and 60 mg of
CdSnBi,Seg powder samples were placed into two fused silica ampules,
and then flame-sealed at a vacuum of ~10~* mbar. Differential thermal
analysis (DTA) measurements were conducted on a Shimadzu DTA-
50 thermal analyzer using a temperature rate of +10 °C/min and a
maximum temperature of 1000 °C for two cycles. Melting and
crystallization temperatures were identified at the minimum of
endothermic valleys and the maximum of exothermic peaks. The
DTA products were collected and examined with PXRD after the
experiments.

Spark Plasma Sintering (SPS). The obtained CdPbBi,Se; and
CdSnBi,Seg ingots were crushed into fine powders and subsequently
densified at 773 K, for 10 min in a 12.7 mm diameter graphite die
under an axial compressive stress of 40 MPa using SPS method (SPS-
211LX, Fuji Electronic Industrial Co. Ltd.). A highly dense disc-
shaped pellet with ~92% of its theoretical density was obtained.

Electrical Properties. The SPS-processed pellets of CdPbBi,Seg
and CdSnBi,Seg were cut into bars both perpendicular and parallel to
the sintering pressure directions. The samples were spray-coated with
boron nitride to minimize outgassing, except in places needed for
electrical contact with the thermocouples, heater, and voltage probes.
The Seebeck coefficients and electrical conductivities were measured
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Table 2. Bond Lengths [A] for CdPbBi,Se; and CdSnBi,Se;
at 293(2) K with Estimated Standard Deviations in
Parentheses”

CdPbBi,Seg distances CdSnBi,Seq distances
Pb(1)—Se(1) 2.9206(12) Bi(1)—Se(1) 2.9199(8)
Pb(1)—Se(2) 2.9210(18) Bi(1)—Se(3) 2.9312(11)
Bi(2)—Se(1) 3.0855(13) Bi(2)—Se(1) 2.9990(13)
Bi(2)—Se(1)#4 3.0855(13) Bi(2)—Se(1)#4 3.0674(9)
Bi(2)—Se(1)#5 2.9946(19) Bi(2)—Se(1)#5 3.0674(9)
Bi(2)—Se(2) 2.8363(12) Bi(2)—Se(3) 2.8281(9)
Bi(2)—Se(3) 2.9234(19) Bi(2)—Se(4) 2.9038(13)
Bi(1)—Se(3) 2.8669(13) Bi(3)—Se(2) 3.1001(9)
Bi(1)—Se(4) 2.747(2) Bi(3)—Se(2) 2.7093(13)
Bi(1)—Se(4) 3.1219(13) Bi(3)—Se(4) 2.8545(10)
Cd(3)—Se(3) 2.707(2) Sn(1)—Se(2) 2.9125(8)
Cd(3)—Se(4) 2.9189(11) Sn(1)—Se(4) 2.6798(13)

“Symmetry transformations used to generate equivalent atoms: x, y +
Lz (2) =% —y+1,—z+153)—x,—y,—z+ 1 @) xy—12(5)
—X — 1/2) -y = 1/21 -z +1; (6) X — 1/21}’ - l/zz zZ; (7) X = 1/2’)’ -
2 (8) —x =1/ -y - =z (9) —x =/ -y - */» =z (10)
%=1, —y—-1,-z11) —x—1,-y—2,-z (12)x+ '/, 3+ "'/, %
(1) x+ "y y+3/y 2

both perpendicular and parallel to the sintering pressure directions
with an Ulvac Riko ZEM-3 instrument simultaneously under a low-
pressure helium atmosphere with a temperature ranging from room
temperature to 850 K. The uncertainty of the measured Seebeck
coefficient and electrical conductivity is about 5%.>*

Thermal Conductivity. The thermal diffusivity coefficient (D)
measurements were conducted with the samples cut from the same
pellet processed by SPS. The thermal diffusion both perpendicular and
parallel to the sintering pressure directions is measured by using a
Netzsch LFA457 instrument. The samples were coated with graphite
to minimize errors from the emissivity of the material. The Cowan
model with pulse correction was used for the thermal diffusivity data
analysis. The total thermal conductivity was calculated with the &, =
DC,d equation, where d is the actual density calculated by using the
mass and the volume of the sample. The specific heat capacity (C,)
was calculated by the Dulong—Petit law CP = 3R/M, where R is the gas
constant 8.314 J mol™ K' and M is the average molar mass of
CdPbBi,Segs and CdSnBi,Ses, respectively. Thermal conductivity
(Kyota) is composed of electrical thermal conductivity (k) and lattice
thermal conductivity (). Kee can be estimated by the Wiedemann—
Franz law k. = LoT. In the equation, L is the Lorenz number which is
temperature dependent and was calculated using the measured
Seebeck coefficients;**c is electrical conductivity, and T is temper-
ature. The lattice thermal conductivity can be obtained by subtracting
Ko from Koy The uncertainty of the thermal conductivity is estimated
to be within 8%, and the uncertainty is 12% for ZT.**

Hall Measurement. The carrier concentrations were obtained via
Hall effect measurements on samples of these compounds using a
Quantum Design PPMS at room temperature. Contacts were made
with gold wires attached to the sample surface using Dupont 4929N
silver paste. The Hall resistivity R,, = [R(+H) — R(—H)]/2 was
obtained by switching the magnetic field at each point to reduce the
effect of Hall electrode misalignment.

Density Functional Theory (DFT) Calculations. The total
energies and relaxed geometries were calculated by DFT within the
generalized gradient approximation (GGA) of the Perdew—Burke—
Ernzerhof for exchange correlation functional with projector
augmented wave potentials.”® We use periodic boundary conditions
and a plane wave basis set as implemented in the Vienna ab initio
simulation package.”” The total energies were numerically converged
to approximately 3 meV/cation using a basis set energy cutoff of S00
eV and dense k-meshes corresponding to 4000 k-points per reciprocal
atom in the Brillouin zone.
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Phonon Dispersion Calculations. To quantitatively explore the
origin of lattice thermal conductivity at the atomic level, we utilize the
Debye—Callaway model to quantitatively evaluate the value of lattice
thermal conductivity of CdSnBi,Seg. It is known that the Griineisen
parameters, which characterize the relationship between phonon
frequency and crystal volume change, are useful to estimate the lattice
anharmonicity and are thus helpful to interpret the physical nature of
lattice thermal conductivity behavior.”®* The phonon and Griineisen
dispersions are calculated using first-principles DFT phonon
calculations within the quasiharmonic approximation. The CdSnBi,Seq
phonon dispersions are calculated on a 126 atom supercell at two
volumes: one is the equilibrium volume Vj, and another one is the
isotropically compressed volume 0.98V,

The Debye—Callaway formalism®~>* has recently been shown to
produce accurate values of lattice thermal conductivity, comzpared to
experiment, for low-conductivity thermoelectric compounds.”®** The
total lattice thermal conductivity can be written as a sum over one
longitudinal k1, and two transverse kt, and Kr, acoustic phonon
branches: ki, = ks + Kra + Kra. The partial conductivities x; (i
corresponds to TA, TA’, and LA modes) are given by

6/ T 0T Lito)t 2
/T gl(x)xte®
) N 7 (x)a"e” [/0 (" —1) dx]
K, = _CiT % 5 ax /T N4
3 (e — 1) / i 7i(x)x"e dx
0

0

(1)
In this expression, ©; is the longitudinal (transverse) Debye
temperature, 1/74 is the scattering rate for normal phonon processes,
1/7} is the sum of all resistive scattering processes, and 1/ =1/ 7+
1/7h, x = hw/ky T, and C = K/ 27[2h3vi. Here, 7 is the Planck constant,
kg is the Boltzmann constant, @ is the phonon frequency, and v; is the
longitudinal or transverse acoustic phonon velocity.

The resistance scattering rate is the sum of scattering rates due to
Umklapp phonon—phonon scattering (1/7};), mass-difference im-
purity scattering (1/7.,), boundary scattering (1/73), and electron—
phonon scattering (I/TL_Ph). In the pure single crystal compounds
considered here, we ignore the effect of impurity scattering, and we
assume that boundary and electron—phonon scattering contributions
can be ignored at temperatures above approximately 100 K. Thus, the
resistive scattering rate is mainly determined by the Umklapp
phonon—phonon processes (1/7. 1/7i;). The normal phonon
scattering and Umklapp can be written as

~

1 kY L
B Mg, @
5.2
1 _ kByTA/TA’V TS
TI\?A/TA (x) Mh4V15"A/TA’ 3)
22
I _ kB—yiszae—e,/sT
to(x) MA@, (4)

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

a Voo, ..
Griineisen parameter can be defined as y;, = ———", characterizing the
i

relationship between phonon frequency and volume change.

B RESULTS AND DISCUSSION

Synthesis and Thermal Behavior. Single crystals with
edge length up to 0.1 mm, suitable for X-ray diffraction, were
obtained by heating the mixture of the starting materials to 750
°C in a vacuum-sealed tube with a slow cooling rate of ~4.7
°C/h. The pure phase of CdPbBi,Seg was synthesized by
heating a stoichiometric ratio mixture of Cd, Pb, Bi, and Se in a
vacuum-sealed fused silica tube to 1000 °C and water quench,
followed by annealing the ingot at 550 °C for 8 days. For the
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CdSnBi,Seg analogue, pure phase was obtained by the same
method with the starting materials slightly oft the stoichio-
metric ratio, Cd:Sn:Bi:Se = 0.88:0.90:4.14:8. Black solid ingots
were obtained, and the phase purities were validated by
comparison of the PXRD of synthesized and simulated
patterns, Figure 1. Both CdPbBi,Seg and CdSnBi,Se; are air
stable and insoluble in water, ethanol, or acetone.

b D
LMMW
B
1 A
10 20 30 40 50 60 70
20, deg.

Figure 1. Experimental powder X-ray diffraction patterns (PXRD) in
comparison to simulated ones: (A) CdPbBi,Se; simulated, (B)
CdPbBi,Se, synthesized, (C) CdSnBi,Seg simulated, (D) CdSnBi,Se;
synthesized.

Intensity (a. u.)

o
|k
vy

"

DTA was used to understand the thermal behavior of
CdPbBi,Seg and CdSnBi,Seg from room temperature (RT) to
1000 °C (Figure 2). CdPbBi,Sey revealed two endothermic

1IExothermic
JEndothermic 734 °C

200 400 600 800 1000
Temperature (°C)

698 °€1
1 Exothermic
|Endothermic

200 400 600 800 1000
Temperature (°C)

-0.20

Figure 2. DTA curves of (a) CdPbBi,Seg and (b) CdSnBi,Se.

peaks at 701 and 734 °C on heating. The peak at 701 °C can be
attributed to the phase decomposition which was further
confirmed by PXRD of the DTA product. The endothermic
peak at 734 °C corresponds to the melting of CdPbBi,Seg
which is not totally decomposed. On cooling, there are two
exothermic peaks corresponding to the crystallization of the
decomposed compound and residual CdPbBi,Seg at 698 and

DOI: 10.1021/acs.chemmater.7b03328
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718 °C, respectively. These results remain consistent over two
DTA cycles, Figure S2. PXRD measurement was performed on
the DTA product afterward; some of the peaks match the
PXRD of the sample before heating, while some peaks cannot
be indexed, which means the compound decomposed to
unknown phases at high temperature, as shown in Figure S3.
The DTA experiment for CdSnBi,Seg revealed two endother-
mic peaks at 698 and 720 °C which correspond to the
decomposition and melting of CdSnBi,Seg, respectively. On
cooling there are two peaks at 677 and 699 °C which
correspond to the crystallization of the decomposed product
and the residual CdSnBi,Seg, respectively. PXRD of the DTA
product also confirms the incongruent melting behavior of
CdSnBi,Seg, Figure S2.

Crystal Structure. CdPbBi,Se; and CdSnBi,Seg are
isostructural, and both of them crystallize in the monoclinic
system with the C2/m space group. Figure 3 depicts the unit

(a)

Figure 3. Ball-and-stick representation of the unit cell viewed along
the b-axis of (a) CdPbBi,Sez and (b) CdSnBi,Se;.

cell contents of CdPbBi,Se; and CdSnBi,Seg. The cation
coordination environments of CdPbBi,Seg are shown in Figure
4. The Bil site is solely occupied by Bi, and it coordinates with

Figure 4. Coordination environments of Bi, Bi/Cd, Pb/Cd (the
orange balls represent Se atoms) in CdPbBi,Se,, labeling with the
nearest bond distances.

S Se atoms forming a squared pyramid with Bil—Se bond
distances ranging from 2.747(2) to 3.1219(13) A. These bond
distances are similar to those reported in Rb,CdBi¢Se;;** and
PbBi,Se,.** There are another two Se atoms which are 3.557 A
away from Bil that are too far to be considered bonded, see
Figure 4. Both Bi/Cd2 and Bi/Cd3 sites are surrounded by six
Se atoms forming distorted octahedra. The Bi/Cd—Se bond
distances range from 2.707(2) to 3.0855(13) A which is
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comparable to those in Cs;;3Cd; 13Big,Se”® Pb/Cdl is
coordinated to six Se atoms forming a regular octahedra with
Pb/Cd1—Se bond distance of 2.9206(12) A.

CdPbBi,Seg possesses a pavonite structure which consists of
two types of slabs that we denote as thin and thick slabs.” The
slabs can be described as an assembly of blocks excised from the
cubic NaCl lattice perpendicular to the [311] direction.””**
Figure Sa shows the typical pavonite structure of AgBi;Ss for
comparison, while Figure Sb shows the composed slabs of
CdPbBi,Se;. The thin slab (Slab I) of CdPbBi,Seg is one
octahedron wide and contains one octahedron [(Bi/Cd)3Se4]
and a pair of squared pyramids [BilSe;]. This is similar to Slab
I in AgBi,S;. The thick slab (Slab II) of CdPbBi,Seg is made of
a distorted galena-type (or NaCl-type) lattices with one [(Pb/
Cd)1Seq] and two [(Bi/Cd)2Ses] octahedron per one diagonal
octahedral chain. By comparison, the Slab II in AgBi;S; is
composed of four [BiSs] and one [AgSs] octahedron along the
diagonal octahedral chain. According to the general chemical
formula of My, ,Bi,Qy,s, CdPbBi,Seg has N equal to 3 and
AgBi;Ss has N equal to S. In CdPbBi,Sey, these three octahedra
wide fragments are reconnected to build the step-shaped layers
which extend over the ab-plane. The two slabs are
interconnected with each other through sharing a Se3 atom.
This layered modular construction gives the compound both an
anisotropic morphology and electronic structure.

Band Structure Calculations. In order to understand the
nature of the electronic structure in CdPbBi,Se; and
CdSnBi,Se;, band structure calculations were performed.
Figure 6 shows that the band structures of CdSnBi,Seg and
CdPbBi,Seg are very similar.

The two band structures are qualitatively quite similar, with
the main difference being the lower band gap of CdSnBi,Seg
(~0.16 eV) compared to that of CdPbBi,Seg (~0.42 eV). This
is consistent with other isostructural examples of Sn and Pb
analogues such as SnTe’”*" and PbTe,*"** and CsSnBr;* and
CsPbBr;.** Moreover, the electronic density of states
decomposition shows that the valence bands within —0.75 to
0 eV of the VBM for CdSnBi,Seg are mainly due to the
hybridization of Sn Ss and Se 4p electrons. Similarly, in
CdPbBi,Seg, the top valence bands are from the hybridization
of Pb 6s and Se 4p electrons. The presence of either Sn or Pb in
these compounds controls the position of the valence band
states and thus induces different band gaps.

Thermoelectric Properties. The dense CdPbBi,Se; and
CdSnBi,Seg pellets prepared by the spark plasma sintering
(SPS) technique exhibit anisotropy that derives from the
anisotropic structure and morphology of the materials.
Preferred orientation of the crystallites may occur when it is
subjected to high pressure from SPS sintering. Thus, the
Seebeck coeflicient, electrical conductivity, and thermal
conductivity were measured along both directions perpendic-
ular and parallel to the SPS pressure. Figure 7ab shows the
cutting scheme for the samples and the pictures of the resulting
specimens of CdPbBi,Seg which were used for the measure-
ments. Figure 7c,d shows SEM images of the freshly fractured
surfaces of CdPbBi,Seg and CdSnBi,Seg specimens. The images
show that the samples were fully dense without noticeable
cracks or pores. The EDS mapping of the imaged area
demonstrates that all the elements are homogeneously
dispersed in both CdPbBi,Se; and CdSnBi,Se;. Figure S4
shows the X-ray diffraction patterns of samples cut along
directions parallel and perpendicular to the SPS pressure
direction. For both CdPbBi,Se; and CdSnBi,Ses, a slightly
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Figure 6. (a) Electronic band structure of CdSnBi,Seg, (b) electronic
band structure of CdPbBi,Seg, and (c) the Brillouin zone. CdSnBi,Se;
and CdPbBi,Seg show an indirect band gap of 0.16 and 0.42 eV,
respectively.

preferred orientation was observed. All measurements were
performed to no higher than 850 K to avoid any possible phase
decomposition, and all the data from these measurements were
reversible upon ramping and cooling, Figure SS.

The electrical conductivities of the SPS-processed
CdPbBi,Seg and CdSnBi,Seg samples show anisotropic
behavior, Figure 8a, which arises from the preferential
orientation of the crystallites. Along the direction perpendicular
to the SPS pressure, CdPbBi,Se; features an electrical
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Figure 7. (a) Samples cutting motif and pressure directions in the
pellet processed by SPS; (b) the cut specimens used for measurements
(perpendicular or parallel means the direction of SPS pressure); (c)
freshly fractured surface of CdPbBi,Seg sample processed by SPS and
characterized by scanning electron microscope (SEM) and energy-
dispersive X-ray spectroscopy; (d) freshly fractured surface of
CdSnBi,Seg SPS-processed sample characterized by SEM and
energy-dispersive X-ray spectroscopy. The scale bar is 100 ym.

conductivity of 78 S cm™" at 320 K. It decreases with increasing
temperature and reaches the minimum value of 42 S cm™" at
673 K, and then increases slightly to 50 S cm™ at 840 K due to
bipolar conduction. The electrical conductivity parallel to the
SPS pressure direction has the same temperature dependence,
but the absolute value is lower. Specifically, the highest and
lowest values are 43 S cm™! at 320 K and 27 S cm™! at 673 K,
respectively. Hall measurements show that the carrier
concentration of CdPbBi,Seg is 3.21 X 10" cm™ at RT. The
measured magnetic-field dependence of Hall resistivity p,, is
shown in Figure S7. This corresponds to an electron mobility
of 152 cm® V™' s7'. The electrical conductivity values of
CdPbBi,Seg are comparable to that of the reported pavonites,
e.g, Mn, 3,Sn,¢BisSe,, (with N = 5)'? and InSn,Bi;Seg (with
N = 3) with conductivities of 47 and 78.59 S cm™ at RT,
respectively.”’ The electrical conductivity of CdSnBi,Sey is
much higher than that of CdPbBi,Ses. In the direction
perpendicular to the SPS pressure, CdSnBi,Seg possesses a
conductivity of 150 S cm™' at 320 K, and it decreases with
increasing temperature, reaching the lowest value of 106 S cm™"
at 650 K. Then, it slightly increases to 133 S cm™" at 850 K. In
the direction parallel to the SPS pressure, the same temperature
dependence was observed, but the values are lowered by nearly
one-third. Hall measurements at room temperature for a
CdSnBi,Seg pristine sample reflect a carrier concentration of
2.85x 10" cm™ and an electron mobility of 32.9 cm* V™' s7%

The Seebeck coeflicients of CdPbBi,Seg and CdSnBi,Seq
show negligible anisotropy, Figure 8b. At 320 K, the Seebeck
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SPS pressure direction, respectively. Sn-Per. and Sn-Per. denote the properties of CdSnBi,Se; measured perpendicular and parallel to the SPS

pressure direction, respectively.

value of CdPbBi,Se is about —127 xV K™, indicating n-type
conduction, and reaches —254 xV K™' at 850 K. The Seebeck
coeflicient of CdSnBi,Seg has the same temperature depend-
ence as CdPbBi,Seg. Along the measurement direction
perpendicular to the SPS pressure, CdSnBi,Seg shows Seebeck
coefficient values of —107 ¢V K" at 320 K and —150 4V K™ at
850 K. The Seebeck coefficient of CdSnBi,Seg is —83 uV K™ at
320 K along the measurement direction parallel to the SPS
pressure. The high-temperature Seebeck coefficients are equal
along two directions.

The power factors (PF = S%¢) as a function of temperature
are shown in Figure 8c. Power factor values of 2.9 yW cm™
K2 and 3.0 yW cm™' K* were obtained for CdPbBi,Se; and
CdSnBi,Seg at 850 K, respectively. These values are comparable
to that of CsAg,Te; (~3.9 yW cm™' K2 at 727 K)* and
higher than that of undoped AgBi,Ss (~1.5 gW cm™ K2 at
750 K).*!

Similar to electrical conductivity, the thermal conductivity
also has very strong directional dependence. The thermal
conductivity of CdPbBi,Se; decreases with increasing temper-
ature. Along the direction perpendicular to the SPS pressure,
the highest value of 0.64 W m™' K™! was observed at 320 K,
and between 710 and 850 K it reaches the minimum of ~0.44
W m™' K. The thermal conductivity along the direction
parallel to the SPS pressure is even lower with values of 0.45 W
m~' K™' 320 K and 0.32 W m™" K™ at 850 K. These values are
comparable with those of SnSe.”® The thermal conductivity is
also comparable to that of AgBi;Ss which exhibits ~0.6 W m™
K™ at room temperature and 0.45 W m™" K™' at ~700 K.*' For
CdSnBi,Seg, along the direction perpendicular to the SPS
pressure, the thermal conductivity is 0.69 W m™" K" at 320 K.
It decreases with rising temperature with the lowest value of
0.58 W m™' K™' at 620 K. Along the direction parallel to
pressure, it lowers to 0.57 Wm™ K™' at 320 K and 0.47 W m™"
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K™ at 620 K. The lattice thermal conductivities of both
CdPbBi,Seg and CdSnBi,Se; were calculated using the
Wiedemann—Franz relation, Figure 8e, and the relationship
between Lorenz number and temperature is given in Figure S8.
In the direction perpendicular with the SPS pressure,
CdPbBi,Seg has the highest kj,, value of 0.59 W m™" K™ at
320 K, and it decreases with rising temperatures with the lowest
value of 0.37 W m™" K™' at 850 K. In the direction parallel to
the pressure the ki, is even lower with 0.43 W m™ K™! at 320
K and decreases with rising temperature, achieving the lowest
value of 0.27 W m™" K™! at 850 K. CdSnBi,Seg possesses a ki
of 0.60 W m™ K™' at 320 K and 0.44 W m™' K™' at 850 K
along the direction perpendicular to the SPS pressure.
Comparably, along the direction parallel to the SPS pressure
Kipe of 0.51 Wm™ K™! and 0.44 W m™" K™! at 320 and 850 K
were obtained, respectively. For both CdPbBi,Se; and
CdSnBi,Seg, ki, values measured in the direction parallel to
the SPS pressure are lower than that in the direction
perpendicular to the SPS pressure. The negative temperature
dependence of ki, for both CdPbBi,Seg and CdSnBi,Seg is due
to the enhanced Umklapp phonon scattering with increasing
temperature. Thus, the k,, decreases with rising temperature,
and this trend is also observed in doped PbTe* and SnSe.”””

On the basis of the above measured transport properties, the
ZT values of CdPbBi,Seg and CdSnBi,Se; were calculated,
Figure 8f. The ZT values for CdPbBi,Se; and CdSnBi,Se; are
almost unaffected by the measuring directions. The highest ZT
values of 0.63 and 0.40 were obtained for CdPbBi,Seg and
CdSnBi,Seg at 850 K, respectively. These values are higher than
that for pristine AgBi;Ss which has the highest ZT value of
~0.22 at 750 K. The highest ZT value of CdPbBi,Se is slightly
lower than the maximum ZT value of pristine PbTe which was
reported between 0.8 and 1.0 at approximately 650 K and 0.8
at 700 K.** Our results suggest that both CdPbBi,Seg and
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Figure 9. (a) Phonon and (b) Griineisen dispersions for CdSnBi,Seg. (c) The projected phonon density of states for CdSnBi,Seg. (d) The
temperature dependent lattice thermal conductivities of CdSnBi,Seg, calculated by the Debye—Callaway model.

CdSnBi,Seg are good candidate materials for enhancement of
ZT via doping, band gap engineering, and nanostructuring.
Figure S6 shows that by doping 0.2% Br (with 0.1% PbBr,) the
conductivity of CdPbBi,Seg can be boosted from 78 to 161 S
cm™ at 320 K but the Seebeck lowered due to the increased
carrier concentration. The carrier concentration of the 0.2% Br
doped CdPbBi,Seg sample was 5.06 X 10" cm™ at RT and the
electron mobility ~20 cm* V™' s7'. Finally, the power factor
increased from 2.9 to 3.4 yW cm™' K™* at 850 K. This doping
experiment demonstrates that further improvements of ZT
values are expected via systematic doping studies to control the
concentration of carriers.

In order to obtain further insight into the origin of the low
lattice thermal conductivity of CdSnBi,Seg we carried out
phonon dispersion and Griineisen dispersion calculations,
Figure 9ab. To quantitatively evaluate the anharmonicity
along these directions, we plot the dispersion of the Griineisen
parameters of acoustic modes in CdSnBi,Seg, Figure 9b. We
further calculated the average Griineisen parameter (y) of each
acoustic dispersion. The average acoustic Griineisen parameters
are, respectively, ypa = 1.82, yrp = 2.1, 714 = 1.45. These values
are smaller than the average Griineisen parameters of SnSe y =
4.1, a remarkable material that demonstrates a strong
anharmonicity and possesses ultralow lattice thermal con-
ductivity.”** On the basis of the phonon dispersions and
Griineisen parameters, we calculated the lattice thermal
conductivities of CdSnBi,Seg, as shown in Figure 9d. The
calculated value is about 1.3 W m™ K™™' at 300 K, which is
somewhat larger than the measurements of lattice thermal
conductivity around 0.58 W m™ K™, This is reasonable since
the extra phonon scattering induced by Cd, Sn, and Bi
disordering (mixed occupied sites in the structure) is not
considered in our calculations. In Figure 9c¢, the projected
phonon density of states indicates that the low-frequency
modes are mainly contributed from Bi atom vibrations similar

to those discussed in AgBi;Ss.”"

8501

B CONCLUDING REMARKS

We report two new isostructural pavonites CdPbBi,Se; and
CdSnBi,Seg, which form as doped n-type semiconductors. The
compounds are robust and have good thermal and mechanical
stabilities. DFT calculations indicate that they are indirect band
gap semiconductors. The complex composition and the
anisotropic structure of these materials yield an extremely low
thermal conductivity of <0.69 W m™ K~!. CdPbBi,Se; and
CdSnBi,Seg pristine samples show maximum ZT values of
~0.63 and ~0.40 at 850 K, respectively. The pavonite
chalcogenides may represent a new promising family for
thermoelectric candidate materials.
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