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Abstract: Understanding the mechanisms that connect
heat and electron transport with crystal structures and
defect chemistry is fundamental to develop materials
with thermoelectric properties. In this work, we synthe-
sized a series of self-doped compounds Cu,, Mn,_,GeS,
through Cu for Mn substitution. Using a combination of
powder X-ray diffraction, high resolution transmission
electron microscopy and precession-assisted electron
diffraction tomography, we evidence that the materials
are composed of interconnected enargite- and stannite-
type structures, via the formation of nanodomains with a
high density of coherent interfaces. By combining
experiments with ab initio electron and phonon calcu-
lations, we discuss the structure-thermoelectric proper-
ties relationships and clarify the interesting crystal
chemistry in this system. We demonstrate that excess
Cu' substituted for Mn®* dopes holes into the top of
the valence band, leading to a remarkable enhancement

of the power factor and figure of merit ZT. )

Introduction

Copper rich sulfides represent a remarkable source of
thermoelectric materials for energy recovery from waste
heat due to their abundance as minerals, non-toxicity and
low cost in view of industrial application. Numerous studies
have been focused on the thermoelectric performances of
these materials, whose material conversion efficiency char-
acterized by the figure of merit ZT=STlpx (S, p, x, and T
represent the Seebeck coefficient or thermopower, electrical
resistivity, thermal conductivity, and operating temperature,
respectively) seems to have reached the ceiling of about 1 at
700 K. Tt is now well established that the transport proper-
ties of these materials originate from the Cu'-Cu" mixed
valence? allowing p-type carrier delocalization over the
Cu—S network. In contrast, the role of the structure and
chemical bond on the thermoelectric properties of these
materials is so far not really understood. A recent review of
copper sulfides® shows that the thermoelectric properties of
these systems are mainly observed for the sphalerite
derivatives, while very little is known about the possible
synthesis of thermoelectric wurtzite derivatives, in spite of
the fact that, in both structural families, univalent copper
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exhibits the tetrahedral coordination and they differ only in
the packing of such tetrahedra: fcc and hcp for sphalerite
and wurtzite, respectively.

This is illustrated by the sulfides with generic formula
Cu,MSnS, (with M=Mn, Fe, Co, Zn, Cd, Hg) and
Cu,MGeS, (with M=Fe, Co, Hg) whose tetragonal struc-
ture (Figure la) is based on the sphalerite (zinc blende)
sublattice,*® and have been studied for their attractive
thermoelectric performances,”?” while no evidence of high
thermoelectric performances has been pointed out for the
Cu,MGeS, sulfides with M=Mn, Ni, Zn, Cd, whose
orthorhombic enargite structure (Figure 1b) is derived from
the waurtzite."™?"! Nevertheless, recent investigations by
Tanimoto et al.”? have shown that the enargite-type sulfide
Cu;P,_,Ge,S, exhibits attractive thermoelectric performance
with a figure of merit Z7 of 0.5 at 673 K. Bearing in mind
that the latter compound crystallizes in an orthorhombic
enargite structure derived from the wurtzite,”” we have
embarked in the investigation of the Cu,MGeS, wurtzite
derivatives. We report herein on the self-copper doped Cu, .
Mn,_,GeS, sulfide which exhibits thermoelectric properties
with a ZT figure of merit up to 0.35 at 700 K. We show that
this material, which appears in a first step from powder X-
ray diffraction (PXRD) as biphasic, is a spontaneous
composite consisting of two interconnected enargite- and
stannite-type structures at a nanoscale without significant
compositional changes.

Results and Discussion
Structural analysis

PXRD patterns of the sintered samples in the Cu,,
Mn,_,GeS, series are displayed in Figure 2a. For pristine
sample (x=0), the XRD pattern corresponds to the
orthorhombic enargite-type phase (Pmn2,), in agreement
with previous studies on Cu,MnGeS,**® and other quater-
nary compounds Cu,MGeS, (M =Ni, Zn, Cd) and Cu,MSiS,
(M=Mn, Fe, Zn, Cd, Hg).**52 with traces of the NaCl-
type MnS phase. With increasing x, additional reflections
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(Figure 2b) indicate the presence of a secondary phase
possibly isostructural to some stannite-type tetragonal
phases (I42m), ie. Cu,MGeS, (M=Fe, Co, Hg) and
Cu,MSnS, (M=Mn, Fe, Co, Zn, Cd, Hg)."*® From x=0.2,
the content of the assumed tetragonal phase increases at the
expense of the orthorhombic phase, the content of which
significantly decreases in x=0.4 and x=0.5 samples. A
similar trend has been observed in the solid solution
Cu,Cd;_,Mn,GeSe, (0<x<1),*! where the tetragonal
stannite-type structure is stabilized for 0<x<0.2, and the
orthorhombic structure is formed for 0.2 <x <1.0. Note that,
in nanoparticles of Cu;Zn, ,AlSnSs , and Cu,Sn, ,Zn,S;,
mixtures of tetragonal and orthorhombic phases were also
observed depending on the sample composition and
preparation.?”!

Attempts to perform Rietveld refinements of the XRD
patterns failed for all the samples; even for x=0, the
diffraction peaks are anisotropically broadened, with strong
not-instrumental asymmetry and their intensities deviate
significantly from the calculated ones using the orthorhom-
bic phase (enargite). Such characteristics are common to all
the compositions in this series, for peaks ascribed to the
tetragonal and the orthorhombic phases, indicating the
existence of small crystallites and/or structural defects.

To investigate further the structure and microstructure
of the Cu,, Mn,_,GeS, series, scanning (SEM) and trans-
mission electron microscopy (TEM) analyses were per-
formed. TEM bright field images (Figure S1) show that the
pristine Cu,MnGeS, has fine isotropic grains (typically
smaller than 100 nm) with contrasts showing stripe-like
patterns that are often related to stacking faults and/or
crystal twins. To confirm the formation of enargite phase,
we used precession electron diffraction tomography
(PEDT), a single crystal diffraction technique suitable for
analyzing the structure of sub-micrometer size grains. Using
an electron beam of about 70 nm, PEDT data (Table S1)
were collected on portions of crystals as free as possible of
stripe-like contrasts. From the reciprocal space sections
(Figure S2) reconstructed from the PEDT data, the reflec-
tions can be sorted in two categories: strong ones related the
wurtzite subcell and weak ones indicating the existence of a

Figure 1. Crystal structure representation of Cu,MGeS, phases with a) a tetragonal stannite-type structure (M =Fe, Co, Hg) and b) an orthorhombic
enargite-type structure (M=Mn, Ni, Zn, Cd). Key: Cu in blue; M in red; Ge in grey; S in yellow.
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Figure 2. a) PXRD patterns obtained for the Cu,, Mn,_GeS, series. Orthorhombic and tetragonal simulated peaks intensities and positions
correspond, respectively, to enargite (Pmn2,) and stannite (/42m) structures. b) Enlarged area of the PXRD patterns.

superstructure to be associated with an orthorhombic
enargite-type cell. Subsequent structure refinements (Ta-
ble 1), performed taking into account dynamical diffraction
effects,” confirm this result which is supported by calcu-
lations of bond valence sums (BVS) identifying three differ-
ent cationic sites compatible with Ge**, Mn** and Cu".
Although this result supports enargite formation in the
sample, some disorder must also be present as indicated by
the presence of diffuse scattering lines along the c¢* direction
for the rows with index h—2k=4n (see Figure S2). In
Figure S3, the HRTEM images show that the stripe-like
contrast observed in bright field low magnification (Fig-
ure S1(a,b)) cannot be understood only considering the
orthorhombic enargite phase. The stripe-like patterns ob-
served in numerous grains (Figure S3a) are actually com-

posed of planar defects (e.g., nanotwins and stacking faults,
Figures S3b and S3c) involving the coexistence of ortho-
rhombic enargite and another phase, later confirmed as
tetragonal stannite. Despite the coherent interface (Fig-
ure S3d), there are plenty of incoherent phase boundaries
between these two phases which give rise to array of
dislocations at the boundaries and the intersection of these
two phases will lead to lattice distortions in local areas. It is
suggested that the dislocations and local distortions may
contribute to the origin of the structural disorder observed
in Figure S2 and broad diffraction peaks observed in Fig-
ure 2, but other features cannot be completely excluded.
After realizing that the x=0 sample was in fact
structurally quite complex, we have examined the other
samples in the series. Using the sample x=0.3 as an

Table 1: Atomic parameters obtained for the sample Cu,MnGeS, based on the structure refinements against PEDT data (Table S1). Site occupancy
are all equal to 1. The BVS column gives the bond valence sums obtained for each atomic position. Pmn2, a=7.69(1) A, b=6.541(7) A and c=

6.340(9) A.

Atom label X y z Uiso [A7] BVS
Gel 0.5 0.8254(4) 0.2554(10) 0.0056(7) 3.63(3)
Mn1 0 0.8354(5) 0.2588(12) 0.0123(9) 2.06(2)
Cul 0.2507(4) 0.3257(3) 0.25% 0.0174(6) 1.20(1)
S1 0.2640(5) 0.6617(5) 0.3764(10) 0.0108(7) 2.06(2)
S2 0 0.1889(7) 0.3979(14) 0.0022(13) 2.01(3)
S3 0.5 0.1544(8) 0.3630(14) 0.0115(12) 1.97(2)

[a] fixed parameter (polar space group)
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illustration, bright field TEM images (see Figure 3) show
that the grain growth becomes more significant with the
increase of Cu and the decrease of Mn contents, leading to
larger elongated grains (See Figure S1 for comparison and
SEM results below). Interestingly, a large majority of grains
exhibit stripe-like contrasts, particularly in the elongated
grains, as seen in Figure 3a. The HRTEM image of
Cu,sMn,;GeS, (corresponding to the dotted region in Fig-
ure 3a) further reveals that, besides the dense stacking faults
or twin boundaries, distinct crystal lattices were observed to
coexist within the same crystallite from the lower left to
upper right part of Figure 3b.

Benefitting from the incoherent imaging of HAADF-
STEM, the actual atomic columns can be deduced directly
from the HAADF image. Figure 3d shows the HAADF
image from the same region of Figure 3c (with scanning
direction rotated), where two distinct lattices can be
identified. The squared-like crystal lattice in the left part can
be assigned to an orthogonal lattice compatible with
enargite structure (red line) while the right part composed
of nano-twins (even with several atomic layers thick) can be
assigned to a tetragonal lattice compatible with stannite
structure (yellow and blue lines). These two phases have
indeed specific orientation relationships, forming coherent
interfaces, that is [120]o,4//[021]reqa @and (001)o//(112)persa
Figure 3e shows the SAED pattern corresponding to the
region of Figure 3d, in which both the two distinct phases
and twin structures were identified. We also proceed to a 3D
reciprocal space reconstruction using PEDT data (Table S2)
collected on portions of crystals. Doing so, we were able to
confirm the presence of enargite- and stannite-type struc-
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tures (see their distinctive signature in the form of weak
reflections in Figures S4 and S5, respectively). Subsequent
structure refinements (Table S3), performed taking into
account dynamical diffraction effects, confirm this result
with, in both cases, the identification of three different
cationic sites compatible with Ge**, Mn?* and Cu*. While
the refinements allow to distinguish the cationic sites, the
stoichiometry Cu,MnGeS, was imposed considering that
potential Mn®>* substitution by Cu® would be difficult to
probe. It is worth mentioning that the cationic arrangements
projected along the [010]y,, and [111];,, are the same in
both structure (see Figure 4a,b), which should account for
the perfect orientation relationships by sharing coherent
interfaces between these two phases. When the grain (in
Figure S6) rotates ~30° along the direction parallel to the
coherent interface, the previously distinguished two phases
and nanotwins disappeared and a single-crystal-like feature
appears (see Figure 4a). While PXRD suggested a phase
mixing with possibly both enargite and stannite phases,
electron microscopy investigations reveal a more complex
situation. If areas of several tens of nanometers can be
regarded as either enargite or stannite, a significant part of
the sample does exhibit a fine and coherent intermixing of
these two phases even within one single grain via the
formation of nano-twins with a high density of coherent
interfaces. Note that coherent interfaces and stacking faults
were also reported in enargite-luzonite minerals./*’!

Figure 3. Microstructure characterization of Cu,;Mn,,GeS, sample. a,b) TEM images. c) EDX mapping of the corresponded area in the inset
HAADF image of (a), HAADF image (d) and (e) the corresponding SAED pattern of Cu,;Mn,;GeS,.
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Figure 4. a) HRTEM images and b) SAED patterns of Cu,;Mn,,GeS, along the direction where the projection of enargite and stannite structure
lead to a coincidence lattice (highlighted in red), c) cationic positions of enargite (left) and stannite (right) as obtained from the structure
refinement against PEDT data. Mn, Cu and Ge are respectively represented in red, blue and grey. In the central part of c), the coincidence lattice in
reciprocal space is indexed using both lattices: red for enargite and yellow for stannite.

Stacking simulation

Based on the TEM study, it is possible to reevaluate the
previously collected XRD pattern with a non-periodic
approach, i.e. using the general recursion method for crystals
containing coherent planar faults developed by Treacy
etal.,®” implemented in DIFFaX and successor software
FAULTSPY used in the present work. Without entering into
the calculation details, in such a method, the crystal is
represented as a layered structure in which the layer
sequence and their stacking vector are determined by a
probabilistic law.

Using such approach, the enargite and stannite struc-
tures could be built as layered structure with a stacking
along the ¢ axis of the enargite cell ([112] for stannite) in
agreement with the direction of the diffuse line in the
reciprocal space reconstruction (see Figures S4 and S2).
Along such direction, both structures could be represented
as the stacking of diamond lattices layer of Cu,MnGeS,,
using a cell derived from enargite (ajuyer=enargites Player=
Benargite A0 Clayer ="'/ Cenargiee) Which has the same a and b axes
of enargite (see Figure 5). The component along the a and b
axes of the stacking vector are determined by conserving the
coincidence lattice along the enargite b axis (Figure 4) and
the recommendation from DFT calculation to maintain a
coherent interface. The only two stacking vectors meeting
the requirements were v,=["%, ‘4, 1] and v,=['%, —'4, 1].

Angew. Chem. Int. Ed. 2022, 61, €202210600 (5 of 12)

The stannite structure is formed by repeatedly using the

same stacking vector while the enargite results from the

alternation of one vector with the other. In such a frame-

work, both the structure and the defaults presented in

Figures 2, S3, and S6 could be represented by a change in

the sequence of the vectors.

1) enargite: vy, V5, Vi, V5, Vy,...

2) stannite: vy, Vi, Vi, Vi,..... OF Vo, Vo Vo, Vo,

3) stacking fault in enargite vy, V,, Vy, Vy, Vs, Vi,... OF V5, Vq, V,,
Vi, Vi, Vo,

4) twin boundary in stannite vy, vy, Vi, Vy, Vy, Va,...
Vs, Vi, Vi, Vi,e..

5) coherent interface stannite/enargite v,, vy, V,, Vi, Vq, Vi, ...
O Vy, V4, Vo, Vy, Vi, Vi, ...

Or V,, V,,

Using such an approach, it has been possible to fit the
powder diffraction of Cu,MnGeS, sample (Figure 6, results
of the fit in Table S4) which results in a probability of
around 4 % passing from an enargite type structure to a
stannite and ~15 % to pass from stannite to enargite and an
almost negligible difference between the c axis of enargite
and stannite layers (axes a and b are equal by construction).
SAED simulated images using the model resulting from
powder refinement for 40/ and Okl planes (Figure S4)
present some discrepancies with respect to the TEM
reconstructed reciprocal space for the same sample; the
diffuse strikes do not corroborate the selection rule h—2k=

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Layer cell used to build the composite crystal enargite/stannite and stacking vector used during refinement.
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Figure 6. Faults fit of XRPD patterns obtained for the Cu,MnGeS, sample

4n. However, they are in quite good agreement with data
collected on the enargite zone of sample Cu,;Mn,,GeS,
(Figure S4). Such observation could be explained by the fact
that only the most regular region has been selected to solve
the structure by TEM. However, in the powders of
Cu,MnGeS, analyzed by XRD, many more defects are
present. Note that, for the samples with x > 0.1, the patterns
become more complicated and are impossible to fit using

Angew. Chem. Int. Ed. 2022, 61, €202210600 (6 of 12)
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the model applied for x=0 (See discussions in Supporting
Information).

Microstructural analysis
SEM images of polished surfaces (Figure 7) confirm the

TEM observations. Pristine sample contains very small and
isotropic grains of around 100-300 nm (Figure 7a). Only
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Figure 7. SEM images of polished surfaces in the Cu,, Mn,_GeS, series.

traces of CuS impurities (white contrast) are detected in x=
0.5 sample (Figure 7f) which suggests the limit of solubility
is reached. Such small isotropic grains are typically observed
in copper-based sulfide compounds prepared by mechanical
alloying combined with spark plasma sintering at relatively
low temperature (873 K or lower).’>™! Interestingly, when
increasing x, the grain size increases and the shape becomes
more elongated. A mixture of isotropic and anisotropic
grains is observed for all compositions, with a majority of
elongated grains for x >0.3 (Figure 7d-f). SEM-EDS analy-
sis revealed a slight difference of composition between
elongated and isotropic grains (See Figure S7 for x=0.3).
While Ge seems homogeneously distributed, elongated

Angew. Chem. Int. Ed. 2022, 61, €202210600 (7 of 12)

(dark grey) grains are Mn-rich/Cu-poor compared to the
nominal Cu,;Mn,,GeS, with an average composition
Cu,,Mn GeS,. Isotropic (light grey) grains are Mn-poor/
Cu-rich with an average composition Cu,;Mn,sGeS,. For
the expanded area, STEM-EDS shows relative homogene-
ous distributions (as show in Figure 3c), however, there are
obvious chemical difference between dark and bright grains
(see Figure S8). Although the EDS background of the TEM
molybdenum (Mo) grid affects the quantitation of sulphur
(S) due to the extremely close X-ray peaks, the cationic
chemical compositions of different grains/regions can be
probed. An average approximative composition of
“Cu,3sMng5,Geg13S,” was obtained for the whole area in

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure S8, and “Cu,4Mng7Ge7,Ss”, “CuyesMng73Gens,S,”
and “Cu,oMnggGeg74S,” for two light grey and one dark
grey grains. Thus, STEM-EDS images and corresponding
FFT patterns indicate that Cu-rich lamella has tetragonal
structure while Mn-rich elongated grain possesses ortho-
rhombic phase.

To estimate the stability of these nanoscale interfaces, ab
initio calculations of the stacking faults, twin boundaries,
and coherent interfaces between the orthorhombic and
tetragonal phases were performed. See Figure 8 for the
optimized structures of these interfaces. Their compositions
were all assumed to be Cu,MnGeS, for simplicity and sake
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of comparison. The results showed that these three kinds of
interfaces have interface energies less than 0.003Jm™ in
absolute value. This indicates that the energetic costs by
forming these interfaces are very small and are easily formed
as seen in the TEM and SEM observations.

Electrical and Thermal Properties
The temperature dependence of the electrical resistivity in

the Cu,, Mn,_,GeS, series (Figure 9a) clearly show a cross-
over from a semiconducting to a degenerate semiconducting

a) Stacking faults in the orthorhombic phase

b) Twin boundaries in the tetragonal phase

§

Orthorhombic

i

Tetragonal

Figure 8. Fully relaxed structures of two phases with interfaces. a) Stacking faults in the orthorhombic enargite-type phase, b) twin boundaries in
the tetragonal stannite-type phase and c) coherent interfaces between the orthorhombic enargite-type and tetragonal stannite-type phases. Blue,
red, gray, and yellow balls indicate Cu™, Mn?*, Ge** and S*~ ions, respectively. The cell dimensions of these interface models are a) a=7.698 A,
b=6.560 A, c=37.640 A; b) a=7.730 A, b=6.550 A, c=37.491 A; c) a=7.715 A, b=6.554 A, c=37.569 A. Green lines are eye guides for viewing
the positions of these planer defects. These structures are drawn using VESTA.P’!

Angew. Chem. Int. Ed. 2022, 61, €202210600 (8 of 12)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1Ie8.1D) 3|qeo! [dde au Aq peuenob ae Sappiie YO ‘s JO SNl 10} AeiqT 8UIUO A8]1M UO (SUORIPUOD-PUR-SUBILIO" A3 1M ARIq U1 |UO//SdNY) SUORIPUOD pue SWe 1 8y} 88S *[£202/20/€0] U0 Aiq18uluO 8|1 ‘UOIEILBLINO0 80 UNWLIOD OAS SIPURWLION UseD 8@ 91SIeAIuN Ad 0090TZZ0Z @ 1Ue/Z00T 0T/I0p/Wo0 A8 | im Ariq1puljuo//Sdiy Wwolj pepeo|umoq ‘6 ‘2202 ‘€LLETZST



10000 — —— 450
a) 5
f 400
N |
1000 - g5 S
£ = | T 300
o | i
c 100} 300 500 700 >:1 250
E & 200
a

"""N\"‘ 150

300 400 500 600 700

PF (mW m™ K?)

0.00 +

300 400 500 600 700 300 400 500 600 700
T(K) T(K)

Figure 9. Temperature dependence of a) electrical resistivity, b) Seebeck
coefficient, c) thermal conductivity, d) lattice thermal conductivity,
e) power factor and f) figure of merit ZT in the Cu,  ,Mn,_GeS, series.

(SC) behavior with a decrease of the electrical resistivity by
almost 3 orders of magnitude at RT as the copper content
increases from x=0 to x=0.50. The pristine sample (x=0)
has a semiconducting behavior with an electrical resistivity
of 5 Qcm at RT, whereas the Cu-rich phase Cu,sMn,;GeS,
exhibits a metallic-like behavior with an electrical resistivity
of 1 mQcm at RT. The decrease of the electrical resistivity is
continuous with the increase of Cu content, the semi-
conducting behavior changing to a degenerate SC behavior
between x=0.2 and x=0.3. It is worth pointing out that
copper hyper stoichiometry was already shown to be an
effective approach to increase the hole carrier concentration
and to bring down the electrical resistivity over the pristine
compound in different sphalerite derivative systems, such as
Cu,, Mg,_SnSe,, Cu,,,Cd,_,SnSe,, Cug, Fe;_Sn,S;,, Cu,,
Sn,_,S;, Cu,, . Zn,_,GeS,, Cu,. Fe, SnS,[>173%1 The de-
crease of the electrical resistivity when x increases is also
probably affected by the large increase of the grain size
(Figure 7). However, as the size/shape of the grains and the
carrier concentration (see below) are both changing with the
Cu content, it is impossible to state which factor (extrinsic or

Angew. Chem. Int. Ed. 2022, 61, €202210600 (9 of 12)
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intrinsic) governs the enhancement of the electrical resistiv-
ity. Note that the measurements are thermally reversible,
suggesting that the overall stoichiometry of the two phases is
not significantly changed by high temperature exposure up
to 700 K. However, one can notice a change of slope in all
compounds around 520-550K, except for x=0. It is
especially marked for x=0.3, 0.4 and 0.5 where the sign of
the slope is changing from positive to negative. To inves-
tigate the origin of this phenomenon, PXRD patterns were
recorded from RT to 650K and down to RT on x=0.3
sample (See discussion about thermal stability in Supporting
Information, Figure S9).

The positive values of the Seebeck coefficient (Fig-
ure 9b) indicates that all the compounds are p-type con-
ductors. In agreement with the electrical resistivity curves,
the magnitude of the Seebeck coefficient decreases with
increasing x, from to 200 to 20 pV K~! at RT. A saturation is
observed for x=0.3, in agreement with the values of
electrical resistivity for x=0.3, 0.4 and 0.5 samples. Consid-
ering that Ge'" cannot participate to the electrical con-
duction due to the 4d" configuration of their orbitals, the
high univalent copper content and the fact that the CuS,
tetrahedra form a 3D-framework (Figure 1) strongly suggest
that the p-type transport properties in this sulfide material
are governed by the Cu'-S framework involving a hybrid-
ization of the Cu(3d"") and S(3p*) orbitals. In this model, the
presence of hole carriers in the copper network, i.e. the
mixed valence Cu?*/Cu”, is rigorously governed by the
substitution of Cu for Mn. The increase of Cu content leads
to an increase of the Cu®’"/Cu™ ratio and consequently of
the hole carrier concentration. According to the SEM- and
STEM-EDS analyses (Figure S7 and S8), we can assume
that the increase in carrier concentration is mainly governed
by the Cu enrichment in the tetragonal phase, whose content
increases with x. Note that, due to the presence of two
different phases and many interfaces, measured values of
hole carrier concentration were not meaningful.

Figure 10a shows the element-deconvoluted electronic
DOS of orthorhombic enargite-type Cu,MnGeS, phase,
indicating that the structure is semiconductor with the
calculated band gap of about 1.0 eV. The valence band top
is composed of hybridized Cu 3d and S 3p orbitals as also
observed in other copper-based sulfides. The tetragonal
stannite-type Cu,MnGeS, phase also has an electronic
structure similar to the orthorhombic enargite-type phase,
with the direct band gap of about 0.9 eV (Figures S10 and
S11). On the other hand, in Cu,sMn,s;GeS,, the Fermi
energy is shifted to the inner valence band, demonstrating
that excess Cu substituted for Mn®" sites dope holes into the
top of the valence band (Figure 10b). This behavior agrees
with experimental measurements where electrical resistivity
and Seebeck coefficient decreases as x increases in Cu,,
Mn,_ GeS,.

The increase in carrier concentration, highlighted by the
decrease of the electrical resistivity and Seebeck coefficient,
leads to a remarkable increase of the power factor (PF)
from 0.04 mWm 'K at 700K for x=0 to 0.8 mWm 'K
for x=0.4 (Figure 9¢). This maximum value is comparable
to the ones reported in several Cu-based compounds, but
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phases. Eg,, indicates the Fermi energy. Positive and negative DOS
indicate the partial DOS of up-spin and down-spin orbitals, respec-
tively.

significantly smaller than the record value reached in
colusite CuyCr,GeSs,.[*)

Figure 9c shows the temperature-dependent thermal
conductivity of the series Cu,, Mn,_,GeS, from RT to
700 K. For all the samples, the thermal conductivity
decreases monotonously with temperature, due to the
increase of phonon-phonon scattering (Umklapp process).
A slight slope change is observed at around 550K in
agreement with the trend observed on the electrical
resistivity curves. The thermal conductivity increases with x
from 1.5Wm K™ for x=0 to 3.7 Wm 'K for x=0.5 at
RT. This significant increase is explained by the increase of
both electronic (Figure S12) and lattice contribution to the
thermal conductivity (Figure 9d). The electronic contribu-
tion is negligible for x=0 and increases to 0.7 Wm 'K for
x=0.5 at RT due to the decrease in electrical resistivity. The
lattice thermal conductivity increases from 1.5 Wm 'K to
3.0 Wm 'K for x=0.5 at RT. This increase can be ascribed
to both extrinsic effects (microstructure) and/or intrinsic
effects (structure). According to the microstructural analysis,
the increase of the lattice thermal conductivity can be mainly
ascribed to the drastic grain growth with increasing Cu
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content, limiting the number of grain boundaries and,
consequently, phonon scattering. On the other hand,
anharmonic lattice dynamics calculations were performed to
estimate the lattice thermal conductivity of Cu,MnGeS, with
the effects of lattice defects intentionally excluded. The
calculated values of orthorhombic enargite-type and tetrag-
onal stannite-type phases are approximately 3.0 and
51 Wm 'K at RT, respectively, with most of the heat
transported by low-frequency acoustic phonons (see Fig-
ure S13 for details). The increase in lattice thermal con-
ductivity with increasing x can be attributed to the higher
lattice thermal conductivity of the tetragonal stannite-type
phase compared to the orthorhombic enargite-type one,
which originates from its higher structural symmetry and
longer mean free paths of phonons.

The calculated lattice thermal conductivity for ortho-
rhombic enargite-type Cu,MnGeS, (x=0) is almost double
than the experimental value (1.5 Wm 'K at RT). This
suggests that the presence of lattice defects in these
materials, namely stacking faults, nano-twins, nano-domains,
grain boundaries and cation disordering contribute to the
reduction of lattice thermal conductivity. Here, as an origin
of reduced lattice thermal conductivity, we investigated the
effects of nano-interfaces (stacking faults, twins, and
domains) on heat capacity and group velocity. Lattice
thermal conductivity is proportional to the heat capacity and
the square of group velocity, according to the kinetic theory.
We modeled the interfaces with the separation of about
1.8 nm (Figure 8), which corresponds to the shortest separa-
tion between twin boundaries observed by TEM. The
calculation results show that there are no significant differ-
ences in phonon DOS (heat capacity) between the interfaces
and the bulk crystals (Figure S14). This is probably due to
the small structural change in (Cu,Ge,Mn)S, tetrahedra
even in the vicinity of the interfaces, as also indicated from
their significantly small interface energies. On the other
hand, the phonon group velocities were substantially
reduced from the bulk crystals (Figure S15). Especially,
acoustic phonons with the frequencies below 1.5 THz, which
transport most of heat, exhibit squared group velocities
reduced by about 30% as compared with those in the
corresponding bulk crystals (Table S5). The decrease of
group velocities indicates stationary phonons in these
materials are modified, even before phonon propagations,
which are found to become prominent on the nanometer
scale.!! In addition to this, the decrease in relaxation time is
also expected due to lower rotational and translational
symmetry of the interfacial structures. Thus, the nanoscale
interfaces characterizing these materials would contribute to
the reduction of lattice thermal conductivity, although the
effects were overestimated in these calculations due to the
higher density of interfaces than in experiments and neglect
of point defects.

Lattice thermal conductivity values of pristine compound
(x=0) are similar to those reported for the isostructural
(orthorhombic) enargite-type Cu;PS, compounds with a
minimum value of around 0.6 Wm 'K~ at 700 K.*? Such
low values are mainly attributed to their small grain sizes
and their similar crystal structure. The values of 1.5-
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2 Wm 'K at 700 K determined in Cu-rich compounds (x >
0.3) are in agreement with the state-of-the-art sphalerite
derivative copper-based sulfides.’! The vibrational DOS of
the tetragonal stannite-type and orthorhombic enargite-type
phases, presented in Figure S14, exhibit similar features
observed in other copper sulfides,**** notably including a
low-frequency manifold centered at about 2 THz (
~60 cm™") involving mostly Cu displacement. The presence
of low-energy optical modes was found in several Cu-based
sulfides with relatively low ;.

Temperature dependences of the thermoelectric figure
of merit ZT in the series Cu,, Mn,_.GeS, are displayed in
Figure 9f. Copper for Mn substitution significantly enhances
the ZT values, from 0.05 for x=0 to 0.35 for x=0.4 at 700 K.
This remarkable enhancement is mainly linked to the
significant increase in power factor, due to an increase in
carrier concentration through Cu for Mn substitution.

Conclusion

Based on the substitution of copper for manganese in the
wurtzite derivative Cu,MnGeS, compound, we have been
able to synthesize a self Cu-doped thermoelectric material
Cu,, Mn,_,GeS,. We have shown that this material pre-
pared by low energy ball-milling and fast SPS process cannot
be described as a single phase sample or as a solid solution
but as a particular biphasic system which consists of two
interconnected tetrahedral frameworks at a nanoscale, with
the orthorhombic enargite-type (wurtzite derivative) and
the tetragonal stannite-type (sphalerite derivative) struc-
tures, respectively. The complex crystal chemistry of such
nanocomposites rises the issue of the role of the two
structures and of their interfaces in the mechanism govern-
ing their electrical and thermal conductivities. Their reason-
able thermoelectric performances, reaching a ZT value of
0.35 at 700 K opens the route to future investigations in
composite sulfide materials.
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