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Abstract
Liquid-like thermoelectric materials have recently received heightened attentions due
to their exceptional thermal and electrical transport properties. As a typical example,

Cuz-ySe has good electrical transport properties while Cuz-yS has extremely low lattice
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thermal conductivity. Combining these stirring characters into one material is
expected to result in excellent thermoelectric performance. In this study, we found
that CuzySe and CuzyS can form a solid solution in the composition range down to
half Se and half S. XRD, SEM and TEM reveal that Cux-ySeo.5So.5 possesses a unique
hierarchical microstructure composed of mesoscale polymorphs, nanoscale domains
and modulations. Besides, the liquid-like copper ions at high temperature not only
strongly scatter lattice phonons but also eliminate some of the transverse phonon
vibrations. Combining with the extraordinarily low sound speeds, an overall ultralow
thermal conductivity is achieved in Cuz-ySeosSos with the values similar to that in
CuzS. Furthermore, the electrical transport performance of CuaySeosSos is
significantly improved through tuning its native Cu vacancies. High electrical power
factors similar to or even superior to Cuz-ySe are observed due to the high weighted
mobility. All these favorable factors lead to much enhanced quality factor and thus
remarkably high thermoelectric performance in Cuz-ySeosSos, which reaches a ZT of

2.3 at 1000 K, among the highest values in bulk materials.
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1. Introduction
Thermoelectric (TE) materials have attracted worldwide renewed interests as

concerns with the more efficient use of energy resources and minimization of



environmental damage [1-9]. Thermoelectric materials and devices are heat engines
that either use electricity to pump heat from a cold side to a hot reservoir or convert
industrial waste heat into useful electricity [10, 11]. At the material level in the field
of thermoelectrics, the overriding goal is to maximize the thermoelectric Figure of
merit ZT (= S*T/(px)), where S is the Seebeck coefficient (also called thermopower), T
is the absolute temperature, p is the electrical resistivity, and x is the thermal
conductivity. The challenge to obtain high ZT thermoelectric materials lies in
achieving simultaneously high S, low p and low x in one material because these three
parameters are strongly correlated and highly dependent on each other.

Recently, the concept of “Phonon-Liquid Electron-Crystal” (PLEC) has been
proposed to explain the extraordinarily low thermal conductivity and high
thermoelectric performance in copper (or silver)-based superionic conductors [12-15].
Along this direction, many novel superionic TE materials have been discovered with
superior TE properties with the typical examples of binary compound Cuz-ySe, Ag>Se
and ternary compound CusFeS4 and Cu7PSes [12, 16-18]. In particular, binary copper
chalcogenides CuzyX (X=Se, S or Te) have stimulated keen interest in the past few
years due to their exceptional and abnormal thermal and electrical transport properties.
An ultralow lattice thermal conductivity (xz) down to 0.33 W m™' K'! is observed in
the simple binary compound CuzyX [13, 19], leading to very high Z75 of 1.7-1.9 in
CuS [13, 20], 1.5-1.8 in CuzSe [12, 21-24], and 1.1 in CuyTe [25], which are among
the best values in bulk TE materials. The materials are p-type self-doped materials

with the carrier concentrations determined by the concentration of native Cu



vacancies. Although the chemical formula is very simple, the crystal structures are
quite complex. At room temperature, CuzyX is a normal solid state compound with
ordered copper ions in the crystal lattice [26]. Upon heating, copper chalcogenides
Cuz2yX experience phase transitions with the transition temperatures dependent on the
exact chemical compositions [27-29]. At high temperature they transform into
superionic conductors with an anti-fluorite cubic structure at high temperatures. The
anion X> form a rigid framework that provides a crystalline pathway for electron
transport (called the solid sublattice). On the other hand, the Cu” ions are kinetically
distributed over multiple sites with a mobility like a liquid (called liquid sublattice).
These liquid-like ions not only scatter heat-carrying phonons but also eliminate some
of the transverse vibrational modes, leading to the specific heat per volume (C))
below the Dulong-Petit value at high temperatures [12]. Furthermore, it is very
surprising that, in spite of the large atomic size difference between S and Te, Cu,S and
CuTe can form a complete solid solution with a very special mosaic crystal
microstructure, leading to simultaneously improving the Seebeck coefficient and
reducing the lattice thermal conductivity x;. Thus an ultrahigh ZT value of 2.1 is
observed in CuxSos>Teoss with the composition composed of around half-S and
half-Te [30]. The atomic size and electronegativity of the element Se are more closely
resembling S than Te. Therefore, CuxSe and CuxS are expected to more easily form
solid solutions. In addition, the electrical transport properties of Cuz-ySe are superior
to that of CuyS and CuzyTe due to its large weighted mobility and optimum hole

concentrations while Cuz-yS has extremely low lattice thermal conductivity [13]. Thus



the solid solutions of CuzySeosSos with half-S and half-Se may possess the good
electrical transport properties stemming from CuxSe and the low lattice thermal
conductivity of Cu,S, and thereby reaching an outstanding Z7 value. In this work, we
demonstrate that the Cuz.ySeosSo.s compounds are thermodynamically stable with
very complex hierarchical microstructures, good electrical transport, ultralow lattice

thermal conductivity leading to a remarkably high ZT value of 2.3 at 1000 K.

2. Experimental Section

Synthesis. Polycrystalline Cuz-ySeo.5So5 (x = 0, 0.03, 0.04, 0.05, 0.06, and 0.15)
samples were prepared by melting Cu (shot, 99.999%, Alfa Aesar), Se (shot, 99.999%,
Alfa Aesar), and S (shots, 99.9999%, Alfa Aesar) in Pyrolytic Boron Nitride (P-BN)
crucibles enclosed in fused silica tubes under vacuum. The tubes were slowly (100 K
h™") raised to 1423 K and dwelled for 12 h, and then cooled down to 1073 K in 24 h.
After annealing at 1073 K for 8 days, the tubes were furnace cooled to room
temperature. Small single crystals were extracted from the polycrystalline ingot
sample after the annealing process. Finally, the annealed ingots were crushed into
powders and consolidated by spark plasma sintering (Sumitomo SPS-2040) at 873 K
under a pressure of 65 MPa for 5 minutes. Electrically insulating and thermally
conducting BN layers were sprayed onto the surface of carbon foils and the inner
sides of the graphite die before the SPS process in order to prohibit DC pulsed
currents going through the powders.

Characterization. Single-crystal (about 10 x 40 x 60 um?®) X-ray diffraction



(SCXRD) measurements were performed on a SuperNova diffractometer from
Agilent Technologies using Moy, radiation (A= 0.71073 A). Diffracted intensities
were collected on a CCD detector and the data were integrated and corrected for
absorption using CrysAlisPro. The structure solution and refinement were carried out
with SHELXT, using the Olex2 gui. Room-temperature powder X-ray diffraction
(RT-PXRD) measurements were carried out on Rigaku Rint 2000 with a Cu-K,
source. High-temperature powder X-ray diffraction (HT-PXRD) data of Cu2Seo.5S0.5
were collected at the beam line BL44B2 at SPring-8, Japan (1 = 0.500378(5) A) [31].
The sample morphologies were measured by field emission scanning electron
microscopy (FESEM, Magellan-400) equipped with energy dispersive X-ray analysis
(EDS, Horiba 250). The TEM examination was performed on a JEM-2100F
field-emission transmission electron microscope. The photoelectron spectra (XPS)
were measured on pressed pellets by using a Thermo Fisher Scientific ESCALAB 250
with monochromatic Al K, X-ray (1486.74 eV). The carbon 1s peak was used as a
reference to calibrate the binding energies of the other core level spectra. The sound
speed data were obtained by use of ultrasonic measurement system UMS-100 with
shear wave transducers of 5 MHz and longitudinal wave transducers of 10 MHz. The
electrical resistivity (p) and Seebeck coefficient (S) were simultaneously obtained on a
commercial system (ULVAC ZEM-3). Thermal diffusivity (D) was measured using
the laser flash method (Netzsch, LFA-457). The specific heat (C,) was determined by
differential scanning calorimetric using Netzsch DSC 404F3. The densities (d) were

measured by the Archimedes method. The total thermal conductivity (x) was



calculated according to the relationship x = dC,D. Uncertainties in the electrical
conductivity, Seebeck coefficient, and thermal conductivity were within 5%, 7%, and
5%, respectively. The Hall coefficient (Ru) at 300 K was measured using a physical
properties measurement system (PPMS-9, Quantum Design, USA) with a magnetic
field from -3 to 3 T. The hole concentration (p) was calculated using p = 1/(Rue),
where e is the elementary charge. Hall carrier mobility (u) was calculated according

to the relation = Ru/p.

3. Results and Discussion

Single-crystal X-ray diffraction is used to determine the crystal structure of
CuzSeo5Sos at 100 K. Small single crystals with the size of about 10 x 40 x 60 pm?
were extracted from a polycrystalline ingot cooled from high temperature after a long
time element melting. The detailed crystallographic information is listed in Table S1.
Different from the room temperature structures for CuxSe [26] and CuS [28], we
found that the CuxSeo.5So.5 has a hexagonal structure with the space group of P63/mmec,
which is the same as the intermediate temperature phase of Cu,S. The solved crystal
structure of CuxSeo5So.5 is shown in Fig. 1a. It consists of a Se/S atomic site and two
disordered copper sites (Cul & Cu2). The Se/S atoms form a rigid hexagonal
framework. The disordered Cul site is situated on the faces of the red octahedron
shown in Fig. 1a. The Cu2 site is disordered about the 63-screw axis, split into three
equivalent positions located in the blue tetrahedron. The Se/S sites are fully occupied

by half Se and half S, while the Cul and Cu2 sites are partially occupied with the site



occupancy factors (S.0.F.s) of 0.550 and 0.172, respectively. This type of disordered
Cu atoms is the typical character of superionic semiconductors [14, 32], in which Cu
ions can easily migrate among these partially occupied atomic sites.

The room temperature powder X-ray diffraction (PXRD) data are consistent with
the single crystal structural solution. As shown in Fig. 1b and Fig. S1, most of the
diffraction peaks of CuzSeosSos can be clearly indexed to the hexagonal structure
described above, with the exception of some weak peaks that are identified as the
Fm3m cubic structure (ICSD-54916), indicating mixed hexagonal and cubic phases
in CuxSeosSos. This is consistent with the presence of different polymorphs of
materials [33, 34]. With increasing copper vacancies, the intensities of diffraction
peaks belonging to the cubic phase are increased. When the copper vacancy level
reaches 0.15 (y = 0.15), only the cubic phase is observed in the XRD patterns without
any other secondary phases. Such phase evolution induced by the change of
copper-deficiency is also observed for Cuz-ySe and Cuz-yS [35, 36].

In order to further characterize the structural phase transitions, synchrotron
powder diffraction data were collected in the temperature range from 300 to 1000 K.
As shown in Fig. lc, all the reflections from hexagonal phase disappear and only the
peaks from cubic phase are observed above 700 K, which is consistent with the DSC
measurements shown in Fig. S2. It is very interesting to note that above 400 K, the
intensities of the diffraction peaks belonging to the cubic phase are gradually
increased, while those from the hexagonal phase are gradually reduced. Therefore, the

phase transition from the hexagonal phase to the cubic phase continuously occurs



from the low temperatures around 400 K and finishes at about 700 K. Such a broad
temperature range phase transition introduces extra enthalpy into the DSC
measurement, leading to a relatively large heat capacity as compared with the data
above 700 K (see Fig. S2). In addition, we calculated the energy difference between
the hexagonal phase and cubic phase based on the DSC measurement, and found that
it is about 7.56 J g’'. Such small energy deviation can easily lead to the formation of
polymorph phases shown above induced by thermal fluctuations. Furthermore,
thermal fluctuation also results in the slow growth of the cubic phase of CuzSeo.5So0.5
when T=400 K and finally a complete transition is observed near 700 K. Such a
phase transformation mechanism are observed in many chalcogenides such as
CusSeTe and ZnS [37, 38].

The material phases and element distributions are investigated by using electron
backscatter diffraction (EBSD) on the Cui94SeosSos sample. The EBSD
measurements clearly show the co-existence of the hexagonal phase (red grains
shown in Fig. 2a) and cubic phase (blue grains shown in Fig. 2a) at room temperature.
The in-situ energy dispersive spectroscopy (EDS) mapping (Fig. 2c¢) shows that all
elements are homogeneously distributed, implying the chemical compositions of
hexagonal phase and cubic phase are very close or identical. This completely agrees
with the definition of polymorphism, e.g., a material with different crystal structures
but same chemical composition. The grain sizes of hexagonal and cubic phases
calculated from the phase map (shown in Fig. 2a) are shown in Fig. 2b with the value

ranging from 150 nm to 5 um. Here the sampling step size is 60 nm. We took the



value of two-and-a-half times of the step size as the minimum grain size (150 nm).
Thus the pixel clusters below 150 nm are regarded as noise. The grains below 150 nm
are thus ignored and is the limiting size for detection by EBSD. Besides, EBSD
orientation maps show that the Cui.94Seo.5So.s sample has a randomly oriented texture
structure as shown in Fig. S3. Hence, it can be regarded as an isotropic sample.

We carried out transmission electron microscopy (TEM) analysis on samples of
CuzSeos5Sos and Cui.4SeosSos. As shown in Fig. 3a, the low-magnification TEM
image and selected area electron diffraction (SAED) pattern clearly show hexagonal
structure in CuxSeosSo.s. However, high angle annular dark field (HAADF) images
shown in Fig. 3¢ and 3f clearly visualize the hexagonal and cubic polymorphs of
CuxSeosSos and Cui94SeosSos, being consistent with the XRD and EBSD
observations shown in Fig. 1 and 2. In addition, beyond the machine limitation of
EBSD technique, the high-resolution TEM images shown in Fig. 3b and Fig. S4
demonstrate the crystallized region actually contains plenty of domains with the sizes
about 20-80 nm. The SAED patterns shown in Fig. 3d and the HAADF image shown
in Fig. 3e indicate that, beyond the primitive cubic phase, a modulated cubic phase
also exist in the Cui.94Se05So.5 sample. Based on the Fourier filtered images shown in
Fig. S5, the modulation is believed to be caused by the disordered copper rather than
selenium. It should be noted that the nano-domains, modulation, as well as polymorph
could be beneficial for heat impedance.

The temperature dependence of thermoelectric properties for Cuz-ySeo5S0.s5 (y =0,

0.03, 0.04, 0.05, and 0.06) is shown in Fig. 4, which covers the low-temperature



mixed phases (hexagonal+cubic) and high-temperature cubic phase. All the
Cuz4Seo.5S05 samples show obviously two different temperature dependencies in the
temperature range from 300 K to 1000 K studied here due to the phase transition.
Because of the natural deficiency of copper, all samples including
nominal-stoichiometric Cu2SeosSos show p-type conducting behavior. The room
temperature resistivity p for CuxSesSos is on the order of 102 Q m, which is higher
than that in Cu2Se and CuxS. At temperatures above 700 K, the resistivity is reduced
by about two orders of magnitude and finally to 3x10* Q m at 1000 K. The room
temperature Seebeck coefficient (S) of Cu2Seo.sSos is around 490 uV K'. At first, it
decreases monotonously to about 340 uV K at 700 K and then it increases to 370 uV
K''at 1000 K, lying between the Seebeck coefficient of Cu2Se (= 294 pV K'') and
CwS (= 438 puV K. With increasing copper deficiency from CuzSeosSos to
Cu1.94Seo.550.5, both p and § are significantly reduced in the whole temperature range
due to the increased hole concentrations, which will be discussed later. The rapid
change in p and S for CuzSeosSos around 650 K is attributed to the structural
transition from the mixed phases (hexagonal+cubic) to single cubic phase. We also
found that the phase transition temperature is decreased with increasing copper
deficiency, which is consistent with the DSC measurements shown in Fig. S2. Based
on the measured p and S, the calculated power factors (PF = §%/p) for Cuz-ySeo.sSo.s
are shown in Fig. 4c. Clearly, the PFs gradually increase with increasing copper
deficiency with a largest PF of 13.2 pW cm™ K™ obtained at 1000 K. This is higher

than that in CuzSe and CuzS matrix compound. We ran the repeatability measurement



up to 1000 K for sample Cui.94SeosSo.5 and the data are shown in Fig. S6 and S7. The
electrical conductivity and Seebeck coefficient are nearly reproducible above the
phase transition temperatures (around 600 K). Besides, a transformation hysteresis is
observed below 600 K after a heating and cooling cycle, which is attributed to the
material’s phase transitions.

Fig. 4d presents the temperature dependence of total thermal conductivity « for
Cu24Seos5Sos. In the whole temperature range, the values of the total thermal
conductivity for all Cuz-ySeos5So.5 (y =0, 0.03, 0.04, 0.05, and 0.06) samples are below
1.1 W m!'K'!. These are remarkably low values even in TE materials. Different from
p or S, all samples show an enhanced x when increasing the copper deficiency. This is
mainly a result of the reduced electrical resistivity and thus enhanced electrical
thermal conductivity. The lattice thermal conductivity (xz) is calculated using the
expression k. = k- k., in which the charge carrier thermal conductivity component (x.)
is estimated using the Wiedemann-Franz law (x. = L7/p, where L is the Lorenz
number). In this study, the L values are obtained from the accepted approach of fitting
the Seebeck data to the reduced chemical potential and the calculated values are
shown in Fig. S8 [39, 40]. All the samples show a weak temperature dependent
behavior in xz, which is a typical character of liquid-like materials [2, 12]. For high
temperature cubic phases, the xz values of Cuz-ySeosSo.s samples are as low as 0.32 W
m’! K, which is comparable to that of CuzS (= 0.33 W m'! K'!) but much lower than
that in CuxSe (= 0.52 Wm™ K1) [12, 13].

Based on the measured p, S, and «, the dimensionless TE Figure of merit Z7T (=



S°T/px)) is calculated and shown in Fig. 4f. Similar to the electrical and thermal
transport properties, the ZT values also show two different trends in the measured
temperature range due to the phase transitions. The low temperature ZTs are for the
mixed phases (hexagonal+cubic) and high temperature Z75s are for the single cubic
phase. The ZT values for all samples below 550 K are no more than 0.3 due to the low
electrical transport properties at low temperatures. The maximum Z7 obtained for
stoichiometric CuzSeo.5So.51s around 1.2 at 1000 K, in between the values of CuzSe (=
1.5 @ 1000 K) and Cu:S (= 0.6 @ 1000 K). Clearly, the ZT values at high
temperature are gradually increased with increasing copper vacancies, which is
mainly attributed to the improved power factors. A remarkable high Z7 value of 2.3 is
achieved at 1000 K for Cui.94Seo.5S0.5, which is among the highest values in bulk TE
materials and greater than the maximum Z75s in CuzySe and Cuz-yS.

To better understand the effect of copper vacancies on electrical transport
properties, we measured the room temperature Hall coefficient for all samples. The
relationship between the measured Hall carrier concentration (p) and copper vacancies
y for CuzySensSo.s at 300 K is plotted in Fig. 5a. The data of Cuz-ySe and Cuz-S are
also included for comparison. It is clear that the exact stoichiometric composition
(Cu2Seo.580.5) 1s a nearly intrinsic semiconductor with low carrier concentration about
1.03x10'® cm™, which is lower than those of Cu>Se and Cu,S. With increasing copper
deficiency from CuzSeo.5S0.5 to Cui.94Se0.5S0.5, the carrier concentration is significantly
increased from the order of 10'® cm™ to 10?° cm™. This significant increase in hole

concentration is also observed in CuzySe and CuxS [12, 13]. The X-ray



photoelectron spectroscopy (XPS) measurements (see Fig. S9) indicate that the
valence states of Cu, Se, and S are +1, -2 and -2, respectively. Thus the improved
carrier concentration in these compounds can most likely be explained by the increase
in Cu vacancies. Owing to the superionic character of CuxSeo.5S0.5, the carrier mobility
1 of CuaSeosSos is only about 3 cm? V' s, which is much lower than the uy in
normal solid compound Cu;Se and CuzS at room temperature. However, the gy of
Cu24SeosSos shows a weak dependence when increasing copper vacancies, in
contrast to the sharp decrease of uyin CuzySe and CuzyS. Even though the high
temperature Hall coefficient is hard to measure, it can be deduced that the high
temperature carrier mobility g of CuzSeosSo.s should be similar to those in CuzSe
and CuzS (see Fig. S10). Due to the lower p and 4, the room temperature resistivity p
of CuzSeo5S0.5 is much higher than those in CuzSe and Cu,S. With increasing copper
deficiencies from CuzSeo.5So.5 to Cui.94Seo.5S0.5, the p 1s significantly reduced by three
orders of magnitude due to the improved carrier concentrations. The Seebeck
coefficient S, as expected, exhibits the same decreasing trend with increasing copper
deficiencies. The similar phenomena are also observed in binary Cuz-ySe and Cuz-yS,
indicating the high adjustability of electrical transport properties in copper
chalcogenides.

To shed light on the origin of superior TE performance in Cuz«Seo5S05
compared to its counterparts Cuz-ySe or CuzyS, we modeled the electronic properties
using a single parabolic band (SPB) model [41, 42]. Here the data for large copper

deficient samples with carrier concentration >10?° cm™ are selected and used, thereby



it is reasonable to assume that the carrier concentration is scarcely changed from room
temperature to high temperatures since they are degenerate semiconductors with large
band gaps. Besides, the carrier mobility of CuxySe or CuyyS are assumed to be
limited by the acoustic phonon scattering while Cuz«SeosSos is simultaneously
dominated by both acoustic phonon and alloy scattering. All the estimated parameters
including the effective mass m*, the mobility parameter 1, the deformation potential
Z, the alloy scattering potential U, the lattice thermal conductivity x; and the quality
factor  are shown in Table 1. The Pisarenko relation, i.e., a plot of S as a function of
p, gives a good description for the experimental results. As shown in Fig. 6a, the data
of CuzxSeo.5S0.5 and CuzySe samples fall on the same line with an effective mass m*
of 4.2 me.(m. is the mass of an electron), while the Cuz-,S samples possess a slightly
higher effective mass. The corresponding mobility parameter i in CuzS is smaller
than the g in CuxxSeosSos and Cuz-ySe because p o« 1/ m* As a result, the
calculated weighted mobility (uo(m*/m.)*?) for Cur-ySeo.sSos, CurySe, and Cua-yS are
20.6, 18.9, and 13.6 cm? V'ls! respectively, suggesting the electrical transport
performance of Cuz-ySeosSo0.51s much better than that of Cuz,S and Cuz-ySe. These
data also explain why the calculated and measured PF's for Cuz-ySeosSos are greater
than those of Cuz-ySe and Cuz-yS, as shown in Fig. 4c and 6b.

The lattice thermal conductivity x; as a function of copper vacancy y is shown in
Fig. 7a. At high temperature (1000 K), all the Cuz-ySeo.5So.s compounds have a simple
cubic structure, in which x; slightly decreases with rising copper vacancies. At room

temperature (300 K), the x; for CuzSeosSos presents an opposite trend, i.e., xr



increases as the copper deficiencies increase. However, these deviations in x;, are very
small. When considering the measurement and calculation errors, it is hard to
conclude the x; is obviously changed through variation of Cu vacancies in
CuzSeosSos. Nevertheless, the x; values in CuxSeosSo.s from room temperature to
high temperatures are extremely small, i.e., around 0.3-0.4 W m™' K.

We also measured the thermal conductivity at low temperatures between 2 and
300 K as shown in Fig. 7b. Very interestingly and surprisingly, similar to amorphous
a-Si0, the CuzySeosSo.5 displays a glass-like heat conduction with the typical glass
plateaus observed between 10 and 20 K (see Fig. 7b) [43, 44]. This stands in a stark
contrast with the temperature dependence of thermal conductivity of Cu,S which
exhibits a strong “hump” shape that is normally observed in crystalline materials [30,
45, 46]. Note that the XRD data in Fig. 1 clearly show that our Cuz-ySeo.5S0.5 materials
are typical crystalline compounds that is completely different from a glass. The
low-temperature glass-like thermal conductivity in Cuz-ySeo.5S0.5 can be traced, in part,
to its unusual micro/nano structure discussed above. Mesoscale grains, in form of
polymorph, can be regarded as long-wavelength phonon scattering centers. On the
other hand, the nano-domains and modulated structures in nanoscale are effective in
scattering short-wavelength phonons. This unique hierarchical microstructure
significantly diminishes heat conductions and thus leads to the glass-like
exceptionally low lattice thermal conductivity observed in Fig. 7b.

In addition, the extremely low x; values in Cuz-ySeo5So.s compounds can be

related to its low speed of sound. As presented in Fig. 7c, both the longitudinal v; and



v; transverse speeds of sound in Cuz-ySeosSos are remarkably lower than those in
binary CuzSe and Cu:S. The abnormal values of sound speeds could be associated
with the different structure of Cuz-ySeosSos from CuxSe and CusS, since the sound
speeds are directly dominated by the chemical bonds [1]. Nevertheless, these ultralow
longitudinal and transverse speeds of sound lead to an overall reduction in average
speed of sound (both arithmetic and geometric averages) and thus remarkably low x;
values in CuxSe;xSx according to xz = vaye Crl/3 (I is phonon mean free path).

The liquid-like behavior of Cu ions can also diminish part of the transverse
phonons and thus lower the specific heat per volume (Cy) and xz. Similar to CuzSe or
CusS, the Se/S atoms in CuzySeosSos form a rigid crystalline sublattice while the
highly disordered Cu ions are weakly bonded inside the sublattice exhibiting the
liquid-like behavior. These liquid-like ions not only strongly scatter phonons
(lowering /) but also eliminate some of the transverse vibrations (reducing Cy). The

heat capacity at constant volume C, for liquids is [47]

3
d(K+U+U)| 0> 1)
- ( 0))=[3- (—0) lNkB . (1)
dT @,

where K, U, U, av, and wp are the kinetic energy, potential energy of longitudinal
vibrations, potential energy of transverse vibrations, cut-off frequency, and Debye
frequency of transverse phonons, respectively. The theoretical top-limit (Dulong-Petit
value) of C, for a solid crystal in the high temperature range is 3Nkp because all the

vibrations contribute to C, (e = 0 in Equation 1). While for liquid materials, the



transverse phonons with frequency lower than @y can no longer store elastic energy
due to the long-range fluidity of liquid-state molecules or ions, leading to much lower
C, compared to that in solid. The liquid-like materials are in part-crystalline
part-liquid state, resulting in a decreased C, lying between the solids and liquids, as
demonstrated by a few reports. The heat capacity at constant pressure C, is given by

[48]

Cp = Cpp + Co + 9a2BVT (2)

Here the first term Cpy is the excitation of the phonon modes, i.e., C,. The second term
C. is the carrier contribution to the specific heat. It is rather small and can be ignored
safely. The third term 9&’BVT is the contribution from volume change and can be
calculated from the thermal expansion coefficient ¢, bulk elastic modulus B, and
average volume per atom V. The measured ¢ is 2.6x107 K'! for the high temperature
cubic phase (see Fig. S11). The bulk modulus B is calculated from the sound speed
data with the details shown in Supplementary material. Then the evaluated C, data, as
well as the C, data are plotted in Fig. 7d. It can be seen that the C, and even C, of
CuzySeo.sSos (v = 0, 0.03, and 0.06) are clearly decreased to below the Dulong-Petit
value derived for solids. The decreased C, and reduced / induced by the Cu ions, as
well as the ultralow sound speeds, work together to contribute to the extremely low
lattice thermal conductivity at high temperature for Cuz-ySeo.5sSo0.5 compounds.

We took a constant xz, value of 0.30, 0.51, and 0.31 W m' K™! for Cuz-ySeo5So.s,



Cuz4Se, and Cu.,S, respectively. By combing the PFs calculated shown above, the

P

—F) and Hall carrier concentration is calculated by

relationship between ZT (= LpenT+k
L

the SPB model [41, 42], as shown in Fig. 8. The experimental data are consistent with
the calculated curve. The optimum carrier concentrations for the three systems are
almost the same, but the maximum Z7 for Cuz-ySeo.sSos is clearly larger than those in
Cuz4Se and Cuy,S. The large ZT value for the CurySeosSos compounds can be
explained by the relatively high quality factor £, which is a measure of the maximum

ZT at a given temperature [49]

m*/m 3/2
B :Anu'O( Ii e) T5/2 ’(3)
L
and
kp\2 2m kg >/
=) (e

Here e, kg, and h are the electron charge, Boltzmann constant, and Planck constant,
respectively. Thus A4 is a constant parameter. The quality factor f is just related with
several fundamental parameters (uo, m*, kr, and T) and it serves as a guideline for
searching for good thermoelectric materials. As presented in Fig. 8b, the classic TE
compounds used at their respective application temperatures usually have /S values
less than one [49]. Due to the outstanding electrical transports and ultralow lattice
thermal conductivity, a large S value of 1.25 is achieved for Cuz-ySeo.5So.5, which is

much higher than those of many classic TE compounds including Cuz-ySe and Cuz-yS.



4. Conclusion

To sum up, we have successfully synthesized a series of Cuz-ySeo.sSos solid
solutions and systematically studied the crystal structure, electrical and thermal
transport, and thermoelectric performance. At room temperature, Cuz-ySeos5Sos5(y <
0.06) is comprised of a mixture of hexagonal and cubic phases, but all phases
transform into a single cubic phase after the phase transitions. Very special and unique
hierarchical microstructure is observed in CuaySeosSos, including polymorph,
nano-domains, and modulated structures. They can significantly diminish the lattice
thermal conductivity through multiple phonon scattering mechanisms, leading to a
low glass-like thermal conductivity. The liquid-like copper ions at high temperature
not only strongly scatter lattice phonons but also diminish part of the heat capacity,
leading to the strong PLEC effect. By combing the extraordinarily low speed of sound,
an overall ultralow lattice thermal conductivity with values around 0.3-0.4 W m™' K!
is observed in Cuz-ySeo.5S0.5, which is similar to the value in CuzS. Furthermore, the
electrical transport performance of Cux-ySeo 5S0.5 1s hugely improved through changing
the native Cu vacancies. High power factors are observed in Cuz-ySeo.5S0.5, which is
better than CuzyS and CuzySe due to its relatively high weighted mobility. In
consequence, a large quality factor £ and thus a high Z7 value of 2.3 is achieved at
1000 K for Cui.94Se0.5S05, which is greater than the maximum Z7s in Cuz-ySe and

Cuz.S and are among the highest values in bulk thermoelectric materials.
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Figure Captions

Fig. 1 (a) Visualization of the crystal structure (P63/mmc) of CuzSeosSo.s obtained
from single crystal structural solution at 100 K. The blue tetrahedron illustrates the
disordered Cu2 sites and the red octahedron the Cul sites. The atomic site occupancy
is indicated by partial coloring of the atoms. (b) Room temperature powder X-ray
diffraction patterns for Cuz-ySeo.5So.5 (x = 0, 0.03, 0.04, 0.05, 0.06 and 0.15) samples
ground from the annealed ingots. (c) High temperature synchrotron powder X-ray

diffraction patterns for CuzSeo 5So.5s measured from 300 K to 1000 K.

Fig. 2 (a) Phase map of Cui.94Seo5S0.5 obtained from electron backscatter diffraction
(EBSD) measurements. The red grains are identified as the hexagonal phases while
the blue grains are for the cubic phases. (b) Grain size distribution histograms of
hexagonal phases and cubic phases in Cui.94SeosSos sample. (c) In-situ elemental

energy-dispersive X-ray spectroscopy (EDS) mapping in Cui.94Se0.5S0.5.

Fig. 3 Microstructures of the hexagonal phases in CuxSeo 5So.5 and the cubic phases in
Cu1.94Se0.550.5. (a) Low-magnification transmission electron microscope (TEM) image
with the corresponding selected area electron diffraction (SAED) pattern for the
hexagonal phases in CuzSeosSos. (b) High-magnification TEM image and (c) High
angle annular dark field (HAADF) image for the hexagonal phases in CuxSeo.5So0s. (d)
Low-magnification transmission electron microscope (TEM) image with the

corresponding SAED patterns for primitive (left) and modulated (right) structures of



cubic phases in Cui.94SeosSos. (€) HAADF images of the interface between the
primitive and modulated phases. (f) HAADF image for the modulated cubic phases in

Cu1.94Se€0.5S0.5.

Fig. 4 Temperature dependence of (a) electrical resistivity p, (b) Seebeck coefficient S,
(c) power factor PF, (d) total thermal conductivity «, (e) lattice thermal conductivity
k. and (f) TE Figure of merit ZT for Cuz-ySeo.5So5 (v = 0, 0.03, 0.04, 0.05 and 0.06).

The data of CuzSe and CusS are also included for comparison [12, 13].

Fig. 5 Electrical transport properties of CuxySeosSos as a function of copper
vacancies y at 300 K. (a) Hole carrier concentration p, (b) carrier mobility s, (c)
electrical resistivity p, and (d) Seebeck coefficient S. The data of Cuz-ySe and Cuz-S

are also included for comparison [12, 13].

Fig. 6 (a) S and (b) PF as a function of Hall carrier concentration at 1000 K. Here the
hold concentration at 300 K is used. The symbols are from the experimental data and
the curves are calculated based on the single parabolic band (SPB) model. The data of

Cuz-ySe and Cuz-yS are also included for comparison [12, 13].

Fig. 7 Thermal transport properties of Cuz-ySeosSo.s. (a) Lattice thermal conductivity
k. as a function of copper vacancy y at 300 K and 1000 K. (b) Temperature

dependency of x; at low temperature (2-300K). (¢) Longitudinal speed of sound v; and



transverse speed of sound v; for Cuz-ySeosSos (v = 0, 0.03 and 0.06). The data of
Cuz4Se and Cu4S are also included for comparison [12, 13]. (d) Temperature
dependency of the heat capacity for CuzySeosSos at constant pressure (C,) and
volume (C,). The theoretical value (Dulong-Petit) of C, at high temperature is 3Nkp in
a solid crystal (green dashed curve). The lowest theoretical C, value in a liquid is

2Nkg (yellow dashed curve).

Fig. 8 (a) ZT as a function of Hall carrier concentration p at 1000 K. The symbols are
for experimental data and the curves are calculated from the single parabolic band
(SPB) model. The data of Cuz.ySe and Cuz-yS are also included for comparison [12,
13]. (b) Quality factor S for CuzySeosSos and a few other classic thermoelectric

compounds at their respective application temperatures [49].
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Fig. 1. (a) Visualization of the crystal structure (P63/mmc) of CuxSeosSo.s obtained
from single crystal structural solution at 100 K. The blue tetrahedron illustrates the
disordered Cu2 sites and the red octahedron the Cul sites. The atomic site occupancy
is indicated by partial coloring of the atoms. (b) Room temperature powder X-ray
diffraction patterns for Cuz-ySeo.5Sos (x = 0, 0.03, 0.04, 0.05, 0.06, and 0.15) samples
ground from the annealed ingots. (¢) High temperature synchrotron powder X-ray

diffraction patterns for CuzSeo.5So.s measured from 300 K to 1000 K.
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Fig. 2. (a) Phase map of Cui.94Seo.5S0.5 obtained from electron backscatter diffraction
(EBSD) measurements. The red grains are identified as the hexagonal phases while
the blue grains are for the cubic phases. (b) Grain size distribution histograms of
hexagonal phases and cubic phases in Cuj.94SeosSos sample. (c¢) In-situ elemental

energy-dispersive X-ray spectroscopy (EDS) mapping in Cui.94Seo.5S0.5.



Fig. 3. Microstructures of the hexagonal phases in CuzSeo5So.5 and the cubic phases in
Cu1.94Se05S05. (a) Low-magnification transmission electron microscope (TEM) image
with the corresponding selected area electron diffraction (SAED) pattern for the
hexagonal phases in CuzSeos5So.s. (b) High-magnification TEM image and (c¢) High
angle annular dark field (HAADF) image for the hexagonal phases in CuxSeo.5So.5. (d)
Low-magnification transmission electron microscope (TEM) image with the
corresponding SAED patterns for primitive (left) and modulated (right) structures of
cubic phases in Cui.94Se0sSos. (¢) HAADF images of the interface between the
primitive and modulated phases. (f) HAADF image for the modulated cubic phases in

Cu1.94S€0.550.5.
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Fig. 4. Temperature dependence of (a) electrical resistivity p, (b) Seebeck coefficient
S, (c) power factor PF, (d) total thermal conductivity x, (e) lattice thermal
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and 0.06). The data of CuxSe and Cu,S are also included for comparison [12, 13].
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Fig. 5. Electrical transport properties of CuzySeosSos as a function of copper
vacancies y at 300 K. (a) Hole carrier concentration p, (b) carrier mobility s, (c)
electrical resistivity p, and (d) Seebeck coefficient S. The data of Cuz-ySe and Cuz-yS

are also included for comparison [12, 13].
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the curves are calculated based on the single parabolic band (SPB) model. The data of

CuzySe and Cuy-S are also included for comparison [12, 13].
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Fig. 7. Thermal transport properties of Cuz-ySeo.sSo.5. (a) Lattice thermal conductivity
k. as a function of copper vacancy y at 300 K and 1000 K. (b) Temperature
dependency of x; at low temperature (2-300K). (¢) Longitudinal speed of sound v; and
transverse speed of sound v, for Cuz-ySeosSos (v = 0, 0.03, and 0.06). The data of
CuzySe and CuzyS are also included for comparison [12, 13]. (d) Temperature
dependency of the heat capacity for Cuz-ySeosSos at constant pressure (C,) and
volume (C,). The theoretical value (Dulong-Petit) of C, at high temperature is 3Nk in
a solid crystal (green dashed curve). The lowest theoretical C, value in a liquid is

2Nks (yellow dashed curve).
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Fig. 8. (a) ZT as a function of Hall carrier concentration p at 1000 K. The symbols are

for experimental data and the curves are calculated from the single parabolic band

(SPB) model. The data of Cuz-ySe and Cuz-yS are also included for comparison [12,

13]. (b) Quality factor S for CuzySeosSos and a few other classic thermoelectric

compounds at their respective application temperatures [49].

Table 1. Electronic transport parameters (effective mass m*, deformation potential =,

alloy scattering potential U, mobility parameter o and quality factor f) and lattice

thermal conductivities xz of Cuz-ySeo.5S0.5, Cuz-ySe and Cuaz-S at 1000 K.

Material
m* (me)
Z(eV)
U (eV)

1o (cm? V-isT)

1o(m*/me)¥? (cm? V1sh)

Cuz.ySeos5So5

4.2

3.0

0.05

24

20.6

CuzySe
4.2

3.1

2.2

18.9

CUZ-yS
5.7

3.1

1.0

13.6



K (WmtK?

B

Popt, pF (10%° cm3)
(PF)max (1000 K)
Popt, z7 (10%° cm™3)

(ZT)max (1000 K)

0.30

1.25

15.2

15.0

3.44

2.17

0.51

0.68

14.9

134

4.08

1.54

0.31

0.80

18.5

10.3

4.83

1.67



