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Abstract

Tetrahedrites, a class of earth-abundant minerals, exhibit extremely low thermal conductivity
values making them promising candidates for thermoelectric applications at high
temperatures. Herein, we extend investigations on these materials to specimens substituted on
both the Cu and Sb sites by reporting on the thermoelectric properties of polycrystalline Cuiz-
+CoxSbs, Te,S131n a wide range of temperatures (2 — 700 K). All prepared samples exhibit p-
type heavily-doped semiconducting behavior with relatively low electrical resistivity values.
These substitutions have little influence on the thermal conductivity, which remains very low
in the whole temperature range (~ 0.7 W m'! K"). Although the double-substituted samples
exhibit higher ZT values with respect to the parent tetrahedrite Cui2Sb4S13, the maximum Z7'
of 0.80 reached at 700 K for (x,y) = (0.82, 0.41) remains comparable to the values obtained in

compounds solely substituted with Co or Te.



Introduction

Thermoelectric generators enable converting directly heat into electricity and vice-versa,
making them an environmentally-friendly way to harvest waste heat into useful electric
power.!? The performances of thermoelectric materials are determined by the dimensionless
thermoelectric figure of merit ZT = a’ T / px, where T is the absolute temperature, o is the
Seebeck coefficient or thermopower, p is the electrical resistivity, and « is the total thermal
conductivity.!? To achieve high ZT values in order to maximize the conversion efficiency,
materials exhibiting an unusual combination of low thermal conductivity, low electrical
resistivity, and high thermopower are intensively sought.>* However, the interdependence of
these three transport coefficients provides a difficult challenge to overcome.

Due to their complex crystal structures, rich chemistry and tunable transport properties,
copper sulfosalts are receiving increasing attention. Several families of minerals such as
colusite CuVaMsS32 (M = Ge or Sn), bornite CusFeSs or CusSns;Sis show naturally
extremely low thermal conductivity, typically well below 1 W m'! K'! above room
temperature.’>® Tetrahedrites are also currently under scrutiny due to their abundance on Earth
and interesting transport properties.!®!! This class of minerals has a general chemical formula
that can be written as 410B2X4Y13, with 4 = Cu or Ag, B = transition metals such as Fe, Ni, Zn,

Mn or Co, X = Sb, As or Te, and Y = S that can be partially substituted by Se. They crystallize
into a body-centred cubic structure (space group [ 4_13m) with 58 atoms per unit cell. These
minerals are composed of relatively earth-abundant elements and show a large variety of
substitutions, which provide several degrees of freedom to optimize the power factor o’/ p

as demonstrated in recent studies on synthetic tetrahedrites Cui2-.BxSbaS13 (Ref. 10-20) and
Cu12Sba.,Te,S13.2122 When properly optimized, maximum Z7 values near unity are achieved

around 700 K.'%?2 These high ZT values arise from the beneficial combination of



semiconducting properties and very low lattice thermal conductivity. The poor ability of
tetrahedrites to transport heat has been recently shown to originate from the interaction
between active lone-pair electrons on the Sb atoms and neighbouring Cu atoms.!”-?° Inelastic
neutron scattering experiments carried out on both single-crystalline and polycrystalline
samples have demonstrated the presence of a strongly anharmonic, low-energy excess of
vibrational states related to the off-plane thermal vibrations of these Cu atoms.!” The strong
coupling between these optical modes and acoustic phonons efficiently lowers the lattice
thermal conductivity and explains its glass-like temperature dependence below room
temperature.'’

With very few exceptions, prior studies have so far mainly focused on a single
substitution on either the Cu or Sb site. Lu et al.? recently reported the beneficial influence of
Zn on the thermoelectric properties of Ni-substituted Cui2SbaSi3 suggesting that double
substitutions are a promising strategy for further enhancing the ZT values. Yet, the influence
of double substitutions on both the Cu and Sb site remains only scarcely explored.?* Among
the various elements that substitute on Cu and alter the thermoelectric properties of
Cu12Sb4S13, the choice of Co resulted in a significant enhancement of the Z7 values up to 0.98
at 673 K in Cui15C005SbsS13 i.e. one of the highest reported value for a single aliovalent
substitution on the Cu site.!” The possibility to further manipulate the thermoelectric
properties upon Te substitution in this particular system is thus enticing. For this reason, we
report herein on a systematic investigation of the influence of Te insertion on the crystal
structure, chemical homogeneity and transport properties in a broad range of temperatures (2

— 700 K) of synthetic tetrahedrites Cui2-C0.Sb4S13.



Experimental section

Synthesis

Two series of polycrystalline samples, Cui2.:Co.SbsS13 with x = 1.00, 1.25, 1.50 and 1.75 and
Cu12..C0xSbs, Te,S13 with (x,y) = (0.50, 0.50), (0.50, 0.75), (0.50, 1.0) and (1.0, 0.5), were
synthesized by a conventional powder metallurgy route. All manipulations were carried out
under controlled atmosphere in a dry, argon-filled glove box. High-purity elemental powders
(Cu, 99.99 %, Co, 99.99%, Sb, 99.999 %, Te, 99.999 % and S, 99.999 %) were weighted in
stoichiometric amounts and placed in evacuated quartz tubes, systematically preheated at
1173 K for several hours under dynamic vacuum to ensure dry conditions. The sealed
ampules were then heated to 923 K at 0.3 K min’!, and subsequently maintained at this
temperature for 12h. In a final step, the tubes were cooled down to room temperature at a rate
of 0.4 K min™!. Such low heating and cooling rates were applied in order to avoid an excessive
sulfur vapor pressure inside the ampules. The obtained ingots were crushed into fine powders,
cold-pressed into cylindrical pellets and further annealed at 673 K for at least one week in
evacuated quartz tubes. In a final step, the annealed pellets were ground into fine powders and
consolidated in graphite dies by spark plasma sintering (SPS) at 723 K under 80 MPa for 12
min. For both series, the relative density of the samples, determined by weight and sample

dimensions, was above 92% of the theoretical density.

Structural and chemical characterizations

The chemical compositions of the samples were determined by energy and wavelength

dispersive X-ray spectroscopy (EDXS/WDXS) using a JEOL J7600F instrument. CuFeSa,



ZnS, Co, Sb, Te were used as standards to measure the Cu, S, Co, Sb and Te concentrations,
respectively. In average, 15 spots measured on the surface of each samples were collected.
The actual chemical compositions, listed in Table 1, were obtained by normalizing the S
contents to 13 sulfur atoms. Hereafter, the actual Co and Co-Te contents will be used to label
the samples of each series.

Phase purity and elemental mappings were conducted by powder X-ray diffraction
(PXRD) and scanning electron microscopy (SEM). Phase purity of the samples was assessed
by PXRD with a Bruker D8 Advance diffractometer using CuKo radiation (A = 1.54056 A).
The room-temperature lattice parameters were determined by Rietveld refinements using the
Fullprof software (Ref. 25) and are listed in Table 2. The chemical homogeneity of the
samples was verified by SEM experiments using a Quanta FEG (FEI). In order to contrast
impurity phases from the tetrahedrite phase, images of the sample’s surface were collected in
backscattered electron mode (BSE). The spatial distribution of the elements was determined

by elemental X-ray mapping.

Transport properties measurements

Thermopower, electrical resistivity and thermal conductivity were measured simultaneously
between 5 and 300 K using the thermal transport option (TTO) of a physical property
measurement system (PPMS, Quantum Design). For these measurements, bar-shaped samples
with typical dimensions of 2.5%2.5x8 mm?® were cut with a diamond-wire saw from the
consolidated pellets. The electrical and thermal contacts on the samples were realized by
attaching four copper leads with a silver epoxy. Thermopower and electrical resistivity were
measured simultaneously between 300 and 700 K with a ZEM-3 system (Ulvac-Riko) on bar-

shaped samples of similar dimensions. The thermal conductivity x was determined at high



temperatures (300 — 700 K) by measuring the thermal diffusivity a by a laser flash technique
(LFA 427, Netzsch). The thermal conductivity was then calculated from the relation ¥ = aC, d
where d is the experimental density of the sample whose temperature dependence has been
neglected in the present case. The specific heat was assumed to be equal to the temperature-
independent Dulong-Petit value above 300 K. A good agreement between the low and high-
temperature data sets was observed at room temperature, the largest discrepancy being visible
on the thermal conductivity. This measurement is inevitably accompanied by thermal
radiations below 300 K, specifically in samples exhibiting a low thermal conductance. The

combined experimental uncertainty in ZT is estimated to be 17%.%6

Results and discussion

Structural and chemical characterizations

To better understand the influence of Te on the crystallographic and transport properties of
the tetrahedrites Cui2.,Co,SbaS13, we prepared and characterized in a first step a series of Te-
free samples. The number of possible compositions being very large when considering double
substitutions, we restricted our study to a limited range of Co and Te concentrations. Our
choices have been dictated by the results reported by Chetty e al.! who showed that the
optimum Z7T values in Cui2-.Co,Sb4S13 are achieved near x = 0.5. We have therefore prepared
several samples trying to keep constant the Co content to x = 0.5 while progressively
increasing the Te concentration from y = 0.50 up to y = 1.0. An additional sample with a
nominal composition (x,y) = (1.0, 0.50) has also been synthesized for comparison with the
(x,y) = (0.50, 1.0) sample in order to gain some insights into the influence of the Co/Te ratio

on the thermoelectric properties.



Figures la and 1b show representative PXRD patterns with their Rietveld refinements

obtained for the illustrative x = 1.70 and (x,y) = (0.25, 0.62) samples, respectively. For both

series, all the PXRD data could be successfully refined within the / 43m space group of
tetrahedrite. Except for the x = 1.70 sample, which presents a small fraction (3% vol.) of
impurity identified as CuSbS, all samples of the Co series are single-phase based on PXRD.
The same conclusion holds for the samples of the Co-Te series for which, only the (x,y) =
(0.32, 1.05) specimen shows the same impurity.

According to BSE and elemental X-ray mapping images, all the elements are
homogeneously distributed within the tetrahedrite phase (Figure 2a). These experiments also
revealed the presence of minute amount of CoS; in addition to CuSbS; in the samples of the
Co series (Figure 2b). The addition of Te yield homogeneous specimens regardless of the Co-
to-Te ratio (Figure 3) with only traces of CoS> and CuSbS: as secondary phases.

The room-temperature lattice parameters are shown in Figures 4a and 4b as a function
of the actual Co content and the sum of the actual Co and Te concentrations, respectively. For
both series of samples, a is larger than that of the ternary compound Cui2SbsS13 indicative of
the successful insertion of Co or Co-Te in the crystal structure. In the Co series, a increases
quasi-linearly with the Co content following a Vegard’s law (Figure 4a), in agreement with
the results of Chetty et al.'” When both Co and Te are present, a trends with the sum of the
actual Co and Te concentrations, both of which tending to expand the unit cell.!%!*-222 The
values obtained are in excellent agreement with those expected when considering a linear
variation of a with x and y and the actual Co and Te contents (Table 2). The fact that no
anomaly is seen in the dependence of a with x is in contrast to what was seen in Te-
substituted samples prepared from precursor compounds for which, very large lattice

parameters at low Te contents have been obtained.?! Hence, the conventional behavior of a in



the present series of samples suggests the absence of off-stoichiometry in their chemical
compositions.

The chemical compositions measured by EDXS/WDXS for all the Cui2.,Co.Sba.,Te,S13
samples (Table 1) show a very good correlation between nominal and actual compositions for
the Co series, except for the x = 0.90 sample that seems to show an excess of Cu. This holds
true for the Co-Te series where the actual Cu content seems to deviate significantly only in
the (x,y) = (0.25, 0.62) sample. Several studies have demonstrated that tetrahedrites are prone
to significant deviations from stoichiometry in contrast to natural tetrahedrites, which are
more stoichiometric.?” This phenomenon seems even more pronounced than the level of
substitution decreases i.e. when the composition tends to Cui2SbsS13, a ternary compound
well-known to show deviations from stoichiometry and to undergo an exsolution process
below 403 K.2%3! However, the presence of off-stoichiometry is correlated to large lattice
parameters, as recently shown in the Cui2Sbs,, Te,S13 tetrahedrites. Neither the x = 0.9 sample
nor the (x,y) = (0.25, 0.62) specimen exhibit abnormal a values indicating that these
deviations are most likely due to the experimental uncertainty.

For the Co-Te series, we note that the actual Te content nearly matches the nominal
value while the Co concentration deviates more significantly. The more pronounced off-
stoichiometry in Co in the Cui2..CoxSba,Te,S13 samples compared to the Cui2..CoxSba,S13
series suggests a competition between the insertion of Co and Te that results in lower Co
concentrations in the actual composition when both elements are present. This finding is
consistent with a recent study on the Cui2..Zn.Sbs,Te,Si3 and Cui2..NixSbs,Te,S13

tetrahedrites, for which a similar tendency has been underlined.?*



Transport properties

The temperature dependence of the electrical resistivity is shown in Figures 5a and 5b for the
Co and Co-Te series, respectively. From simple electron counting rules, both substitutions
should provide additional electrons driving the system from a p-type metallic state observed
in Cui2SbsSi3 towards a semiconducting behavior that develops when two electrons per
formula unit are added (i.e. when x =2 or x + y = 2). Hence, an increase in p with increasing
the concentration of the substituents can be anticipated as observed in prior studies on
tetrahedrites.!%-16:1921-24 The data collected for both series are consistent with these
expectations and show that p increases with x or with the sum x + y. Since the concentrations
of Co and Co-Te are lower than the limit required to reach a semiconducting state, all samples
behave as heavily-doped semiconductors characterized by a smooth increase in p with
temperature above 300 K. Interestingly, while a monotonic decrease in the p values upon
cooling would be expected, p significantly increases below 100 K for all samples. In the Co
series, this low-temperature behavior trends with the Co content, the rise in the p values
reaching several orders of magnitude in the x = 1.51 and 1.70 samples. This sharp increase in
p suggests that the hole mobility significantly decreases upon cooling, the hole concentration
being usually nearly constant with temperature in heavily-doped semiconductors. As
mentioned by Lu ef al.!' and in our prior study (Ref. 21), Hall effect measurements, that
would be necessary to ascertain this picture, are difficult to perform on tetrahedrites due to a
nearly null Hall signal. An exsolution process resulting in the coexistence of two tetrahedrite
phases can be ruled out in the present case since none of the transport properties exhibit an
anomaly as recently seen below 300 K in Te-substituted tetrahedrites.>? As noted by Lu et
al.'', the p(T) data does not follow a simple activated behavior expected in a semiconducting

state, rather suggesting that the electrical conduction enters a hopping-like regime below ~



100 K.

Figures 6a and 6b shows the temperature dependence of the thermopower. In agreement
with the p-type character of the parent compound Cu12SbsS13, all the samples exhibit positive
a values. Regardless of the composition, o monotonically increases with temperature to reach
values ranging between 150 and 240 pV K! at 673 K. For both series, the observed increase
in a with increasing the concentration of Co or Co-Te is consistent with a gradual evolution
towards a semiconducting state.

The temperature dependence of the total thermal conductivity for the Co and Co-Te
series is shown in Figures 7a and 7b, respectively. Regardless of the composition, the x values
are extremely low, ranging between 0.5 and 0.9 W m™ K'! above 300 K. Below this
temperature, none of the samples show a dielectric maximum, mimicking an amorphous-like
behavior. Inelastic neutron scattering measurements have shown that the suppression of this
peak originates from an additional Umklapp scattering channel due to the low-lying
dispersionless optical branch associated to the out-of-plane thermal motion of the Cu atoms in
their triangular chemical environment.!” The fact that all Co and Co-Te samples share a
similar temperature dependence further demonstrates that this low-energy optical branch is
insensitive to the site on which the aliovalent substitution is made.

Due to the more pronounced metallic character of the samples in the Co-Te series, the

electronic contribution to the thermal conductivity k, is higher in these samples than in the

Co analogues. To disentangle the lattice and the electronic contribution to x, the latter has

been estimated by using the Wiedemann-Franz law k,=LT/p where L is the Lorenz

number. Below 300 K, the temperature dependence of L has been neglected and the room-

temperature values were used to estimate k,. The temperature dependence of L above 300 K

has been determined by using a single-parabolic band model and assuming that acoustic

phonon scattering is the dominant source of diffusion of the charge carriers.!® This model led
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to L values ranging between 1.7 — 1.8x10® V2 K2 and 1.8 — 1.9x10 V2 K2 at 300 K for the
Co and Co-Te series, respectively. The former are in excellent agreement with those inferred
by Chetty et al.'” in Co-substituted tetrahedrites with similar compositions. As shown in

Figures 7c and 7d, the lattice thermal conductivity kK, = Kk —k, is nearly independent of the

composition and is of the order of 0.4 to 0.5 W m™! K-! at high temperatures, which further
show that these compounds can be classified among the best thermal insulators reported so
far.3>4% Above 300 K, these values approach the minimum lattice thermal conductivity
estimated to 0.45 W m™! K-! using the model developed by Cahill et al.*!

From the combination of the electronic and thermal transport data, the temperature
dependence of ZT was determined for each sample (Figures 8a and 8b). Peak ZT values of
0.75 and 0.80 are obtained at 673 K for x = 0.90 and (x,y) = (0.82, 0.41). Despite a clear
enhancement of the ZT values with respect to the parent compound (0.56 at 673 K), this
double substitution does not further enhance the thermoelectric performances of tetrahedrites
solely substituted with either Co or Te.!”?!?2 The data obtained on the Co-Te series are
similar to those achieved in the Cui2-.M:Sbs,Te,S13 (with M = Ni, Zn) compounds,*
suggesting that co-substitution on both the Cu and Sb sites does not enable to further improve
the ZT values with respect to optimized quaternary tetrahedrites. Yet, the fact that the highest
ZT values in the double-substituted samples are achieved for y > x tends to indicate that the

concentration of Te should remain low to achieve high ZT.

Conclusion

We reported on the synthesis of two series of Cui2xCoxSba,Te,S13 tetrahedrites by direct

melting of pure elements at high temperature followed by SPS sintering. PXRD and SEM

analyses revealed the presence of small amount of secondary phases identified as CoS> and
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CuSbS:. EDXS/WDXS experiments indicated a systematic deviation from the nominal Co
concentration in the co-substituted series suggesting a competition between transition metals
and Te in tetrahedrites. All the compositions studied show trends typical of heavily-doped
semiconductors with relatively low electrical resistivity and high thermopower values. The
concentration of Co and/or Te does not influence markedly the thermal conductivity, which
remains very low in the whole temperature range investigated. Although a peak ZT of 0.80 at
673 K has been achieved for the composition (x,y) = (0.82, 0.41), co-substitution of Co and
Te does not further increase the ZT values with respect to samples solely substituted with

either Co or Te.
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Table Captions

Table 1. Nominal and actual compositions measured by EDXS/WDXS for Cui2.,Co,SbaS13
and Cui2.xCoxSbs,, Te,S13. The chemical formulae were normalized to 13 sulfur atoms per

formula unit.

Series Co Series Co-Te

Nominal composition — Actual composition Nominal composition Actual composition

Cui1.00C01.00SbsS13 Cui1.62C00.00Sbs. 16513 Cui1.5C005SbssTeosS13  Cui2.18C00.25Sbs 6sT€0.62513
Cui075C0125SbsS13 Cui0.96C01.30Sb383S13  Cui1.5C00.5Sbs25Te0.75S13  Cuii.67C00.47Sb3 36 Te0.77813
Cui050C0150SbsS13 Cui0.73C01.51Sbs 07813 Cui15C005SbsTeiSi3 Cuii.88C00.32Sbs.11Te1.05S13

Cui025C01.75SbsS13 Cu10.48C01.70Sbs01S13  Cui1.0C01.0SbasTeosS13  Cui1.47C00.82Sbs 78T€0.41S13

Table 2. Lattice parameters a of the Cui2.CoxSbsSi3 and Cui2Co.Sbs.,Te,S13 samples
determined by Rietveld refinements against the PXRD patterns. The lattice parameters of the
Co-Te series are compared to those expected by considering the Co and Te concentrations
measured by EDXS/WDXS and by using the linear variations of a with x and y determined in

the Cui2-xCo,SbsS13 and Cui2Sba,, Te,S13 tetrahedrites (Ref. 19 and 21).

Series Co Series Co-Te
* a (/D (x’y) a (/D exiae(ft)ed
0.90 10.3300(2) (0.25, 0.62) 10.3324(2)  10.3323
1.30 10.3337(2) (0.47,0.77) 10.3383(2)  10.3382
1.51 10.3369(2) (0.32, 1.05) 10.34102)  10.3435
170 10.3399(2) (0.82, 0.41) 10.3389(2)  10.3385
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Figure Captions

Figure 1. Rietveld refinements of one illustrative samples of each series: (a)
Cu1048C01.70Sb4.01S13 and (b) Cui215C00255b3 6sTeo.62S13. The asterisk in panel (a) marks the
impurity phase identified as CuSbS,. The experimental data are marked as red dots, the
calculated pattern is in black and the difference between experimental and calculated patterns
is shown in blue. The vertical green bars stand for the expected Bragg positions of the cubic

crystal lattice of tetrahedrites.

Figure 2. Backscattered electron (BSE) image and corresponding X-ray elemental maps of
the x = 1.70 sample showing the good chemical homogeneity of the matrix (a) despite the
presence of minute amounts of secondary phases identified as CuSbS, and CoS; (b). The

scale bars correspond to 10 and 50 pm in panels (a) and (b), respectively.

Figure 3. Secondary electron (SE) image and X-ray maps of the co-substituted (x,y) = (0.82,

0.41) sample. The scale bar corresponds to 30 um.

Figure 4. Lattice parameter a as a function of x and x + y for the Co (a) and Co-Te (b) series,

respectively. The solid black lines are guides to the eye.

Figure 5. Temperature dependence of the electrical resistivity p of the (a) Cui2-:CoxSbaS13

and (b) Cui2..Co,Sbs., Te,S13 tetrahedrites.

Figure 6. Thermopower a as a function of the temperature for the (a) Cui2xCo,Sb4S13 and (b)

Cui2-xCoxSbas., Te,S13 samples.
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Figure 7. Total thermal conductivity « as a function of the temperature for the series (a) Cuiz-
xCoxSbsS13 and (b) Cui2.CoxSba,Te,S13. The difference observed between the low-
temperature and high-temperature data sets near room temperature is due to thermal radiations

that obscure the intrinsic x values. The lattice thermal conductivity x, of the Cu12.:Co.Sb4S13

(c) and Cui2+Co,Sbs.,Te,S13 (d) series has been estimated by considering degeneracy-adjusted

Lorenz numbers.

Figure 8. Temperature dependence of the dimensionless thermoelectric figure of merit Z7 for

the (a) Cu12.4CoxSbsS13 and (b) Cui2-+Co,Sbs.,Te,S13 samples.
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