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29 Abstract

30 In this work, the thermoelectric properties of p-type layered chalcostibite CuSb;-xPbxSe:
g; (x = 0—0.10) compounds prepared by vacuum melting reaction and uniaxial hot press, have
gi been studied in the temperature range of 323—623 K. Further, aliovalent Pb** doping at Sb*
35 site in CuSbSe; notably increases the hole concentration due to its acceptor nature and thereby
36 . .. . .

37 enhances the electrical conductivity, ¢. Importantly, a huge reduction in total thermal
gg conductivity, Kl has been noticed, from ~1.7 W/m.K (pristine CuSbSe;) to ~0.72 W/m.K at
40 323 K for CuSbo.90Pbo.10Se2 owing to increased phonon scattering from the introduced point
41

42 defects and mass-difference between Pb and Sb. As a result, the thermoelectric figure of merit,
ji ZT has been enhanced to ~0.27 at 623 K for the composition of CuSbo.9oPbo.10Se2, which is
22 three-fold higher than that of the undoped CuSbSe: and the hardness value achieved to be
47 ~125.54 Hv, which is significantly higher than the most of the state-of-the-art materials,
48

49 reflecting to be an efficient thermoelectric material for intermediate temperature.

50
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53

54 figure of merit (zT)

55

56

57

58

59

60

ACS Paragon Plus Environment


mailto:sureshp4@srmist.edu.in
Bhuvanesh Srinivasan
For Public Release


oNOYTULT D WN =

ACS Applied Energy Materials

1. Introduction

The increase in global energy needs and environmental pollution demands urgent
requirement for alternative energy generation technologies. Recently, thermoelectric (TE)
technology has gained more attention due to its role as a power generator that utilizes waste
heat to generate electricity without involving any moving parts and with no release of toxic
gases. However, this green energy technology is still constricted due to the low heat-to-
electricity conversion efficiency (nre), which is determined by the dimensionless figure of
merit, zT of an individual p-and n-type TE material.! In general, the nre of TE devices has a
linear relationship with the dimensionless figure of merit, given by the relation, zT =
S%6T/(KeletKatr), Where o, S, T, kel and ki are the electrical conductivity, the Seebeck
coefficient, the absolute temperature and the electronic and lattice thermal conductivity,
respectively. Moreover, improving the zT would increase the nte, which is very challenging as
TE parameters (o, S, and ) are interdependent in nature. In this regard, many distinct strategies,
such as resonant state formation,? sub-bands convergence,’ minority energy filtering,* nano-
structuring,® phonon scattering by nano/meso precipitates,® grain boundary engineering,”® and
so on, have been employed in order to decouple the electronic and thermal transport and for
designing high-performance TE materials. Unfortunately, most state-of-the-art TE materials,
such as BirxTes,” PbTe,!° GeTe,!! and SnSe ! are relatively toxic and consist of expensive
constituent elements, even though they exhibit a notably large thermoelectric performance and,
thereby, conversion efficiency. Hence, the necessity of low-cost and eco-friendly TE material

with good structural, thermal, and mechanical property remains challenging in TE research.

In this context, the layered and quasi-layered materials belong to a class that possesses
electron conduction (EC), and electron insulating (£7) units that have shown an intrinsically
low thermal conductivity. For instance, materials belonging to such category, especially, SnSe,'?
BirTes,'* InaSes,' GeSe,'® CuaCdSnSes.!” and BiCuSeO.!® are well-known for their superior
thermoelectric performance. Additionally, the n- and p-type eco-friendly and cost-effective I-
I11-VI, class of materials, such as CuFeS,'*?* and CuFeSe,,?! have shown great attention due to
their considerably high thermoelectric performance. Alternatively, these kinds of materials have
led to the discovery of multicomponent materials for exploring their thermoelectric
performance. In this context, among [-V-VI, group compounds, p-type chalcostibite CuSbSe,
has recently gained more attention due to its low-cost, earth-abundant elements and a 2D
layered honeycomb structure, which crystallizes into an orthorhombic structure (space group:

Pnma), as seen in Figure 1(a).** Additionally, a six-membered ring of SboCuSes and SbCu»Se;3
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leads to a lower thermal conductivity due to the van der Waals gap (VDW) between CuSbSe»
layers. Pristine CuSbSe; exhibits a direct bandgap, E, of 1.05 eV, low carrier concentration (n
= ~10"8/cm?), high Seebeck coefficient of 535 pV/K at 625 K, and low thermal conductivity, k
of ~ 0.38 W/m.K at 625 K,?* with electrical conductivity, c ~400 S/m at 300 K,?* >* making it
to be a suitable material for intermediate-temperature thermoelectric applications. Further, the
apparent reason for such a high Seebeck coefficient is attributed to the presence of flat valence
bands closer to the Fermi level (Er) and degenerate at Z point (0, 0, %2), which leads to high
effective mass m"=2.05my, confirmed by the first principle DFT calculation.?® Despite the fact
being a cost-effective TE material, a lack of detailed study inhibits the ascension of its
performance. Earlier work on the low-temperature study of CuSbSe; by aliovalent doping
prepared by the vacuum melting method resulted in an enhanced zT of 0.0041 at 300 K for
CuTi0.02Sbo.9sSe>, due to an increase in electrical conductivity and a decrease in thermal
conductivity.”® Further, mechanical alloying of CuSbSe; has resulted in a zT ~ 0.41 at 623 K
due to the obtained large Seebeck coefficient (~400 uV/K) and very low thermal conductivity
(~ 0.37 W/mK).?” Nano-composite of CuSbSe>-2mol.%PtTe, synthesized by wet chemical
process has shown the maximum zT of ~0.5 at 673 K.?® Moreover, StOCuSbSe; prepared by
the traditional melting salt method has seen to persist the highest zT of 0.22 at 850 K due to a
high Seebeck coefficient of ~500 uV/K at 800 K and lower lattice thermal conductivity through
Sb lone pair electrons and EI unit of SrO layer intercalation.?? Further, Cd** doping at Sb** site
has also exhibited a notably high zT of ~0.55 at 675 K for CuSbo.9sCdo.02Se2, owing to an
increased carrier concentration of ~3 x 10'® /cm? and thereby enhanced electrical conductivity
of ~344 S/m with lower thermal conductivity of 0.76 W/mK at 300 K through enhanced phonon
scattering.?* The creation of Sb vacancies in CuSbSes has recently improved the thermoelectric
performance via an increase in hole concentration (24.1 x 10'® /cm®) and reduced thermal
conductivity, heading to the maximum zT of 0.50 at 673 K.?* In this context, in CuSbSe, the
VDW gaps induced low thermal conductivity (k), and the inherent high Seebeck coefficient (S)
can be utilized to achieve high thermoelectric performance only if the carrier concentration is

optimized by the suitable dopants.

Herein, we have successfully synthesized CuSb;-xPbxSe:; (x = 0 — 0.10) samples using
vacuum melting followed by induction-assisted uni-axial hotpress. Powder X-ray diffraction
(P-XRD) pattern and high-resolution scanning electron microscope (HR-SEM) confirm the
phase purity and microstructures with the elemental composition of as-synthesized

CuSbi-xPbxSe> compounds, respectively. Moreover, as Pb concentration increases, the bandgap
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is reduced from ~1.04 eV (pristine CuSbSez) to ~0.84 eV for the composition of
CuSbo.ooPbo.10Se2, where Pb** at Sb®" site acts as an acceptor and increases the carrier
concentration to 16.7 x 10'® /cm® and thereby the electrical conductivity. Further, the electronic
states of Cu'*, Sb>*, Pb?*, and Se* in CuSb;—xPbxSe> were confirmed through XPS analysis. In
addition, an enhanced phonon scattering from the combination of mass-fluctuation and point
defects leads to the ultra-low thermal conductivity of ~0.72 W/mK at 323 K for
CuSbo.90Pbo.10Se>. Overall, the maximum figure of merit, zT of ~0.27 at 623 K is achieved for
the composition of CuSbo.9oPbo.10Se2, which is in fact 3 times higher than that of the pristine
CuSbSe:.

2. Experimental details

Sample Preparation: Polycrystalline CuSb;xPbxSe> (x = 0.00, 0.02, 0.05, and 0.10)
samples were prepared by weighing with respective stoichiometry using high pure elements of
Cu (shots, 99.999%, Alfa Aesar), Sb (shots, 99.999%, Alfa Aesar) and Pb (shots, 99.9999%,
Alfa Aesar) and Se (shots,99.99%, Alfa Aesar) and then transferred to quartz ampoule and
sealed them under a vacuum level of 10~ mbar. The sealed ampoules were slowly heated up to
1073 K in 10 h, soaked for 10 h, and then slowly cooled down to room temperature in 10 h
using a programmable furnace. The ingots thus obtained were pulverized to powders and then
compacted to the bulk pellet with the help of induction hot-press at a temperature of 653 K
under a pressure of 45 MPa. The pellets were directly used for thermal conductivity
measurements and were then cut into rectangular bars for the electrical conductivity and

Seebeck coefficient measurements.

Material Characterization: The phase structure and solid solubility of CuShi.xPbxSe2 (x= 0-
0.10) samples were analyzed using powder X-ray diffraction (XRD), BRUKER USA D8
Advance, Davinci with a Cu-Ka radiation in the wavelength, A = 1.5406 A. Further, the lattice
parameters were calculated by the profile fitting from Rietveld refinement using GSAS-II
software. Further, Raman vibrational spectra of all the samples were recorded using micro-
Raman spectrometer, HORIBA LABRAM HR Evolution excited with a 633 nm laser at room
temperature equipped with an auto-cooled CCD detector. The sample’s room temperature
optical bandgap was obtained from the diffused reflectance measurement using a SHIMADZU,
UV 3600 PLUS instrument recorded from 200 to 1800 cm™ with 2 cm™ resolutions. Further, the
Kubelka-Munk equation: o/A=(1—R)%(2R) was used to calculate the absorption (a/A) from the

reflectance data, where R is the reflectance, o and A are the absorption and scattering
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coefficient, respectively.

The microstructures with back-scattered electron (BSE) mode, phase composition, and
fracture morphology in CuSh:«PbxSe, (x = 0 and 0.10) samples were clearly examined using
the high-resolution scanning electron microscopy (HR-SEM) equipped with EDS using Thermo
scientific Apreo S, USA. In addition, X-ray photoelectron spectroscopy (XPS) analyses were
carried out to evaluate the existence of elements and the oxidation states of Cu, Sh, Pb, and Se
in CuSh1.xPbyxSez with Shimadzu ESCA-3400 (Kyoto, Japan) using monochromatic Mg-Ka
source (1253.6 eV) operating at 10 kV and 10 mA.

Thermoelectric measurements: The room temperature Hall measurements were taken with
van der Pauw geometry using the HMS 5300 Hall System. The electrical conductivity (c) and
Seebeck coefficient (S) were measured simultaneously under a partial He atmosphere in the
temperature range of 323-623 K using a ULVAC-RIKO ZEM-3 instrument system and the
rectangular bar-shaped samples with dimensions of ~2 x ~2 x ~8 mm?® were used for the
measurements.

The thermal diffusivity (D) of all samples in the 323-623 K temperature range was directly
measured using the laser flash analyzer (LFA), Netzsch LFA 457. Further, the total thermal
conductivity (ktwota) Was calculated using the relation «wta = DCpd, Where D is the thermal
diffusivity (mm?s), C, is the specific heat capacity (J/g/K), and d is the density of the samples.
The coin-shaped samples with ~10 mm diameter and ~2 mm thickness were used in all of the
measurements. Here, the temperature-dependent specific heat capacity (Cp) was derived from
LFA measurement, where pyroceram was used as a reference material, which coincides well
with the Dulong-Petit Cp value. The Archimedes method was used to measure the sample’s
density, where all the samples showed above 92 + 2% of X-ray theoretical density. Moreover,
the measurements uncertainties of electrical conductivity, Seebeck coefficient, and thermal
conductivity are + 2 %, + 3 %, and £ 5 %, respectively.

Hardness measurement: The hardness of CuSbixPbxSe; (x= 0 and 0.10) samples were
examined by performing a nano-indentation experiment using the Nios Scanning Nanohardness
tester. Here, a load of 80 mN was applied to the samples with a loading and unloading time of

5 s for a holding time of 2 s. The hardness of the material is calculated from the relation, H =

P . . . . .
% , where P 1s the maximum load applied, and A. is the contact area at maximum load.
c
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3. Results and Discussion:

The powder X-ray diffraction patterns of as-synthesized CuSb;xPbxSe> (x = 0-0.10)
samples are shown in Figure 1(b). The Bragg’s peak with high intensity is observed at the angle,
20 of 28.73° for all the samples, corresponding to the plane of (013). All the patterns of CuSb;.
xPbxSe> can be indexed with an orthorhombic crystal structure with a space group of Pnma and
matched well with the ICSD no: 418754. Further, as Pb concentration increases, Bragg’s peaks
shift towards the lower angle side due to the higher atomic radius of Pb (#(Pb) = 1.75 A) than
that of Sb (#(Sh) = 1.59 A), which follows Vegard’s law for the solid solubility of Pb at Sb site
in CuSbSe;. The profile fitting of Rietveld refinement was done to obtain the lattice parameters
(refer Figure S1 (a), (b), and (c), Supporting Information). As Pb content increases, the lattice
parameter of all the samples increases, as shown in Table 1. Particularly, the lattice parameters
were calculated as a = 6.2965(2) A, b=3.9755(3) A, and ¢ = 14.9675(5) A for pristine CuSbSe»
which increases to a = 6.30729(7) A, b=3.9863(2) A, and ¢ = 15.0119(4) A for the composition
of CuSbo.90Pbo.10Se2. Moreover, the presence of small content of Cu3SbSes; was also seen as a
secondary phase upon Pb doping in CuSbSe», as denoted in Figure 1(b). Further, the phase
content of Cu3SbSes in as-synthesized 10 mol.% of Pb doped CuSbSe, powders has been
calculated as the weight fraction of ~9.1 from the Rietveld refinement, refer Figure S1(b),

Supporting Information.

Figure 1(c) presents the Raman vibration spectra of CuSh1.xPbxSe2 (x = 0-0.10) samples
in the range of 100-600 cm™. The vibration mode with high intensity is seen around 211 cm™
and other vibration modes are observed at 140 cm™, 186 cm™, 251 cm™, and 449 cm for all
the samples. The representation of vibration modes in CuShSe; are given as,?>?

M = 8Aq + 4A, + 4B1g + 8B1y + 8Bog + 4Bay + 4B3g + 8Bay

The Raman active modes are Ag, Big, B2y, and Bsg, where the high intense peak at 211 cm™
corresponds to the Ag mode of the CuSbhSez phase, which is singly degenerate with symmetry
about the inversion center. At the same time, the peak at 140 cm™ corresponds to Bsg mode.
Further, peaks appear at 186 cm™ and 251 cm™ can be assigned to binary Sb.Ses or ternary
CusSbSes, which can be attributed to secondary phase modes as it is very difficult to distinguish
the vibrations between those two phases. 3 The vibration mode around 259 cm, a characteristic
mode of Cu-Se, has not been observed. Moreover, from the Raman spectra, the vibration mode
at 186 cm* corresponds to CuzShSes as the secondary phase,® supporting the XRD pattern.

Figure 1(d) illustrates the optical absorption spectra of CuShixPbxSe2 (x = 0-0.10)
samples in the energy range of 0.8-2.0 eV, depicted as o/A vs. Eq (eV) using Kubelka-Munk
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relation. The direct optical bandgap of pure CuSbSe> is measured as 1.04 eV, which agrees well
with the previous reports. 2343 Typically, the partial density of the states of CuSbSe; from the
first-principle studies reveals that Cu-3d and Se-4p orbitals form at the top of the valence bands
and Sb-5p and Se-4p orbitals lie at the bottom of the conduction bands, wherein the conduction
band possesses Sh-5p driven p-orbital character.?®?” As the aliovalent dopant of Pb?* content
increases at Sh®* site, confirmed from XPS (discussed in later section) in CuShSe, the obtained
optical bandgap is noticed to reduce significantly. Particularly, the bandgap is decreased from
~1.04 eV (pristine CuShSe>) to ~0.84 eV for the composition of CuSho g0Pbo.10Se2. This notable
reduction in the bandgap is due to the formation of Pb states above the valence band in CuSbhSe;
upon increase in Pb content as the electronegativity of Pb (yp» ~2.33 in Pauling scale) is lesser
than Se (yse ~2.55) and higher than that of Sb (ys»b ~2.05). Moreover, the aliovalent dopant of
Pb-induced impurity states above the valence band causes the reduction in the bandgap of
CuSbhSe,, which is majorly responsible for the increase in carrier concentration (np) and,

thereby, electrical conductivity.

Backscattered electron (BSE) micrographs and EDS spectra are recorded using HR-
SEM to examine the phase homogeneity throughout the sample, and elemental compositions,
respectively. Figure 2(a-f) and Figure 2(g-1) depict the BSE micrographs with EDX spectra of
individual elements for CuSbi«PbxSe> (x = 0 and 0.10) samples. Particularly, Figure 2(a)
illustrates the BSE micrograph of the polished surface of pure CuSbSe; with no notable trace
of secondary phases, and Figure 2(b)-(d) depicts the elemental mapping of Cu, Sb, and Se,
respectively, where chemical homogeneity and existence of elements was clearly
distinguishable. A region EDS spectrum of pristine CuSbSe, reveals the stoichiometric
composition to be in the ratio of 1:1.06:1.92, as presented in Figure 2(e). Moreover, relative
compaction of grains in CuSbSe; without voids are precisely seen in the fractured micrograph,
refer Figure 2(f). Similarly, Figure 2(g) illustrates the BSE micrograph of CuSbo.9oPbo.10Se> and
Figure 2(h)-(k) represents the EDS elemental mapping of Cu, Sb, Se, and Pb, respectively. The
EDS spectra evidences the presence of Pb in CuSboooPbo.10Se2 sample (refer Figure S2,
Supporting Information), and the stoichiometric composition ratio was observed to be
1:0.91:0.095:1.75 for the corresponding elements of Cu, Sb, Pb, and Se, respectively. Moreover,
the elemental composition of CuSbSe; and CuSbo.9oPbo.10Se> measured from EDS is listed in
Table S1, Supporting Information. Additionally, the grains in sintered pellet are densely packed
without noticeable voids, which is observed from the fractured surface of CuSbo.90Pbo.10Sez, as

seen in Figure 2(1), confirming that pellets are effectively compacted.
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Figure 3 presents the survey, and core spectra of CuSbi.xPbxSez (x = 0 and 0.10) samples using
X-ray photoelectron spectroscopy (XPS), where the existence of elements and oxidation states
of Cu, Sb, Pb, and Se were examined. Figure 3(a) depicts the survey spectrum of CuSbSe,,
which confirms the presence of Cu, Sb, and Se, whereas the survey spectrum of
CuSbo.9oPbo.10Se2, see Figure 3(b) evidences the existence of doped Pb. Moreover, the Cu-2p
core spectra is presented in Figure 3(c), where the 2p3/2 and 2p12 peaks are positioned at 932 eV
and 952 eV, respectively, with spin-orbit splitting (SOS) of 20 eV in CuSbSe», whereas the
peaks are observed at 932.6 eV and 952.6 eV with SOS of 20 eV in CuSbo.9oPbo.10Se>,
confirming that Cu possesses an oxidation state of +1 in both the samples, consistent with the
literature.*® Similarly, the core level spectrum of Sb is shown in Figure 3(d), where the peaks
of 3ds» and 3ds/; are obtained at binding energies of 531 eV and 540 eV with SOS of 9 eV for
CuSbo.90Pbo.10Se2, matching with literature.>” The Se core spectrum is presented in Figure 3(e),
wherein the peaks are seen at the binding energies of 53.8 eV and 55.08 eV with SOS of 1.28
eV in CuSbSe> and peaks at 53.7 eV and 54.9 eV with SOS of 1.2 eV, in CuSbo.90Pbo.10Se>,
ascribed to the existence of Se* ions in the CuSb;.xPbxSez (x = 0 and 0.10) samples.*® Moreover,
the presence of doped Pb in the CuSbo.9oPbo.10Se> was rechecked with the core spectrum of Pb
spectra, as presented in Figure 3(f), which depicts that the peaks occur at binding energies of
138.4 eV and 143.3 eV with SOS of 3.9 eV, confirming the +2 oxidation state of Pb, in
correlation with literature.®® It is noteworthy that aliovalent Pb?* replaces Sb®" ions and
performs as an acceptor, which increases the hole concentration, n,, and is responsible for the

bandgap reduction, coincident with optical bandgap measurement (refer to Figure 1(c)).

4. Thermoelectric properties

Figure 4(a) presents the temperature-dependent electrical conductivity (o) of CuSh;.
xPbxSe2 (x = 0-0.10) samples in the temperature range of 323-623 K. The o of all the samples
decreases with an increase in temperature, which dictates the heavily doped semiconductor
behavior. Typically, the o of pristine CuSbSe2 is 243 S/m at room temperature, which
decreases to 233 S/m at 573 K. As Pb content increases in CuSbSez, the ¢ gets increased
throughout the measured temperature range. To be specific, the o starts increasing at 323 K
as ~243 S/m, 895 S/m, 1600 S/m, and 1876 S/m for the compositions of CuShSe,
CuSho.98Pbo.02Se2, CuSho.gsPbo.osSe2, and CuSho.goPbo.10Se2, respectively. Moreover, the o
value decreases from 1876 S/m at 323 K to 1426 S/m at 623 K for the composition of
CuSho.90Pho.10Se2. Overall, a maximum electrical conductivity value is observed for 10 mol.%
Pb doped CuSbSe,. To understand the o of CuSb1xPbxSe, (x= 0-0.10) samples, the room-
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temperature Hall measurement (See Figure S1(d), Supporting Information) has been
performed at room temperature with a constant magnetic field of 0.5 T. The measured carrier
concentration, n, of CuShSe; is ~1.12 x 10 /cm3at 300 K which increases upon Pb doping
as ~2.23 x 10 /cm?3, ~5.86 x 108 /cm?® and ~16.7x108 /cm?® for the respective compositions
of CuSho.9sPbo.02Se2, CuSho.g5Pbo.0sSe2, and CuSho.goPbo.10Se, (listed in the Table 2). Itis clear
that as Pb content increases, the n, values of all the samples increases, which is mainly
responsible for the obtained enhancement in the . This rise in np is due to doping of Pb?* at
the Sb3* site of CuSbSe; that behaves as an acceptor and generates more holes. Further, the
hole motilities (un) were calculated at 300 K for CuSh1.xPbxSez (x= 0-0.10) samples, which
are 161 cm?V1is?t 30.4 cm?Vvis? 256 cm?Vvist and 14 cm?Vis?, respectively. It is
noteworthy that the px significantly reduces as Pb content increases and is relatively higher
for pristine CuSbhSe; than Pb-doped samples (See Figure S1(d), Supporting Information) due
to alloying effect.

The temperature-dependent Seebeck coefficient, S of CuSbi.xPbxSe; (x = 0-0.10)
samples in the temperature range of 323-623 K are presented in Figure 4(b). The positive
value of S for all the samples in the measured temperature range confirms the p-type
conduction in the system, suggesting that the holes play an essential role for thermoelectric
transport rather than electrons. The S of CuSbSe; is ~451 pV/K at 323 K, and it increases to
~477 uV/K at 623 K. However, the S of CuSbixPbxSe2 samples is subsequently decreased
due to the significant increase in carrier concentration. Particularly, the S of CuSbSe; is ~451
MV/K at 323 K which reduces to ~394 pV/K, ~326 pV/K and ~256 pV/K for the compositions
of CuSho.9sPbo.02Se2, CuSho.g5Pbo.osSe2, and CuSho.goPbo.10Se2, respectively. Moreover, the
sample of CuSho.gsPbo.10Se2 exhibits the S of ~256 pV/K, which increases with temperature
and reaches the maximum value of ~331 pV/K at 623 K.

The temperature-dependent power factor (S%s) of CuSbixPbxSez (x= 0-0.10) samples
are presented in Figure 4(c). The room temperature S%c of pure CuSbSe: is ~0.049 mW/mK?,
which rises to a maximum of ~0.08 mW/mK? at 623 K. Particularly, the maximum S?c value
is observed for the 5 mol.% Pb doped CuSbSe, sample as ~0.170 mW/mK? at 323 K rises to
a maximum value of ~0.185 mW/mK? at 623 K. Figure 4(d) presents the comparison plot of
S% and © as a bar diagram with the previous report, where the sample of CuSho goPbo.10Se2
shows notably large value, about 54% higher than that of previous reports 2224 2 and electrical
conductivity, o is significantly higher than the earlier reports.?? 24 28

The total thermal conductivity, kit Of CuSbixPbxSe, (x = 0-0.10) samples was
estimated in the temperature range of 323-623 K, as seen in Figure 5(a), using the relation,
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ktotal = P.Cp.D, where D is the thermal diffusivity, C; is the specific heat capacity, and p is the
density of the sample. The «iotal OF all the samples decreases with a rise in temperature, as seen
in typical solids. At 323 K, pristine CuShSe: possesses the «iotar Of ~1.69 W/mK, and it starts
decreasing with rise in temperature and attains the minimum value of ~0.55 W/mK at 623 K.
As Pb concentration increases in CuSbSe», the «wtal 1S considerably reduced around room
temperature and follows the measured temperature region overall. Particularly, the «tota Of
CuShSe; is ~1.69 W/mK and it substantially reduces to ~1.07 W/mK, ~0.9 W/mK, and ~0.72
W/m.K for the compositions of CuSho.esPbo.02Se2, CuSho.esPbo.osSe2, and CuSho.soPbo.10Se2,
respectively. This significant reduction upon doping of Pb in CuShSe; is due to mass-
fluctuation and point defects driven phonons scattering, discussed in the later section.
Moreover, a minimum kit Of ~0.72 W/mK at 323 K is observed for the composition of
CuSho.g0Pbo.10Se2, which further reduces with increase in temperature and reaches to ~0.36
W/mK at 623 K.

The electronic thermal conductivity, kel was calculated and displayed in the Figure 5(b).
The kel of all the samples were calculated using the Wiedemann-Franz law, xel = -L-T, where
L represents the Lorentz number (L = 2.44 x 108 WQ/K? for degenerate semiconductors and
metals), and it is calculated from the temperature-dependent experimental Seebeck co-
efficient data (S vs. T) by estimating the reduced chemical potential using an SPB model from

the following equation,3%-4*

L= (%3)2 . {3Fo(n)F;0(3)—24Fl<n>2} D)

where kg, n and e represent the Boltzmann constant, the reduced chemical potential, and the
charge of an electron, respectively. The L values were found as 1.50 x 10®° WQ/K?, 1.51 x 108
WOQ/K?, 1.53 x 10 WCQ/K?, and 1.56 x 10 WQ/K? for CuSb;«PbxSe> samples (x = 0.0, 0.2,
0.5, and 0.10), respectively. The xei of CuSbi«PbxSe> (x = 0-0.10) samples is notably low when
compared to the kiwl. Moreover, the kel of CuSbSe; starts increasing upon rise in Pb content
due to an increase in hole concentration, and it rises with an increase in temperature.
Particularly, the x. of CuSbSe; is ~0.001 W/mK at 323 K which increases as 0.003 W/mK,
0.006 W/mK and 0.009 W/mK for the composition of CuSbo.9sPbo.02Se2, CuSbo.osPbo.osSe2, and
CuSbo.90Pbo.10Se2, respectively.

The Ilattice thermal conductivity, kiatx of CuSbixPbxSe> (x = 0-0.10) samples was
obtained by subtracting the kel, from the kit and is plotted in Figure 5(c). The ki of CuSbSe>
follows the relation of i oc T showing the domination of the Umklapp (U) process.?*

Moreover, the xiax of all the samples decreases with an increase in temperature. Typically, the
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Kiatt Of CuSb1xPbxSez is ~1.69 W/mK at 323 K, and it reduces to ~0.59 W/mK at 623 K. Upon
Pb doping, the kiat of CuSbi-xPbxSe> is seen to reduce significantly due to mass-fluctuation and
point defects driven phonon scattering.?* Particularly, the kia of CuSbSe: is ~1.69 W/mK at 323
K and it considerably reduces as ~1.07 W/mK,~ 0.88 W/mK and ~0.71 W/mK for the
composition of CuSbo.gsPbo.02Se2, CuSbo.osPbo.osSez, and CuSbo.ooPbo.10Se2, respectively. It is
important to note that the composition of CuSbo.9oPbo.10Se2 exhibits the Kjar of ~0.71 W/mK at
323 K, that notably reduces to ~0.36 W/mK at 623 K, approaching the theoretically minimum
Klatt-

To unveil the underlying mechanism behind the huge reduction in the «iat, the Debye
model was adopted to calculate the ki« with the following relations,**#°

_ankiT3 Op ) z*exp (2)
Klatt - Vh3 fo TT [exp(z)—1]2 dZ c* (2)

where 6y, v, 1, and z are the Debye temperature, mean sound speed, total phonon relaxation
time, and the reduced phonon frequency. Based on the Matthiessen rule, one can express Tr

as,%6

_1:

Tr op Tyt y gt 1yt ...(3)

1

Where tpp 1,1y, Ty 15 andtp Tt are scattering relaxation times of point defects,

Umklapp-process, nano-inclusions, boundaries/interfaces, and dislocations. The probability of
phonon scattering for pure CuSbSe, with Umklapp scattering as the dominant mechanism 7,71

can be written as,

7y ! = Bw?T exp (— g—?) (4
In the relation, B is the factor of the Umklapp (U) process, and «i.x was calculated using
equations (2) and (4). Here, the U process is dominant for pristine CuSbSe», whereas, for Pb-
doped samples, the point defects play a vital role in the phonon scattering and reduce the Kias

significantly, where the fitted curves are indicated as dashed lines in Figure 5 (c).

The total scattering rate expression for CuSbixPbxSe> (x = 0-0.10) samples is given by,

1= 1tpp t+ 1457t = Aw* + Bw?T exp (— z—?) .. (%)
Where A is the simplified point defect parameter. Notably, the U+PD process contributes to the
reduction in thermal conductivity for CuSb;xPbxSe> (x = 0-0.10) samples (as seen in the Figure
5(c), indicating that the phonons are significantly scattered by the point defects generated by

doping of Pb** at Sb* site in CuSbSe> and by the mass difference between Pb and Sb with the

meso-scale scattering from CusSbSe; secondary phase.?* For this calculation, 6p and v were
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fixed as 56 K and 1786 ms™, respectively.?* 4’ The magnitudes of A and B were obtained via
the Debye approximation presented in Table 1.

Further, the theoretical minimum lattice thermal conductivity (kiat)min Of CuShSe; is
calculated from the following relation,

1(m

1

(<iae)min = (%) KV (2v, + ) ... (6)
Where V, w, and v are the unit cell volume, the transverse sound velocity, and longitudinal
sound velocity, respectively. Utilizing the sound velocity data of CuSbSe2,*” the minimum
lattice thermal conductivity (Kiatt)min IS eStimated as ~0.36 W/mK, see the dotted line in Figure
5(c). Importantly, the experimentally observed kmin Of CuSbo.90Pbo.10Se2 is ~0.36 W/mK, which
is indeed close to the calculated minimum «iat.

The temperature dependence of zT of CuSb;—xPbxSez (x = 0, 0.02, 0.05, and 0.10)
samples are shown in Figure 6(a). All the samples exhibit a similar increasing trend with an
increase in temperature. Typically, pure CuSbSe> exhibits the zT of 0.001 at 323 K, increasing
with temperature and reaching to ~0.09 at 623 K. Moreover, the zT of CuSbSe; increases upon
Pb doping in the measured temperature range of 323-623 K. Particularly, the zT increases as
0.09, 0.15, 0.17, and 0.27 at 623 K for the compositions of CuSbSe>, CuSbo.9sPbo.02Ses,
CuSbo.95Pbo.osSe2, and CuSbo.ooPbo.10Se2, respectively. To be specific, a maximum zT of 0.27 at
623 K is achieved for the CuSbg.90Pbo.10Se2, which is almost three-fold higher than that of pure
CuSbSe;. Further, this notable improvement in zT is due to an increase in the ¢ via acceptor
Pb-induced rise in hole concentration and a huge reduction in ks through increased phonon
scattering from mass-difference between Pb and Sb and the point defects.

Figure 6(b) compares the zT of CuSbSe, and CuSbo.ooPbo.10Se2 with the previously

22,23,24,27,28

reported CuSbSe;-based materials, where the composition of CuSbo.ooPbo.10Se2

shows higher values when compared to the reports, 222728

which can be further improved by
choice of suitable dopant to bring it as an efficient thermoelectric material for intermediate
temperature. The thermoelectric parameter of the carrier concentration (), electrical
conductivity (o), Seebeck coefficient (S), total thermal conductivity (kwta1), and thermoelectric

figure of merit (zT) of all the samples are summarized in Table 2.
6. Mechanical stability:

Apart from maximum zT, materials should exhibit high mechanical properties so as to

slice them for preparing TE devices. In this concern, the nano-indentation measurement was
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carried out on the pelletized CuSbi.xPbxSez (x= 0 and 0.10) samples to measure the hardness
values, as shown in Figure 7(a). As a result, the hardness of CuSbSe> is found to be ~73.9 Hyv,
consistent with previous reports,*-!

hardness value of 125.5 Hy, which is above ~70% higher than the pristine CuSbSe>. This

whereas the sample of CuSbg.ooPbo.10Se> exhibits the

increase in hardness upon Pb doping in CuSbSe: is due to strong bondings produced by the
heavier element of Pb with more orbitals and formed point defects.’! Figure 7(b) compares the
hardness of CuSbSe> and CuSbo.9oPbo.10Se> with the previously reported state-of-the-art

48-51

materials, where the composition of CuSbogoPbo.10Se> exhibits the higher value, that

provides an added advantage to the use of CuSbSe>-based materials as an efficient TE material.
5. Conclusion

Here, we have experimentally demonstrated the high thermoelectric performance of CuSb;.
«PbxSez (x= 0-0.10) samples prepared by vacuum melting and inductive-assisted hot-pressing.
Upon Pb doping in CuSbSe,, the electrical conductivity significantly increases due to the
acceptor-driven large hole concentration, whereas the Seebeck coefficient substantially
reduces. Notably, a huge reduction in the thermal conductivity (ki) Was observed due to
increased phonon scattering via mass-fluctuation between Pb and Sb, and point defects created
by Pb doping. As a result, a maximum thermoelectric figure of merit, ZT was achieved to be
~0.27 at 623 K for the composition of CuSbo.9oPbo.10Se2, which is three times higher than the
pristine CuSbSe:, justifying Pb doping as an efficient pathway to improve TE performance of
CuSbSe;. Additionally, a higher hardness value of ~125.54 Hv was obtained for
CuSbo.90Pbo.10Se2, which is two-fold higher than the undoped CuSbSe> and most of the state-
of-the-art TE materials, showcasing it to be a promising TE material and it can be further

improved upon suitable dopants and nano-structuring.
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Figure 1. (a) Layered crystal structure of pure CuSbSe,, (b) P-XRD patterns of CuSbixPbxSe>

(x = 0-0.10) powders, (c) Room temperature Raman spectra and (d) Optical absorption spectra

of CuSbixPbxSe> (x = 0-0.10) powders.
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Figure 2. (a) BSE micrograph of polished CuSbSe: pellet, (b), (c), and (d) elemental mapping of Cu,
Sb and Se, respectively. (e) and (f) are EDS spectra and fractograph of CuSbSe;, respectively. BSE
micrograph of polished CuSbg.90Pbo.10Se> pellet (g), elemental mapping of Cu, Sb, Pb, and Se, (h-k),
respectively, and BSE fractured surface of CuSbo.9oPbo.10Se: (1).
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Figure 3. (a) Survey spectra of pure CuSbSe», (b) Survey spectra of CuSbo.ooPbo.10Se2, (¢) Cu core

spectra, (d) Sb core spectra, (e) Se core spectra and (f) Pb core spectra of CuSbSe, and

CuSbo.90Pbo.10Ses.
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Figure 4. (a) Electrical conductivity (o), (b) Seebeck coefficient (S), and (c) Power factor (5°c)
of CuSb1xPbxSe> (x = 0-0.10) as a function of temperature and (d) Electrical conductivity (o)

and power factor (S’c) comparative bar chart with previous reports.?> 24 28
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Figure 5. (a) Total thermal conductivity (kotal), (b) Electronic thermal conductivity (kei.), and (¢)

Lattice thermal conductivity (kia) of CuSbi.xPbxSe> (x = 0-0.10) as a function of temperature.
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Figure 6. (a) Figure of merit, zZT of CuSbi«PbxSe> (x=0-0.10) as a function of temperature and

(b) Comparison plot of zTmayx in the temperature range of 323-623 K with previous reports.?* 2>
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Figure 7. (a) The load vs. displacement curve for CuSbSe, and CuSbo.9oPbo.10Se»; elastic modulus
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comparison with the state-of-the-art TE materials
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Table 1 provides density (d), the relative density (Ry), lattice parameters, lattice thermal conductivity

scattering parameters (calculated with (6p= 56 K))- A (Umklapp) and B (point defect) of CuSb;.

bexseZ

CuSbSe>

CuSho.g8Pbo.02Sez

CuSho.g5Pbo.05Se2

CuSho.g0Pbo.10Se2

5.45
(92.6%)

5.43
(92.3%)

5.56
(94.5%)

5.49
(93.3%)

6.2965(2)

6.2971(4)

6.3039(1)

6.3073(7)

3.9755(3)

3.9801(2)

3.9837(5)

3.9863(2)

14.9675(5)

14.9808(2)

14.9959(2)

15.0119(4)

3.88

5.64

7.14

2.59

Table 2 summarizes the carrier concentration (7,), electrical conductivity (o), Seebeck coefficient (),
total thermal conductivity (kota1), and thermoelectric figure of merit (zT) of CuSbi—xPbxSe> (x = 0.00,
0.02, 0.05, and 0.10) samples.

CuSbSe>

CuSbyg.9sPbo.02Se:

CuSbyg.95Pbo.0sSe:

CuSbo.90Pbo.10Se>

1.12

478

425

384

331

354

770

1029

1426

0.09
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