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Sustainable thermoelectric materials fabricated by using Cu,Sn,.,Zn,S3
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Uniform Cu,Sn;_Zn,S3 (x =0-0.2) nanoparticles (NPs) with a characteristic size of about 40 nm
were chemically synthesized. The primary crystal phase of the NPs was wurtzite (WZ) with a mean
crystalline size of about 20 nm. The NPs were sintered to form nanostructured pellets with different
compositions preserving the composition and grain size of the original NPs by the pulse electric
current sintering technique. The pellets had a zinc blende (ZB) structure with a residual WZ phase,
and the mean crystalline size was found to remain virtually unchanged for all pellets. Among all
samples, the pellets of Cu,Sng9s5Zng 555 and Cu,Sng gsZng 1553 exhibited the highest ZT value (0.37
at 670K) which is 10 times higher than that of a non-nanostructured Cu,SnS; bulk crystal thanks to
effective phonon scattering by nanograins, the phase-pure ZB crystal structure, and the increase in hole
carrier density by Zn doping. © 2017 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/

licenses/by/4.0/). https://doi.org/10.1063/1.5009594

Copper sulfide thermoelectric materials have recently
attracted much attention due to their relatively high ZT value
along with the earth-abundant nature and low toxicity of
their constituent elements. In 2011, it was reported that
digenite (Cu;gS) with a second djurleite (Cu;o6S) phase
exhibited ZT'=0.5 at 673K.' In 2013, Suekuni and co-
workers found that Cu;q;sNi; 5SbsS;5 tetrahedrite exhibited
ZT=0.7 at 665K.? Shortly thereafter, Suekuni and co-
workers reported that Cu,sV,GegS3, colusite had a ZT value
of 0.73 at 663K.> At nearly the same time, several copper
sulfide thermoelectric materials with a ZT value exceeding 1,
such as Cu;;MnSb,S;; tetrahedrite (ZT=1.13 at 575 K),4
Culo_SNi1.OZn0_SSb4SI3 tetrahedrite (ZT: 1.03 at 575 K),S
and Cu,sTa,Sns sS3, colusite (ZT ~1 at 670K).® had been
reported from different groups. With this global trend of
development of copper sulfide-based sustainable thermoelec-
tric materials, researchers have revived interest in Cu,SnS;
(CTS) which had been well known as a solar cell material.
Recently, Shen et al. have reported that Zn-doped CTS
(CuySngoZng 1S3) exhibited ZT'=0.58 at 723K.” Tan et al.
have also reported that In-doped CTS (Cu,Sngolng;S3)
exhibited ZT = 0.56 at 773 K.® Zhao er al. have reported that
Co-doped CTS (Cu,SnggCog,S;) exhibited ZT=0.85 at
723K.°

On the other hand, multi-scale structuring has been
regarded as one of the promising approaches to enhance the
ZT value of a thermoelectric material by enhancing phonon
scattering with maintaining good carrier transport properties.
For example, Kanatzidis et al. fabricated a PbTe-SrTe
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thermoelectric material with a hierarchically organized
multi-scale defect structure (panoscopic structure), i.e.,
atomic defects, nano-endotaxial structures and mesoscale
grain boundaries, which exhibited ZT'=2.2 at 915K."" To
fabricate panoscopic thermoelectric materials, the bottom-up
preparation approach in which chemically synthesized nano-
particles (NPs) are used as building blocks for making the
panoscopic materials is promising. This enables us to easily
create exotic structures never before possible by introducing
atomic defects in NPs (including impurities) during the syn-
thesis, controlling size and shape of the NPs, blending two or
more different types of NPs for making a bulk material, and
controlling mesoscale defect structures by taking advantage
of the pulse electric current sintering (PECS) technique.
With this in mind, in this study, we chemically synthe-
sized uniform hole-doped CTS (Cu,Sn;_,Zn,S;) NPs and fab-
ricated sustainable thermoelectric materials by sintering the
NPs into dense bulk materials by PECS. Then, the structure-
composition-property relationships in the Cu,Sn;_.Zn,S;
thermoelectric materials were analyzed. To avoid misunder-
standing, we emphasize the differences between Cu,ZnSnS,
(CZTS) and Cu,Sn;_,Zn, S5 (Zn-doped CTS). CZTS has also
been well known since early times as a promising quaternary
p-type semiconductor material for solar energy conversion
and photocatalysts with a bandgap of 1.45 — 1.50eV. In addi-
tion, a nanostructured bulk thermoelectric material has been
fabricated by using chemically synthesized CZTS NPs.''
However, the ZT value of the nanostructured CZTS thermo-
electric material was quite low (0.026 at 700K) predomi-
nantly because of its low electrical conductivity. In contrast,
the parent structure of Zn-doped CTS is a ternary p-type

© Author(s) 2017.
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semiconductor with a bandgap of 0.9-1.3eV.'>" In the case
of Zn-doped CTS, Sn is partly substituted with Zn in the
desired amounts.

Pristine zinc blende (ZB) and wurtzite (WZ) Cu,SnS;
NPs were chemically synthesized as well as Zn-doped
Cu,Sn;_,Zn,S; NPs by a heat-up method (for details, see
supplementary material). In this study, 6 different types of
NPs were synthesized, i.e., ZB Cu,SnS;, WZ Cu,SnSs,
CU2SHO.95ZI]0_05S3, Cu25n0.92n0.1s3, CUZSHO'85ZI'10_15S3, and
Cu,Sng gZng »S3 NPs will be referred to as Samples A, B,
C, D, E, and F, respectively, hereafter. Because the as-
synthesized NPs were capped with insulating organic ligands
[1-dodecanthiol (DDT) and oleylamine (OAM)], it is neces-
sary to remove those ligands from the surface of NPs before
making a pellet by PECS. Although the most straightforward
way to remove those organic ligands is the thermal treatment
of the NPs under inert atmosphere, it leads to the undesirable
grain growth of the NPs because high temperature (>450 °C)
and long-time treatment is required. Therefore, ligand
exchange of the NPs from DDT/OAM to thiourea (TU) was
carried out (for details, see supplementary material), because
TU sublimates at approximately 170 °C under reduced pres-
sure and thermally decomposes in the temperature range
higher than 230°C."* TU-capped Samples A-F were then
pelletized into solid disks with a diameter of 10 mm and a
thickness of 2 — 3 mm by using a PECS machine (Sinterland
LABOX-100) under the following conditions: temperature:
450°C, pressure: 30 MPa, and sintering time: 5 min. Pellets
composed of Samples A-F will be referred to as Pellets
A-F, respectively, hereafter. As-synthesized Samples A-F
were characterized by transmission electron microscopy
(TEM, Hitachi H-7650), X-ray diffraction (XRD, Rigaku
MiniFlex600 with Cu Ka), and inductively coupled plasma
optical emission spectroscopy (ICP-OES, Shimadzu ICPS-
7000). Pellets A-F were characterized by XRD, ICP-OES
and a scanning TEM (STEM) equipped with a high-angle
annular dark-field (HAADF) detector, and energy-dispersive
X-ray spectroscopy (EDS) elemental mapping. STEM-
HAADF imaging and EDS elemental mapping were
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performed on a JEOL JEM-ARM200F microscope operated
at 200kV with a spherical aberration corrector and a nominal
resolution of 0.8 A. The specimens for the cross-sectional
STEM analyses were prepared by a focused-ion beam (FIB)
method.

Figure 1 shows TEM images of as-synthesized Samples
A-F. All samples are relatively uniform in size and shape
except for Sample A. Interestingly, Samples B-F have a
hexagonal pencil-like morphology. By analyzing the TEM
images, it was found that Samples B-F all have nearly the
same size. The average length and width of the NPs were
calculated to be 40 and 25 nm, respectively. The Cu:Sn:Zn
atomic ratios of as-synthesized Samples A-F were deter-
mined to be 68:32:0, 69:31:0, 67:31:2, 65:31:4, 63:31:6, and
63:29:8, respectively. The values of x were calculated to be
0, 0, 0.06, 0.11, 0.16, and 0.21 for Samples A-F, respec-
tively, which correspond to the input molar ratio of Zn to Sn
precursors. This result indicates that Zn was doped stoichio-
metrically to Cu,SnS3 substituting Sn presumably because of
its similar ionic radius to those of Sn** (55 pm, C.N.=4) and
Cu™ (60 pm, C.N.=4).71?

Figure 2 shows XRD patterns of Samples A-F [Fig.
2(a)] and Pellets A-F [Fig. 2(b)]. As shown in Fig. 2(a), the
primary crystal phase of Sample A is ZB with small amounts
of WZ phase (the reference XRD patterns of WZ and ZB
CTS were taken from Ref. 16), while the primary crystal
phase of Samples B-F is WZ with small amounts of ZB
phase. As shown in Fig. 2(b), the phase transition from WZ
to ZB is clearly seen for Pellets B-F. Specifically, Pellets E
and F have a phase-pure ZB crystal structure, while Pellets
B-D contain small amounts of residual WZ phase. The rea-
son why only Pellets E and F could obtain a phase-pure ZB
structure is possibly because the phase transition temperature
decreased by increasing the Zn impurity concentration.

The mean crystalline sizes (Dy.;q) of Samples A-F and
Pellets A—F were estimated using Scherrer’s equation for the
most intense diffraction peak of the primary phase. As a
result, the values of D4 for Samples A-F were calculated
to be 24.5, 18.3, 16.9, 20.0, 19.6, and 18.3 nm, respectively.

FIG. 1. TEM images of CTS (a) and
(b) and Zn-doped CTS (c)—(f) NPs: (a)
Sample A (ZB), (b) Sample B (WZ),
(c) Sample C (x=0.05), (d) Sample D
(x=0.1), (e) Sample E (x=0.15), and
(f) Sample F (x=0.2).
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FIG. 2. XRD patterns of (a) Samples A-F and (b) Pellets A-F. The refer-
ence XRD patterns of WZ and ZB CTS'® are also shown for comparison.

On the other hand, the values of D, for Pellets A-F were
calculated to be 26.8, 21.4, 19.0, 18.2, 24.5, and 27.6nm,
respectively, indicating that the mean crystalline size
remains virtually unchanged during sintering for all pellets.
The reason why the mean crystalline size of Sample D
decreased after the sintering is due to the broadening of the
primary peak of the ZB phase caused by the non-negligible
amount of WZ residue. The compositions of Pellets A—-F
were also found to remain unchanged from those of Samples
A-F. The densities of Pellets A-F were determined to be
4.45, 443, 4.57, 4.56, 4.50, and 4.48 g/cm3, respectively,
using a gas pycnometer (Shimadzu AccuPyc II 1340).
Because the density of monocrystalline ZB CTS is 4.73
g/cm3, the relative densities of Pellets A—F were calculated
to be 94 —97%. The cross-sectional STEM-HAADF and
EDS elemental mapping images of Pellets B and D are
shown in Fig. S1 in the supplementary material. The contrast
of the STEM-HAADF image is relatively uniform in both
cases even though some dark areas were observed suggesting
the successful formation of homogeneous pellets. The EDS
elemental mapping images also confirm that the pellets are
compositionally uniform.

Finally, thermoelectric measurements were performed
for Pellets A—F. First, thermal conductivity (k) was measured
for the pellet in the cross-plane direction by laser flash analy-
sis (Netzsch LFA457). In this method, x (W-m~ 'K~ ') was
calculated as k = dcD, where d (kg-m73), c (J~kg71~K71), and
D (m*s™") are the density, specific heat, and thermal diffu-
sivity of the pellet, respectively. The values of ¢ and D for
Pellets A-F are shown in Fig. S2 in the supplementary mate-
rial. Then, Seebeck coefficient (S) and electrical resistivity
(p) were measured in the in-plane direction. The details of
measurements are also described in the supplementary mate-
rial. Carrier thermal conductivity (Kcurier) Was calculated by
Wiedemann-Franz’s law K,ier = LoT, where L and ¢ denote
the Lorenz number (2.44 x 10~ 8W-Q-K2) and the electrical
conductivity, respectively. Then, lattice thermal conductivity
(Klaice) Was calculated as Kjayjce = K — Kcamier- 1he power fac-
tor (PF) and ZT value were calculated as PF = ¢S° and ZT
= 65Tk, respectively. Figure 3 shows the temperature
dependence of g, S, K, Kjaice, PF, and ZT for Pellets A-F.
The ZT values of Pellets A—F with error bars are shown in
Fig. S3 in the supplementary material. It should be noted that
we measured S and ¢ in both heating and cooling cycles and
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found that the values coincide in both cycles (Figs. S4 and S5
in the supplementary material). Therefore, the values only in
the heating cycle are shown here. For comparison, the data of
undoped non-nanostructured CTS taken from Ref. 7 are
shown in Fig. 3.

As seen in Figs. 3(a), 3(b), and 3(e), Pellet B showed
similar values of o, S, and PF to non-nanostructured CTS,
while it had lower x and K. Vvalues than non-
nanostructured CTS [Fig. 3(c)]. This suggests that the pho-
non scattering is successfully facilitated with maintaining
good carrier transport properties by nanostructuring. It is
more evident in the inset of Fig. 3(d), where e Of non-
nanostructured CTS exhibits the classical 1/T" dependence
caused by Umklapp scattering, while the characteristic 1/T
dependence of ki, completely disappears in the case of
Pellet B supporting the fact that the phonon scattering is
dominated by defect scattering. In the case of non-
nanostructured CTS, it has been reported that a chemically
ordered monoclinic phase has larger Kj.qice than the chemi-
cally disordered cubic/tetragonal phase.” This might be
because the random distribution of metal atoms and vacan-
cies plays an important role in suppressing Kiagice POSSibly
by thoroughly disrupting the normal phonon transport. In the
present case, Pellets A, E, and F (ZB CTS without the WZ
phase) exhibited higher kjuqice than Pellets B-D (ZB CTS
with the WZ phase). This is presumably because the coexis-
tence of ZB and WZ phases is responsible for the phonon
scattering at the interfaces and grain boundaries.

As shown in Fig. 3(b), the sign of S is positive in all
cases, confirming p-type carrier transport. With the increas-
ing Zn concentration, x, in the Zn-doped CTS (Pellets C-F),
a systematic increase in ¢ was observed [Fig. 3(a)], while S
decreased in an opposite manner [Fig. 3(b)]. In addition, ¢ of
Pellet B increases with increasing temperature showing a
semiconductor behavior, while ¢ of Pellets C-F remains
unchanged or decreases with increasing temperature showing
a metallic behavior. To clarify the effect of Zn-doping on the
electronic structure of CTS, the density of states (DOS) of
undoped CTS (ZB-phase Cu,SnS3) and Zn-doped CTS (ZB-
phase Cu,Sngg375Zn0062553) Was determined using first-
principles calculations based on density functional theory
(DFT) within the generalized gradient approximation (GGA)
in the scheme of Perdew-Burke-Ernzerhof (PBE) functional
with the consideration of spin-orbit coupling (SOC) as
shown in Fig. S6 in the supplementary material. In conse-
quence, it has been found that the chemical potential (u)
decreases by substituting Sn with Zn leading to hole doping.
As a result, ¢ increases while S decreases (for details, see
Fig. S7 in the supplementary material).

Interestingly, however, a sharp increase in ¢ is clearly
observed when x is increased from 0.1 (Pellet D) to 0.15
(Pellet E) as shown in Fig. 3(a). This suggests that the elec-
tronic transport properties of Zn-doped CTS are influenced
not only by the Zn concentration but also by the crystalline
structure. As discussed earlier, Pellets E and F have a phase-
pure ZB crystal structure, while Pellets B-D contain small
amounts of residual WZ phase [Fig. 2(b)]. In general, the ZB
compound is expected to have smaller effective masses,
higher carrier mobility, and higher doping efficiency than its
WZ counterpart, because of its highly symmetric cubic
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structure.'” Therefore, the presence of the WZ phase in the
pellet might create an adverse effect on . To confirm this
hypothesis, the values ¢ of Pellets A (ZB CTS without the
WZ phase) and B (ZB CTS with the WZ phase) were com-
pared. As shown in Fig. 3(a), Pellet A showed a metallic
behavior with higher o, while Pellet B exhibited a semicon-
ductor behavior with significantly low ¢. This result clearly
validates the hypothesis. Unfortunately, it is unclear which is
the main contributing factor for lowering of c—the existence
of interfaces between ZB (high ¢) and WZ (low &) phases or
the existence of the WZ phase (low o) itself, because it was
difficult to fabricate a pellet which has a phase-pure WZ
structure.

As shown in Fig. 3(f), the ZT values monotonically
increase with temperature in all pellets and the highest ZT
value of 0.37 at 670K is achieved in both Pellets C
(CHZSHOQSZHO.OSSB) and E (Cu25n0_852n0_1553). In the case
of non-nanostructured Cu,Sn,_,Zn,S3, the highest ZT value
is reported to be 0.58 in the x=0.10 sample at 723K.” In
this study, we set an upper temperature limit of 670 K for the
thermoelectric property measurements to ensure that the pel-
lets will not be chemically altered. Thus, if we compare the
ZT values of Pellet C or E and non-nanostructured
Cu,Sn;_,Zn,S; (x=0.10) at the same temperature, they are
comparable.

500 700
Temperature (K)

In conclusion, the CTS system contains environmentally
benign and abundant elements and exhibits modest thermo-
electric properties at relatively low temperature range. In the-
ory, introducing nanograins into a CTS-based thermoelectric
material in a controlled manner enables us to enhance its ZT
value in comparison to the non-nanostructured counterpart by
reducing Kpayice While maintaining PF. In addition, further
enhancement of the ZT value can be achieved through doping
of another element such as Zn in these materials. In this
study, both strategies are employed to improve the ZT value
of CTS-based sustainable thermoelectric materials. In partic-
ular, the chemically synthesized Cu,Sn;_,Zn,S3; (x=0—0.2)
NPs were pelletized by a pulse electric current sintering
method. The highest ZT value of 0.37 at 670K is achieved in
both Cu,Sng 95Zng o553 and Cu,Sng gsZng 1553 nanostructured
materials. However, this value was comparable to the ZT
value at the same temperature of the Cu,Sng¢Zng S; non-
nanostructured material” presumably because the advantages
and disadvantages of nanostructuring are balanced out in this
case. Our ongoing work has focused on the further improve-
ment of the ZT value by optimizing the size and shape of the
NPs, blending two or more different types of NPs [e.g., ZB-
phase Zn-doped CTS and mixed-phase (ZB + WZ) Zn-doped
CTS] for making a bulk material, and controlling mesoscale
structures by tuning sintering conditions.
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See supplementary material for the synthesis scheme of
nanoparticles, the ligand exchange protocol, the cross-
sectional STEM-HAADF and EDS elemental mapping
images, the details of thermoelectric property measurements,
the values of ¢, D and ZT for Pellets A-F, the values of §
and o measured both in heating and cooling cycles, and DOS
of undoped and Zn-doped CTS.
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