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ABSTRACT: Cu,SnS; (CTS) is a medium-temperature, ecofriendly, p-type thermoelectric
material known for phonon-glass-electron-crystal characteristic. In the present work, ordered
and disordered CTS samples were prepared from elemental powders, and their electronic and
vibrational properties were systematically investigated by experimental methods and ab initio
calculations. The disordered CTS polymorph presents a higher power factor, PF ~ 1.5 yW/K*
cm, than the ordered and stable phase, PF ~ 0.5 yW/ K2 cm, above 700 K, as an effect of a
smaller band gap and higher carrier concentration. Most importantly, the disordered CTS
shows an ultralow thermal conductivity, k ~ 0.4—0.2 W/m K, as compared to ordered, k ~
1.0—0.4W/m K, in the temperature range of 323—723 K. The combined effect of a higher PF
and lower k results in a higher figure of merit, zT ~ 0.5 at 723 K, obtained for disordered CTS
without resorting to chemical alloying. It turns out that structural disorder contributes to the
suppression of thermal conductivity. While group velocity of acoustic phonons, as shown both
by experiments and ab initio calculations, is similar in the two polymorphs, a strong
anharmonicity characterizes the disordered CTS, resulting in the presence of low-lying optical
modes acting as traps for heat transmission. Density functional theory/density functional perturbation theory simulations and
nuclear inelastic scattering combined with high-resolution diffraction studies of the lattice parameters reveal details of phonon—
phonon interactions in CTS with unprecedented effectiveness.
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B INTRODUCTION The experimental literature suggests that undoped CTS

forms an ordered monoclinic (SG: Cc) phase.”’ However, this
Thermoelectric (TE) materials attract increasing interest in dered CTS pol b has Li h' ) P 1 o / d
applications involving thermal gradients for durable, noise-free, ordere Polymorphi hias figh € ectrical resistivity (p) an
and scalable solid-state power generators and coolers.' ™" k values, resulting in a low zT.” One way to lower k is to
. . . . L hinder the propagation of phonon waves [1], and to do this,
Performing TE devices require an optimal combination of h § duced a disordered cubic (SG: F43m)
properties—Seebeck coefficient (S), electrical conductivity some researchers produced a disorcered cublc ( ’ o
(), and thermal conductivity (k)—to maximize the figure of polymo.rph. This, howeveg,zrequlred acceptor cation doping,
merit, zT = TS’6/k. Therefore, an ideal TE material would exce.pAt mn our Fecent work,™ where we hava.e shown how to
require a high power factor (PF = $’6) and a low k (involving stablh.ze th? .dlsordered C,:TS P olmorp h using a bottom—}lp
an electronic (k) and a lattice (k) component). In particular, (reactlveA milling) production technique that does not require
obtaining an ultralow thermal conductivity is one of the main any doping. . .
goals of the current research on TE materials.> ™ CTS polymorphs are a variant of the zinc blende (ZnS)
The Cu,SnS, mineral phase was first reported in 1983, as a structure (Figure 1a), made of tetrahedral cages (Figure 1b) of
new sulfide with a triclinic structure (SG: P1).® It has been S _(WkaOE position 4c) WIt}_l a cation (Zn) _pos1t10ned n the
widely studied as an absorber material for photovoltaic devices middle (4a). For ordgred' (F1g1'1re‘1c) ar‘ld disordered (Figure
owing to its high (~10* cm™!) optical absorption coefficient 1d) CTS, the Zn cation is stoichiometrically replaced by Cu
and tunable band gap spanning from 0.7 to 1.6 €V o-13 1. and Sn, respectively, in an ordered and in a random manner.
recent years CTég Eilas . ttra%te d inte.rest fr.om t'he TE This results in a partial cation occupancy of 2/3, and 1/3, for
)

community for its 3D hole conductive network and ultralow
thermal conductivity, a so-called “phonon-glass-electron- Received:  October 8, 2020
crystal” characteristic.'* At first, in 2016, Tan et al'> and Revised:  December 11, 2020
Shen et al.'® reported CTS as a potential TE material, using In Published: December 30, 2020
and Zn doping, respectively. Other researchers have reported

Mn,"”” Ni,'® Fe,'® and Co* doping to enhance the TE

performance of CTS.
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Figure 1. ZnS$ structure (a) with tetrahedral drawn (d) and monoclinic (SG: Cc) ordered (a), cubic (SG: F43m) disordered (b) CTS.

Cu and Sn, respectively.”> These polymorphs can also be
understood as an assembly of S coordination motifs, in which
each S anion is connected to four (Cu/Sn) cations, making
tetrahedral motifs. Zawadzki et al>* have put forward that
cations in CTS structures contain five possible S—Cu,Sn,_;
motifs, where i € {0, ..., 4}, but the S—Cu,, S—CuSn;, and S—
Sn, motifs are energetically unlikely to form. The ordered CTS
has a regular distribution of S—Cu,Sn, and S—Cu;Sn motifs,
while in disorder CTS, S—Cu,Sn, motifs form nanometer-scale
clusters. Additionally, because the octet rule is not locally
respected in these structures, all of this brings the crystal
structure, especially in the disordered phase, close to
instability. In the present work, the abovementioned clustering
effect was not taken into account for ab initio calculations
because of the limitation of computational resources, rather
two, Sn-rich and Sn-poor disordered cells. Zhai et al”™ have
discussed the difficulty in the ab initio simulation of similar
Cu,SnX; (X = S/Se) disordered structures, and how this limits
the electronic information from band structures. However, the
electronic bands for the ordered phase are diffusely discussed
in the literature.”>™>’ In the similar CTSe system,”® the
disordered polymorph shows a lower band gap energy than the
corresponding ordered phase, which promotes a higher carrier
concentration (n), resulting in a higher PF. Recently, we have
shown that the disordered CTS polymorph without acceptor
doping presents a higher PF ~ 1.1 yW/K? cm than the ordered
polymorph, PF ~ 0.1 gW/K* cm, above 700 K. In fact, the
disordered polymorph has a lower Seebeck (S ~ 250—325 uV/
K) and resistivity (p ~ 1.5—1.0 Q cm) than the ordered
polymorph (S ~ 600—700 uV/K, p ~ 27—30 Q cm), in the
temperature range of 323—723 K>

Both polymorphs show a decreasing k trend with increasing
temperature, indicating the presence of a dominating phonon—
phonon interaction.”” However, it is the ultralow thermal
conductivity (k < 0.5 W/K m) shown by the disordered
polymorph which is particularly interesting'” and still little
studied. Several mechanisms could be at the origin of this
much-desired behavior, such as an enhanced phonon scattering
because of the increase in crystal symmetry, cation disorder,
soft bonds, alloy scattering, and possible suppression of normal
phonon scattering process because of random cations and
dopant distribution.' "

In this work, ordered and disordered CTS polymorphs were
produced in a highly controlled environment from elemental
powders (Cu, Sn, and S) using a high-energy reactive ball-mill,
followed by sintering at various temperatures. We started from
the experimental results for PF and thermal conductivity for
both the phases, stating the higher performance of the
disordered form of CTS. Therefore, we have investigated the
mechanisms leading to the improvements observed, looking for
a full understanding of the CTS system. The work presents a
unique mix of experimental analyses and theoretical calcu-
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lations that are able to achieve a complete description of the
CTS property dependence by the structural phase disorder.
We have studied electronic and vibrational properties using
density functional theory (DFT) and density functional
perturbation theory (DFPT) simulations, respectively. The
ab initio calculations provide insights on the possible origin of
the ultralow k, which is identified as a distinct behavior of the
cations in the disordered structure. By investigating the
vibrational density of states (DOS) and phonon dispersion
curves and correlating them with the mode Griineisen
parameters (y;) and electron localization function (ELF)
curves, we unveil the vibrational properties of CTS. Nuclear
inelastic scattering (NIS) from Sn provides direct experimental
evidence on the vibrational DOS, validating the DFPT results,
and in particular, the mechanism underlying the ultralow
thermal conductivity of the cubic disordered CTS phase.
Moreover, by combining NIS and high-resolution X-ray
diffraction (XRD) measurements, Griineisen parameters were
experimentally calculated for the disordered sample. The
investigation proposed in this work, covering most of the
material characteristics, can be the base for the design of novel
solutions for the development of materials based on CTS with
improved TE properties.

B MATERIAL AND METHODS

Experimental Methods. Elemental powders of Cu, Sn,
and S, procured from Sigma-Aldrich (99% pure) were fed in
ball-mill vials made of WC, and anhydrous C,H;OH (100 glt.)
was added to the mixture as a lubricant. High-energy ball-
milling Fritsch P4 was used for the milling. The mill was
operated for 30 and 60 min, with a fixed main disk and
spinning speed of 300 rpm and —540 rpm, respectively. Two
circular pellets (thickness ~1.5 mm, diameter ~16 mm) were
prepared using a manual cold press. One sample was sintered
at 500 °C, and the other was sintered at 650 °C, for 2 h in Ar
flux. The entire synthesis process was performed in a highly
controlled environment (O, and H,0 < 10 ppm).

XRD was performed on as-milled powders and sintered
disks, in Bragg—Brentano geometry using a Rigaku PMG
powder diffractometer equipped with a graphite bent-crystal
monochromator, and Cu Ka source operated at 40 kV and 30
mA. The optical properties of CTS polymorphs were
investigated using a PerkinElmer spectrophotometer (Perki-
nElmer, Milan, Italy), model LAMBDA 750, equipped with a
150 mm integrating sphere. The polycrystalline samples were
dispersed in ethanol and sonicated for 1 h, and the optical
absorption spectra were collected. Mobility () and carrier
concentration (n) were measured with an MMR K-20 and an
H-50 measurement system by applying a magnetic field of
6720 Gauss, in temperature range 300—450 K. The absolute
Seebeck coefficient (S) was measured using a Pt Standard,
while resistivity (p) was measured by four-contact measure-
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Figure 2. XRD pattern of CTS samples after 30 (a), and 60 min milling (b); then, in the sintered disordered (c) and ordered (d) forms. The insets

show details of the distinctive peaks of the monoclinic phase.

ments using a Linseis LSR-3 instrument. Thermal diffusivity
(D) was measured using a Linseis LFA-500. S, p, and D
measurements were performed over the temperature range of
323-723 K. To verify our theoretical findings, we have used
NIS with '°Sn nuclear resonance. The method provides the
partial phonon-DOS (pDOS) of Sn atoms. Experiments were
carried out at the dynamics beamline PO1 at PETRAIII (DESY,
Hamburg) using a high-resolution monochromator with 1.4
meV energy resolution at 23.9 keV, the energy of the ''*Sn
nuclear transition. The measurements were performed on
samples with natural enrichment by ''?Sn (8.6%) inserted into
the closed cycle He cryostat and kept at 43 and 295 K. The
nuclear resonance signal was separated in time from electronic
X-ray fluorescence and measured using a Si avalanche
photodiode detector. This measurement was combined with
high-resolution XRD studies of the lattice parameters between
100 and 300 K at the beamline P02.1 at PETRAIIL The
combination of the phonon and lattice parameter measure-
ments provides the possibility to obtain the mode Griineisen
parameters.

Computational Methods. The electronic structures were
studied using DFT as implemented in the Vienna ab initio
simulation package.””*" The interaction between the electron
ion was described using the projector augmented wave
method. The generalized gradient approximation with
Perdew—Burke—Ernzerhof (PBE)’" electron exchange—corre-
lation was employed for band structure and DOS calculations.

The ternary ordered and disordered CTS polymorphs
present Cc and F43m structural symmetry, respectively. As
already pointed out, in the ordered CTS, each S anion is
tetrahedrally bonded by four cations (Cu/Sn), forming S—
Cu,Sn, and S—Cu;Sn motifs. The disordered CTS system is
possible when the cations (Cu/Sn) randomly replace Zn with
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an occupancy of 66.66 and 33.33%, respectively, in a diamond-
like ZnS$ structure. This partial occupancy leads to a primitive
cell that cannot be simulated exactly.”” To satisfy the partial
occupancy and respect the stoichiometry, one needs to make
large cells that are computationally nonviable to solve. To
overcome this limitation, two disordered cells were modeled by
a slight alteration of the partial occupancy of Cu and Sn,
respectively. The first cell was modeled with Cu (65.625%)
and Sn (34.375%), and the second cell was modeled with Cu
(68.75%) and Sn (31.25%). Hereafter, the first and second
disordered cells are referred to as disordered Sn-rich and
disordered Sn-poor, respectively.

The plane wave cutoff and electronic convergence were set
to 500 eV and 107° eV, respectively. All the structures were
relaxed until the force on each atom was <0.01 eV A™', using a
Gaussian smearing with o = 0.05. Two k-point mesh of 4 X 3 X
4 and 4 X 4 X 4 were used for ordered and disordered systems,
respectively, using the Monkhrost—Pack technique centered at
the ['-point.”” For single-point self-consistent field calculation,
the tetrahedron method and Bl6chl corrections were
considered. The high symmetry path was provided by Seek-
Path.*® The DOS was calculated on a dense k-mesh of 12 X 12
X 12 and 8 X 8 X 8 grids.

The phonon dispersion curve and pDOS were calculated
using the Phonopy’* code. For DFPT calculations, local
density approximation’® was used with a 107® eV convergence
criteria. These calculations were performed on the ordered
supercell (2 X 2 X 2), whereas, for both the disordered cells, a
much larger, 64-atom cell was used. The mode Griineisen
parameter (y;) was calculated using a quasi-harmonic
approximation, by expanding and contracting the relaxed cell
volume by +1%.

https://dx.doi.org/10.1021/acs.jpcc.0c09139
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Figure 3. Rietveld refinement performed on 60 min milled powder (a), disordered (b), and ordered (c) sintered CTS samples. Experimental data

(circle), model (line) and their difference, or residual (line below).

B RESULTS AND DISCUSSION

Structural Analysis. XRD measurements were performed
on elemental powder milled for 30 and 60 min, and samples
were sintered at 500 and 650 °C (shown in Figure 2). The 30
min milled powder was observed as a blend of partially formed
CTS, binary sulfides (SnS and CuS), and metallic elements
(Cu and Sn). With a longer milling time of 60 min, the CTS
(SG: F43m) formation was complete, although one weak Sn
peak (26 ~ 32°) could still be observed. Because of the use of
WC vials for the milling, traces of WC (SG: P6m2) were
present in the as-milled powder. Broad peaks with diffuse
background for the as-milled powder suggests the presence of
small crystalline domains and a possibly amorphous fraction.
As expected, the sintering step increases both crystallinity and
grain size. The CTS sample sintered at 500 °C shows a
disordered cubic structure alike as-milled CTS, identified by
three characteristic peaks at 20 ~ 28.5, 47, and 56°,
representing planes (111), (220), and (311), respectively.
However, the sample sintered at 650 °C shows three additional
peaks located at 20 ~ 16, 18, and 21° respectively,
representing planes (110), (111), and (021), characteristic of
the ordered monoclinic structure (SG: Cc).

To confirm the crystallographic structure and to get
quantitative information on the crystallite size, the Rietveld
refinement’® was performed using the whole powder pattern
modeling37 approach, as implemented in the recent release of
the software TOPAS 7.>° The underlying assumption is that
the crystalline domains are approximated by spheres with a
lognormal distribution of diameters. Modeling results are
shown in Figure 3 and Table 1.
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Table 1. Lattice Parameter and Average Crystallite Size for
60 min Milled Powder, Disordered, and Ordered Sintered
CTS Samples (cf. Figure 3a,b,c, Respectively)

lattice parameters average crystallite

sample (£0.01 A) angle (deg) size (+10 nm)
60 min a=b=c=544 a=f=y=90 20
milled
disordered a=b=c=3544 a=p=y=90 50
ordered a=6.66,b=11.54, a =y =90, 200
¢ = 6.66 = 109.39

The formation of tin oxides is a known problem for this
family of materials, which deteriorates the TE performance in
temperature.”” These oxide phases are hard to eliminate
because of the low partial pressure for tin oxide formation.*
Comparatively, a higher amount (2—5% weight fraction) of tin
oxides was observed in CTS samples prepared using binary
sulfides (CuS and SnS). Rather, the present samples prepared
from elemental powders (Cu, Sn, and S) processed in a strictly
controlled environment do not show the formation of
secondary phase oxides in the disordered CTS, which is a
substantial improvement from previous studies.”” Nevertheless,
a small amount of SnO, (<1% in weights) was observed in the
ordered CTS.

Electronic Transport. Figure 4a shows the electrical
resistivity and Seebeck coefficient for the CTS polymorphs.
Both phases show an overall decreasing trend of resistivity with
the temperature, while S has positive values and an increasing
trend, typical of nondegenerate p-type semiconductors.
Nevertheless, the ordered sample shows a decrease in §
above ~600 K, likely caused by thermal excitation of
bipolarons.”” The disordered sample presents a lower

https://dx.doi.org/10.1021/acs.jpcc.0c09139
J. Phys. Chem. C 2021, 125, 178—188


https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c09139?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c09139?ref=pdf

The Journal of Physical Chemistry C pubs.acs.org/JPCC
1.6
30 —&— Ordered
70 1.4 o Disordered
2.5 700 O
-¥r- Resistivity ordered 3 > 1.2 o
-~ Absolute Scebeck cocfficient ordered 650 =
T 204 Resistivity disordered F - ~ 10
> Absolute Seebeck coefficient disordered [~ 600 % E . -
L = “ &
E 15 Fsso 2 £ g o’
g 151 a L g =z b
£ 4 500 2 S
= $ L 2 & 0.6
Z 104 g =7
L =450 2
<
- ford
= L s00 3 0.4+
05 L 2
~ \ - 350 < 0.2 4
0.0 300 T L L v 1 M L} v Ll T ) . L o
: 350 600 650 700

1 T — 1 1 T T 7
300 350 400 450 500 550 600 650 700 750

Temperature (K)

450 500 550 750

Temperature (K)

Figure 4. Resistivity (star) and absolute Seebeck coefficient (circle) for ordered (black) and disordered (orange) phases (a); corresponding power
factor calculated as PF = $*/p for ordered (black) and disordered (orange) CTS (b).

resistivity (p ~ 0.5—0.2 Q cm) than the ordered (p ~ 3.0—1.0
Q cm). Optical measurements (Figure S) show band gaps

144 Ordered
4 ~Disordered
124

(chu)'?

Pr————
0.98 0.99

Encrgy (¢V)

Figure 5. Band gap (E,) estimated by linear extrapolation in the Tauc
plot, using the equation ahv = A(hv — Eg)l/ 2, where a, h, v, A, and E,
are absorption coefficient, Planck constant, frequency, transition
constant, and band gap, respectively (optical absorption spectra is
shown in the Supporting Information file, Figure S1).

~0.99 and ~0.95 eV for the ordered and disordered samples,
respectively. A lower band gap promotes a higher carrier
concentration, and indeed, the average value of carrier
concentration for the disordered sample (n ~ 1.9 X 10'®
cm™) is 10-fold higher than the ordered (n ~ 2.7 X 10"
cm™). The two polymorphs show similar mobility (i ~ 20
cm?®/V s) and values compatible with those expected for the
stable CTS phase (spanning from 1 to 80 cm*/V s*') (shown
in Figure S2, Supporting Information). According to the Mott
equation,” both n and y have an inverse relation with the
Seebeck coefficient, and this explains the lower S (~320—500
uV/K) for the disordered sample. Overall, above 700 K, the
disordered CTS presents a higher PF (~1.5 yW/K* cm) than
the ordered polymorph (~0.5 4W/K* cm); see Figure 4b.

In order to further understand the differences between the
results obtained for ordered and disordered samples, the
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electronic properties were investigated by DFT. As already
pointed out, the ordered structure was simulated with its exact
stoichiometry, using 24-atoms (8-Cu, 4-Sn, and 12-S), whereas
for the disordered phase, the constraint of occupancy and the
structure™ led us to simulate two slightly off-stoichiometric
structures, Sn-rich (21-Cu, 11-Sn, and 32-S) and Sn-poor (22-
Cu, 10-Sn, and 32-S), respectively. Total and atomic projected
electronic DOS are shown in Figure 6 for both CTS structures.

Total
Cu
Sn

) b
w2
=3
= '\/\/\’\M
C
> - - - M/I\/V\/MJ\LFA
.5 -1.0 -0.5 0.0 0.5 1.0 1.5
E-E_(eV)

Figure 6. Total DOS and atomic projected DOS for ordered (a), Sn-
rich disordered (b), and Sn-poor disordered (c) cells; the Fermi
energy is shown by the dotted line.

The total DOS is higher in the valence band (VB) side than in
the conduction band (CB), for all the structures, confirming
the p-type nature of CTS. In VB, the main contribution to the
projected-atomic DOS is given by Cu 3d and S 3p orbitals,
whereas the CB is composed of Sn Ss and S 3p orbitals.
Band structures are shown in Figure S3 of the Supporting
Information file. This for the ordered CTS is in agreement with
the literature,”** also showing a largely underestimated band
gap value. This is even more relevant for the cubic phase,
where no band gap is observed in the DFT results, as it has
also been found for analogous simulations of the disordered
copper—tin—selenide system.”® The random distribution of Cu

https://dx.doi.org/10.1021/acs.jpcc.0c09139
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and Sn atoms in the disordered structures causes band tailing,
which points out the presence of available states in the DOS
curve near the Fermi energy.” It is likely that the structures in
the gap region and the tailing of the DOS at the Fermi energy
play a role in enhancing the carrier concentration, as we
observed experimentally. Even if the PBE exchange—
correlation tends to underestimate the band gap,** the band
tailing reduces the band gap, in agreement with the optical
absorption results of Figure S.

Thermal Transport. Thermal conductivity was calculated
as k = DdC,, where D, d, and C, are thermal diffusivity, density,
and specific heat capacity, respectively. Thermal diffusivity and
density were measured using a xenon flash instrument and
Archimedes” method, respectively, while the value of C, was
taken from our previous work.””

As shown in Figure 7, the thermal conductivity of the
ordered CTS ranges from 1.0 to 0.45 W/m K, whereas it is

1.1

109 \ +— Ordered

—— Disordered

- ,.‘ .

0.9 < AR

4 \ /

0.8 - \
4

0.7 v e

] NN

0.6 - b} .

1 ¢ RN

os e,

-

1 A

0.4 AR
-

0.3 4
4

0.2 ) Nyt

Thermal Conductivity (W/m-K)

\ v ‘/M/ h , ’1‘“ W

1 M ) M 1 T 1 L]
300 350 400 450 500 550 600 650 700 750

Temperature (K)

Figure 7. Thermal conductivity for CTS polymorphs in the
temperature range of 323—723 K.

ultralow for the disordered CTS, with values 0.45—0.20 W/m
K, in the temperature range 323—723 K. The trend of k
decreases with temperature, indicative of increased phonon—
phonon interactions. The present values of k are lower than in
CTS prepared by high-temperature solid-state reactions.'’
Reasons are likely related to the bottom-up production
method, which limits the grain growth, as well as to a lower
density. However, the effect of the lower density on thermal
conductivity can be ignored for the comparison between
samples of the two polymorphs because they have similar
densities (~3.7 g/cm?), lower than theoretical (~4.85 g/cm?).
Furthermore, near room temperature (T = 323 K), the lattice
component of thermal conductivity was estimated using the
single parabolic band (SPB) approximation (calculations used
are shown in the Supporting Information file). As it happens in
highly resistive semiconductors, the thermal conductivity is
dominated by the lattice part. For ordered and disordered
samples, the kj is ~0.44 and ~0.99 W/m K, respectively; such
values are close to the experimentally measured values for total
thermal conductivity, confirming the main role of phonon
contribution to thermal transport. However, the difference
between the values achieved by the two samples suggests a
relevant discrepancy in the pDOS for the two structures.
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The phonon dispersion curves were investigated using first-
principle calculations to shed light on the lower k of the
disordered polymorph. The primitive cell of the ordered CTS
has 12 atoms, whereas the disordered cells were simulated with
64 atoms. Therefore, the phonon dispersion curves show 3N
(N = number of atoms), 36 and 192, branches of vibrational
modes, respectively (see Figure 8a—c). Three low-frequency
modes are acoustical, rest (3N-3) of the branches correspond
to the optical modes. The low-frequency modes in all three
cells are dominated by heavy Cu and Sn, while S, a much
lighter atom, dominates the high-frequency modes. The
difference in atomic-projected pDOS can be observed in a
frequency of <1 THz, in ordered and Sn-poor cells; these
modes are dominated by Cu vibrations, whereas Sn vibrations
dominate in the Sn-rich cell.*> The acoustic modes in the
disordered Sn-rich cell are softer as compared to the ordered.
Additionally, simulations show a weak bonding and a strong
anharmonicity along the I'—X and I'—Z directions,™® whereas
these effects are less evident for the Sn-poor cell. The
vibrational modes for the disordered cells are shifted to lower
frequencies (see Figure 8d), and the gap between low- and
high-lying optical modes is narrower with higher population of
low-lying optical modes. Moreover, optical modes cut the
acoustical modes at a lower (~1.1 THz) frequency in the
disordered cells than in the ordered (~1.9 THz), suppressing
the lattice thermal conductivity by scattering the heat-carrying
acoustic modes.*

The optical phonon branches in the disordered cells are
flatter than the ordered cell, suggesting a lower group velocity
of optical phonons. The mode level phonon group velocity (V,
= dw/dk) is shown in Figure S4 of the Supporting Information
file. The acoustic modes of all three cells show a similar V, ~
S0 THz A. However, the experimentally obtained k for the
disordered CTS has an approximately twofold lower value than
that of the ordered, which cannot be explained in terms of a
lower V, only. This suggests the possibility of heat being
trapped in low-velocity optical modes, as discussed with the
phonon dispersion curves."’

Moreover, a strong anharmonic effect in bonding contrib-
utes to a low lattice thermal conductivity. The mode Griineisen
parameter (;), shown for all cells in Figure 9 is a measure of
lattice anharmonicity, as it reflects the extent of deviations of
phonon vibrations from the harmonic oscillations.

For all cells, the fluctuation in the values of the mode
Griineisen parameter decreases for increasing frequency
(shown in the insets of Figure 9), indicating a weak interaction
between different vibrations at higher frequencies.*® The Sn-
rich cell shows a much higher mode Griineisen parameter,
whereas comparatively lower values were observed for the
ordered and Sn-poor cells, suggesting the anharmonicity in the
disordered structures is highly dependent on the concentration
of Sn-atoms.

The atomic bonds were investigated by the ELF plots
(Figure 10). Cu—S and Sn—S bonds show an ionic and
covalent nature, respectively.”” All Sn-atoms have similar
electron localization (Figure 10a) in the ordered cell because
of the regular arrangement of S—Cu,Sn, and S—CuSn; motifs.
However, a variation in electron localization is observed in the
disordered cells (Figure 10b,c), indicating the inhomogeneous
nature of Sn—S bonds™ (see Figure S5 of the Supporting
Information file for the contribution of every Cu and Sn atom
to the atomic pDOS). In low frequencies (1—3 THz), an
identical contribution of Sn can be observed for the ordered

https://dx.doi.org/10.1021/acs.jpcc.0c09139
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cell, whereas it is dispersed for disordered cells. These
observations suggest a distinct nature of Sn atoms in the
disordered cells, that might scatter phonons more efficiently
than in the structure of the stable ordered CTS.

To validate the above conclusions on the Sn pDOS obtained
by DFPT, NIS experiments (Figure 11) were performed at 43
K on both samples; an additional measurement was performed
on the disordered sample at 295 K. The Debye energy was
calculated by fitting the reduced pDOS (pDOS/E?) in the
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range 0.5—1.2 THz, using the parabolic function, pDOS(E)/E*
= 3/Ep® + bE*, where E, Ep,, and b are energy, Debye energy,
and a fitting parameter, respectively.”’ The Debye energy
together with other parameters obtained from Sn pDOS are
presented in Table 2.

The experimentally observed trend of Sn pDOS at 43 K
agrees with the theoretical results for both samples. The
disordered sample shows a broad phonon band (5—9 THz),
consistently with the atomic-projected pDOS and individual

https://dx.doi.org/10.1021/acs.jpcc.0c09139
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Figure 10. Magnified view of ELF plots for Sn atoms in ordered (a),
disordered Sn-rich (b), and disordered Sn-poor (c) cells.

atomic pDOS of Figure 8. The value of the Debye energies and
mean sound velocities (see Table 2) are similar for both
polymorphs, suggesting similar group velocities, as observed
from mode level group velocity calculations.

The NIS measurement performed at 295 K on a disordered
CTS sample reveals significant phonon mode softening for the
acoustical part of the pDOS and a higher Debye level
compared with the low T measurement. The relative energy
shifts AE/E of the specific peaks can be obtained from the
pDOS measured at 43 and 295 K using the procedure

described in refs 52 and S53. XRD measurements were
performed from 300 to 100 K with a step of 20 K (shown
in the Supporting Information file), and the relative volume
change AV/V = 0.0065 between 43 and 295 K was estimated
by fitting a parabolic function (see Figure 12b). Thus, using
both relative volume and energy change Griineisen parameters
for specific phonon peaks were obtained and are shown in
Figure 12a, which agrees with the results obtained via ab initio
calculations presented in Figure 9. In particular, the high
Griineisen parameter was observed for the 0 energy and 4 THz
peak. The 0-energy value of the Griineisen parameter was
obtained by comparison of the Debye energy.

Hence, from the analyses performed on the samples and the
good agreement achieved with the theoretical calculations, the
ultralow thermal conductivity in the disordered sample is
shown to be because of the random arrangement of Sn and Cu
atoms, which not only blocks the normal phonon scattering
but also shows strong anharmonicity for the inhomogeneous
nature of the Sn—S bonds. The low-lying optical modes
support acoustical-optical phonon scattering, and the higher
value of the Griineisen parameter obtained from DFPT and
NIS results confirm the higher anharmonicity in the disordered
structure. However, a lower mode Griineisen parameter was
observed in the Sn-poor cell, suggesting that anharmonicity in
the disordered system is largely dependent on the Sn-atoms.
Moreover, a small crystallite size (<100 nm) and the
coexistence of secondary phases (WC, SnO, and SnO,) should
also serve to additional phonon scattering.

The results achieved up to here are well summarized
combining the electric and thermal transport properties in the
dimensionless figure of merit, zT (Figure 13). For the ordered
sample, zT ~ 0.0S is in agreement with the values commonly
reported in literature,"” whereas zT ~ 0.5 was observed for the
disordered CTS polymorphs above 700 K, which is fairly high
for an undoped material.* In particular, as demonstrated by our
results, the enhanced zT for the disordered CTS is an attribute
of its high PF and ultralow thermal conductivity.
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are shown in the inset for both figures.
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Table 2. Parameters Obtained from the Sn VDOS of the Samples Measured at 43 and 295 K: The Lamb—Mossbauer Factor
(fim), the Sn Atomic Displacement Parameter (U,,), the Mean Force Constant (F), the Debye Energy (Ep), and the Mean
Sound Velocity V

Sim U, (A%) F (N/m) Ep (THz) V (km/s)
ordered at 43 K 0.754(1) 0.00180(2) 224(2) 5.13(5) 2.69
disordered at 43 K 0.769(1) 0.00193(2) 221(1) 5.02(5) 2.81
disordered at 295 K 0.291(4) 0.00844(5) 196(S) 4.67(S) 2.62
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Figure 12. Griineisen parameters of the specific phonon peaks of the disordered compound obtained from the NIS measurements at 43 and 295 K
(a) and relative volume change AV/V,o5x from the XRD data collected in temperature range 300—100 K (b).
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material performance. Therefore, these results suggest the
strategy for the design of novel solutions for the development

B CONCLUSIONS of materials based on CTS with improved TE properties.

In this work, a study of the dependence of TE properties of
CTS by structural characteristics has been presented. In B ASSOCIATED CONTENT
particular, the effect of structural disorder on electronic and @ Supporting Information

thermal transport properties have been investigated, taking The Supporting Information is available free of charge at

advantage of different experimental techniques. The disordered https://pubs.acs.org/doi/10.1021 /acs jpcc.0c09139.
CTS polymorph shows a better TE performance than the

Figure 13. Calculated zT for ordered and disordered CTS samples.

ordered and stable CTS phase, mainly because of an enhanced Optical absorption spectra; carrier concentration (n)
carrier concentration and ultralow thermal conductivity and mobility () plots; band structures; mode level
observed in the former phase. In the present study, we have group velocity; each Sn and Cu atom contribution in
experimentally determined Seebeck coefficient, resistivity, and individual pDOS; lattice thermal conductivity(k;)
thermal conductivity and correlated them with the band gap, calculations using SPB approximation; and high-
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resolution XRD studies in temperature range 295—100
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