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Abstract

Thermoelectric colusites, one of the most recently identified and most promising family of
complex Cu-S materials, have quickly attracted significant attention based on their outstanding
performance. Herein, we investigate the effect of zinc for copper substitution on the
thermoelectric properties of the high-performance Cr-Ge colusite, CuzsCr2GesS32. We discuss
the striking impact of the aliovalent Zn/Cu substitution on the charge carrier mobility and
effective mass, and the consequences on the electrical and thermal transport properties. The
investigation is supported by first-principles calculations of the electronic density-of-states of
doped colusites. The theoretical study reveals the removal of the sharp features at the top of the
valence manifold with the incorporation of Zn in the conductive network, with a strong
reduction in the estimated relaxation time. These theoretical and experimental observations
confirm the importance of disorder within the conductive network and the high sensitivity of

the Cu-S tetrahedral framework towards defects in high-performance thermoelectric colusites.



In recent times, upsurge in the demand for renewable energy resources has led to a greater focus
on the thermoelectric technology, which enables the conversion of waste heat into electricity.!
The construction of marketable thermoelectric devices relies on the properties of the p- and n-
type components of the thermocouple and on several additional requirements such as
environmental and cost constraints, both from a composition and/or a processing perspective.>
For instance, tellurium-based materials notoriously exhibit good performances, but the scarcity
of Te in the Earth’s crust limits the thermoelectric technology to niche applications and uplifts

the demand for other alternative Earth-abundant and non-toxic materials.

A common way to elucidate the efficiency of a thermoelectric material is by determining the
dimensionless figure of merit zT' = S2T/pk, where T is the absolute temperature, S the Seebeck
coefficient, p the electrical resistivity, and  the thermal conductivity. Promising figure of merit
values, found over the last decade in sulfur-based materials, revived the interest in sulfides and
led to the identification of new promising families of thermoelectric materials.*> In particular,
several derivatives of natural copper-rich sulfide minerals, such as bornite CusFeS4,%”°
tetrahedrite CuizT1xSbaSi3 (Ir = Mn, Fe, Co, Ni, Zn),''* germanite derivative

8 mawsonite CueFe>SnSg !°2! famatinite

CuxFesGesS32,° 17 stannoidite CussFez5Sn2Sio,!
CusSbSs?? enargite CusPSs4, and mohite Cu,SnSs3,>* exhibit high performance p-type
thermoelectric properties. In such compounds, the conducting Cu-S framework, which defines
the nature of the valence band, is mainly responsible for the behavior of the transport
properties.?>~27 Synthetic materials with the colusite structure such as Cuzs7>MeS32 (T =V, Nb,
Ta, Cr, Mo, W; M = Ge, Sn) have gained considerable attention due to their high z7 values
owing to a relatively high power factor (PF = 5%/p) and low x...26-3° High power factor values
were recently achieved in colusites Cuz672GesS32 (T = Cr, Mo, W), ranging from 1.15 mW m’!

K2 at 700 K for 7= W to a value of 1.94 mW m! K2 for 7= Cr.?® Such exceptional electronic

transport properties were explained by the nature of the interstitial 7 cations forming mixed



tetrahedral-octahedral [7S4]Cus complexes, which influence the conductive “Cuz6S32”
framework. In Cuz6Cr2GesS32, the smaller ionic size and the lower electronegativity of Cré*
compared with other 7°" cations lead to strong 7-Cu interactions that do not perturb the
conductive network significantly; this leads to outstanding power factors. We have learned from
the isovalent substitution of Cr by Mo and W at the T site in the Cu26Cr2-.(Mo, W) GesS32 series,
that the disorder located at the T site, illustrated by the cationic-size variance, induces a so-
called size-mismatch effect in the mixed tetrahedral-octahedral complex that ultimately
influences the transport properties.?’ These results clearly demonstrate that the substitutions at
the 7 site in Cuz6Cr2GesS32 significantly and indirectly perturb the mobility of charge carriers
in the Cu-S conducting network, and lead to a decrease of the PF values. Herein, we aimed to
tune the charge carrier concentration and to optimize the thermoelectric performances by the
aliovalent substitution of Cu by Zn, without altering the nature of the 7 site. The role of Zn as
an electron donor is established and its influence on the thermoelectric properties of
Cu26Cr2GesS32 is discussed. We present here a complete study of the bulk properties of Zn-
doped CuzsCr2GesS32 colusite including the characterization of the electronic structures from

first-principles calculations.

Powder X-ray diffraction (PXRD) patterns of the sintered compacts in the Cu¢..ZnCr2GesS32
series (x =0, 0.5, 1.0 and 2.0) are displayed in Figure S1. PXRD data are consistent with the
formation of a high purity colusite samples phase for all compositions, with the positions and
intensities of the reflections in agreement with the reported structural analysis of the cubic
Cu26Cr2GesS32 phase (space group P43n).2%3 Only minor traces of CuCrS; are found for the
higher Zn content samples. Le Bail fits of the PXRD patterns revealed a systematic increase in
the unit cell parameter with Zn content, from a = 10.552 (1) A forx =0to a = 10.581 (1) A for
x = 2 (Inset of Figure S1). From a formal charge point of view, stoichiometric colusite is

assumed to be (Cu*)24(Cu?")2(Cré%)2(Ge*")s(S?)32. In fact the mixed valence Cu’/Cu?’, which



characterizes this sulfide, does not correspond to the coexistence of Cu?* and Cu* cations but
allows to express the copper framework as [Cu*]o with 2 holes per formula unit. The aliovalent
substitution of two copper ions by another divalent ion such as Zn**, without further charge
modification leads to the fully compensated (Cu*)24(Zn?")2(Cré")2(Ge*")s(S? )32 framework.
With regard to the increase of the cell parameter a with the Zn content, and the ionic radii of
Zn*" (i.e. 0.60 A), Cu* (i.e. 0.60 A), and Cu?* (i.e. 0.57 A) in tetrahedral coordination,” we can
assume that Zn mainly substituted Cu in the structure. The nonlinear increase suggests that Cu
is not fully substituted by Zn in the structure or that a slight stoichiometry deviation occurred,
in agreement with the presence of CuCrS: impurities. Additionally, no variation in the intensity
of the superstructure diffraction peaks (at low angles) can be observed, suggesting that Zn atoms
do not substitute for Cr in the 2a position. However, we cannot exclude the possibility of Zn
substitution on the Ge sites. First principles calculations give a slightly smaller lattice parameter
for the undoped system (a = 10.443 A) but match the small expansion induced by Zn doping
(about 0.2%). After structural relaxations, the Cu-S tetrahedral network is minimally affected
by the Zn substitution in agreement with the experimental data.

The SEM images of the fractured cross-sections of the sintered samples are displayed in Figure
S2. The highly dense nature of the sintered samples is clear from the SEM images and is
consistent with the determined relative density, greater than 95% of the theoretical value. The
pristine and Zn-substituted samples show a homogeneous microstructure characterized by an
isotropic grain shape and rather homogeneous grain sizes between 0.5 and 1 pm. No specific
differences are observed between the four samples. EDS analyses (spots and frame) confirmed

the homogeneous distribution of Zn in the samples (Table S1).

The electrical and thermal transport properties, over the temperature range 300-700 K, are
displayed in Figure 1. Positive values of the Seebeck coefficient (Figure 1a) are measured for

all compositions over the entire temperature range, confirming holes as dominant charge



carriers. S values increase monotonically with increasing temperature for all the compositions,
representative of a degenerate semiconducting behavior. S value increases gradually with the
increase of Zn content, from 83 uV K! for x = 0 to 146 pV K-! for x = 2 at 300 K. The increase
of S with Zn content is consistent with the role of Zn as an electron donor as it replaces Cu.2”-3%%
Zn for Cu substitution leads to compensation of holes in the valence band which brings the
Fermi level closer to the top of the valence band, where fewer carriers contribute to the higher
Seebeck coefficient. Based on a single parabolic band model, the carrier concentrations (p) were
calculated from the Hall coefficient Ry using p = 1/Ru-e, where e is the electron charge. The p-
type carrier conduction behavior is confirmed from the positive values of the Hall coefficient.
The temperature dependence of the carrier concentration, over 5 K—300 K, is shown in Figure
S3 for the Cuzs-xZnxCr2GeeS3: series. The n value does not vary significantly with the increase
in temperature, confirming a degenerate semiconducting behavior. The carrier concentration
decreases with increasing zinc content from 4.5 x 10! cm™ for x = 0 to 2.6 x 102! cm for x =
2.0; this is in reasonable agreement with the results of first principles calculations shown below.
This behavior is also consistent with the increase of the electrical resistivity with Zn content,
from 0.46 m€Q cm for x = 0 to 6.0 mQ cm for x = 2, at 300 K (Figure 1b). For x =2, an overall
flattening of the temperature dependence is observed, suggesting that this chemical composition
is close to the metal-like to semiconductor transition. Indeed, according to the charge balance,
we can expect a semiconducting behavior for x = 2. As already discussed above, this suggests

that the Zn content in the structure is slightly smaller than the nominal one or that a slight

stoichiometric deviation exists.

The band structure of pristine Cux¢Cr2GesS32 (Ref.?® and Figure S4) exhibits a flat band at the
top of the valence manifold between the I' and M high-symmetry points. The density of states
(DOS) has a sharp feature at the band edge but the Fermi level in this p-type Cu26Cr2GesS32 is

80 meV below the top of the valence band. In Figure 2, we report the DOS for several models



for Cuz6.xZn,CroGesS32 with x = 1 and x = 2. The substitution of Cu with Zn in 6d, 8e, and 12f
Wyckoff positions, of course, breaks the symmetry and lifts several degeneracies with the result
of removing the sharp features at the top of the valence manifold as well as distribution of
relevant electronic states and carrier concentration. Due to rearrangement of the energy levels,
in the models we studied, the Fermi level shifts to 100 = 20 meV below the top of the valence
band for x = 1. A semiconductor band structure with a forbidden energy gap larger than 200
meV is obtained with x = 2; as mentioned, sharp features in the DOS at the band edge disappear
in both cases pointing to a reduction of the effective mass. In order to assess the effect of
disorder, we have aligned the DOS in Figure 2 using the low-lying levels of Ge which are
negligibly perturbed by Zn addition. Overall, the substitution smoothens out the top of the

valence band.

Both the Seebeck coefficient and the electrical resistivity increase with Zn content, resulting in
a power factor that steadily decreases with increasing Zn content over the whole investigated
temperature range (Figure 1le). Nonetheless, the electrical performance remains high for a
copper-based sulfide with a maximum PF of 1.9 mW m™ K2 and 1.2 mW m™! K2 at 700 K for
the pristine CuzsCr2GesS32 and x = 0.5, respectively. The decrease in PF is linked to the decrease
in Hall carrier mobility from 2.41 cm? V! s7! for x = 0 to 0.39 cm? V! s7! for x = 2 at room
temperature (Figure S5); nearly an order of magnitude decrease is observed for the composition
with the maximum Zn content. The decrease in hole mobility with the increase of Zn content is
mainly attributed to point defects in the Cu-S conductive network and/or to the presence of
CuCrS; impurities (x = 2). These results indicate that both the decreases in carrier concentration
and carrier mobility with the increase of Zn content are responsible for the strong increase in
the resistivity values. The negative temperature coefficient of Hall carrier mobility for all the
measured compositions clearly indicates that the acoustic phonon scattering is the dominant

scattering phenomenon.



In order to separate the contribution of electron scattering from band structure features, we
evaluated the effective mass of carriers at RT (m*). By considering the single parabolic band
(SPB) model, with the approximation of acoustic phonon scattering (» = -1/2), m* can be

derived according to equations (1) to (4) using the measured S and carrier concentration ().

2 2/3
. h n
m = [1]
2k,T | ArcF, , ()

ky [ r+5/2)F, 5, ()
S =+—( / —UJ [2]

e | (r+3/D)F,,, ()

X
E) =], o [3]
_E
k,T [4]

Where 7 is the reduced Fermi energy, F,(7) is the n™ order of Fermi integral, kg is the Boltzmann
constant, e is the electron charge, Er is the Fermi energy, / is the Planck constant, and 7 is the
scattering factor. The value of 7 is obtained from fitting of Seebeck coefficient vs temperature
data. The carrier effective mass m* decreases as the Zn concentration increases from 7.1 my for
x=0t0 6.35 mpfor x =1 and 4.7 mo for x = 2 respectively. The variations of the DOS at the top
of the valence band are qualitatively compatible with the reduction of the experimental effective
mass. As a result, the introduction of Zn decreases simultaneously the carrier mobility and
effective mass suggesting that the scattering time is decreased by the structural disorder on the
Cu-S conductive framework. Our estimated relaxation times (assumed to be constant) at room
temperature is dropping to one tenth of the value of the pristine sample.

The temperature dependences of the thermal conductivity in the Cuzs-.Zn.Cr2GesS32 series are

shown in Figure 1c. A typical room temperature value of ~ 2.85 W m™! K-!is observed for



Cuz6Cr2GesS32, which decreases to around 1.6 W m™ K-! at 700 K. This RT value is comparable
to the value 0f 2.9 W m™! K-! observed by Bourgeés et al. in colusite Cuz6V2SneS32.3® The thermal
conductivity decreases with varying the Zn content which reaches the lowest value of 1.94 W
m™' K- at RT for x = 2. Such a decrease in the thermal conductivity is mainly caused by a
decrease in the electronic contribution to the thermal conductivity (x.). The lattice thermal
conductivity (xz) does not seem to vary significantly with Zn content, with room temperature
values between 1.6 and 1.86 W m! K-! (Figure 1d). Such behavior can be expected, since the
mass contrast between Cu and Zn is minimal and therefore point defect scattering, due to the
mass disorder, can be assumed to be negligible. Note that the larger values in Zn-doped
compounds at high temperature can be induced by an underestimation of the electronic
contribution from the Wiedemann-Franz law due to the significant increase in electrical
resistivity. All the compositions are following a 1/7 dependence, which indicates that Umklapp

process is responsible for the majority of phonon scattering.

Temperature dependences of the dimensionless thermoelectric figure of merit, z7,, in the Cuge.
ZnCr2GesS32 series are displayed in Figure 1f. The z7 values for all samples increase
monotonically with temperature. The thermoelectric figure of merit decreases with increasing
Zn content and reaches a maximum value of ~ 0.7 for x = 1.0 at 700 K among the Zn substituted
compositions. The decrease of z7 with the increase of Zn content is a direct consequence of the
strong reductions in electrical conductivity and power factor values, attributed to a loss of

carrier mobility within the conductive network.

In conclusion, we have reported a detailed study of the thermoelectric properties of Cuze.
Zn,Cr2GesS32 samples measured over temperature range of 300-700 K. The increase in lattice
parameter with x confirms the substitution of Zn for Cu in the colusite structure. This study
indicates that the aliovalent substitution of copper with zinc deteriorates the thermoelectric

properties of CuxsCr2GesS32 when compared to the isovalent substitution at the 7 site. The Zn



for Cu substitution in Cu26Cr2GesS32 provides additional electrons into the system, which result
in a reduction of the charge carrier concentration as well as a decrease in the hole mobility.
These experimental results are rationalized with an effect of the Zn substitution on the band
structure (and effective masses) and a decrease in the electron relaxation time due to the disorder
on the Cu sublattice. The lattice thermal conductivity, very similar for all Zn-substituted
compositions, ranges around ~ 0.75 W m™! K-!at 700 K, resulting in a maximum z7 of 0.7 for
x = 1.0 at 700 K. Interestingly, these results provide evidence that the introduction of point
defects in the Cu-S conductive network strongly alters the electronic transport properties with

a strong reduction in carrier mobility and carrier concentration.
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Figure captions

Figure 1. Temperature dependence of the a) Seebeck coefficient (S), b) electrical resistivity
(p), ¢) thermal conductivity (), d) lattice thermal conductivity (xz), €) power factor (PF), and

f) figure of merit z7 in the Cuz6..Zn.Cr2GesS32 series.

Figure 2. Electronic density of states of pristine colusite CuxsCr2GesS32 (top panel) and with
Zn doping. In the middle panel, the calculations have been performed by replacing one Cu atom
in 8e (orange), 6d, and 12f'with one Zn atom. In the bottom panel three different configurations
with Zn atoms in 12f'and 6d, 12f and 8e, or 8¢ and 6d respectively. Dashed line corresponds to
weighted averages. A metal-like to semiconductor transition occurs with increasing Zn

concentration from x = 0 to x = 2.
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