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Kesterite (Cu,ZnSnS,, CZTS) powders were produced by reactive high-energy milling, starting from
stoichiometric mixtures of the elemental components. CZTS forms fine crystals with a cubic structure,
which evolves to the stable tetragonal form after thermal treatment. Tablets were produced by cold
pressing of the ball milled powder, and sintered up to 660 °C. Seebeck coefficient, electrical resistiv-
ity, and thermal diffusivity were measured on the sintered tablets, pointing out the positive effect of
CZTS nanostructure and of the rather large fraction of porosity: thermal conductivity is rather low
(from ~0.8 W/(m K) at 20 °C to ~0.42 W/(m K) at 500 °C), while electrical conduction is not
seriously hindered (electrical resistivity from ~8500 2 m at 40 °C to ~2000 u2 m at 400 °C).
Preliminary results of thermoelectric behavior are promising. © 2019 International Centre for
Diffraction Data. [doi:10.1017/S0885715619000277]
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I. INTRODUCTION

Thermoelectric (TE) materials are of interest for exploit-
ing heat gradients to produce electricity by the Seebeck effect
(Seebeck, 1826; Oersted, 1823; Peltier, 1834). The efficiency
of the devices depends on several factors, among which the
figure of merit z7'= S2T/(pk) , where S, p, T, and k are, respec-
tively, Seebeck coefficient, electrical resistivity, absolute tem-
perature, and thermal conductivity of the TE material (Rowe,
2012; Yang et al., 2012; Liu et al., 2015; Zeier, 2017). To
date, best commercial devices are based on Bi,Te; alloys,
reaching zT =~ 1, while to be competitive TE devices should
improve their performance by several times, up to z7'=4
(Yang et al., 2012). Looking for new high-z7" TE materials
and exploring effective methods to improve the performance
of existing ones are critical issues.

Recently the attention of many research groups has focused
on nanostructuring as a way to reduce the thermal conductivity
of semiconducting TE materials: a higher density of boundaries
appears to be beneficial because of the increase of phonon
scattering (Poudel er al., 2008; Xie et al., 2009; Zhao et al.,
2009; Rowe, 2012; Yang et al., 2012). Other approaches
involve doping (Liu et al., 2015), conducting fillers (Kumar
et al., 2018), ion substitution (Chmielowski et al., 2017), and
crystal-structure engineering (Zeier, 2017) through 2D superlat-
tices or quantum dots (Venkatasubramanian et al., 2001; Yang
etal.,2012). However, the challenge towards a wide application
of TE devices requires a simple and low-cost fabrication
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process. Kesterite, made of earth-abundant and non-toxic
elements (Cu,ZnSnS,;, CZTS), is a promising TE material.
The crystal structure is tetragonal, with space group I4, although
recently an hexagonal P63mc polymorph has been chemically
synthetized and vapour deposited as nanocrystalline CZTS
(Azanza Ricardo et al., 2015). Known so far for photovoltaic
applications, kesterite for TE devices should work between
300 and 700 K (Yang et al., 2012; Kumar et al., 2018), although
economically competitive in the range from 600 to 800 K (Yang
et al., 2012). As a p-type semiconductor (positive Seebeck
coefficient) (Liu er al., 2015), CZTS exhibits a remarkably
low lattice thermal conductivity (from ~2 W/(m K) at 300 K
to ~1 W/(m K) at 800 K), competitive with high-performance
TE materials (Skelton et al., 2015), but is disadvantaged by a
low electrical conductivity (e.g. from ~2S m~' at 300 K
to ~358 m~!' at 700 K (Yang et al., 2012)). So far, zT
values for CZTS nanocrystals range from around 4.6 x 107>
at 300 K to around 0.026 at 700 K (Yang et al., 2012), while
values of 0.36 at 700 K have been obtained for Cu-doped
CZTS (Liu et al., 2009). Ball milling is a common technique
for the top-down production of TE materials (Rowe, 2012),
where it is used to produce specific phases, by reactive milling
(Azanza Ricardo et al., 2013), as well as to grind the crystalline
domains to the nanoscale in order to increase grain boundaries
and introduce dislocations. Ball milled powders are then
compacted by one of the many sintering techniques: spark
plasma sintering (Liu et al., 2009; Yang et al., 2012; Zhou
et al., 2017), hot-pressing (Yang et al., 2012; Devi Sharma
and Neeleshwar, 2018), cold-pressing, extrusion (Rowe, 2012).

In this work we present results of a preliminary study on
nanostructured kesterite synthesized by reactive ball milling.
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XRD is used to follow the different stages of the milling pro-
cess and sintering, showing the evolution of phases and micro-
structure. Preliminary results are shown on the TE behaviour.

Il. EXPERIMENTAL PROCEDURE

CZTS powders were synthesized via reactive ball milling
in a planetary mill (Fritsch P4 Pulverisette 4). An 80 ml brass
jar was used with 25 brass balls (12 mm in diameter) as mill-
ing medium. The precursor materials (Cu powder, <75 um,
99%; Zn powder, purum, 99%; Sn powder, puriss, 99%, S
flakes, purum, 99.5%; all by SigmaAldrich) were weighted
in exact stoichiometric quantity with a ball-to-powder weight
ratio of 100:1, and milled with 250 ul of ethanol (99.8%,
SigmaAldrich) as lubricant.

High energy milling conditions, from analogous research
work (Broseghini et al., 2016) were: jar rotation @ = —540
rpm, main disk revolution £2=300 rpm, for a fixed ratio
/2= —1.8. Each milling operation was made in a single
time interval of duration: 15, 30, 60, 90, and 180 min, respec-
tively. The 60 min powder was used to make tablets with a
cold-pressing machine manually operated with a load of 5
tons. The resulting shape was circular, with diameter 16 mm
and thickness ~2 mm. The tablets were then sintered in Ar
atmosphere with two different thermal treatments: TT1, 60
min at 300 °C (heating rate r=20 K min~") followed by 20
min at 560°C (r=20K min~' up to 520°C and 10K
min~' from 520 to 560 °C); TT2, 60 min at 400 °C (r=20
K min~") followed by 20 min at 660 °C (=20 K min™"' up
to 620 °C, 10 K min~! from 620 to 660 °C).

Powder and tablet specimens were characterized by XRD,
collecting data at room temperature in a Rigaku PMG powder
diffractometer, equipped with a graphite bent-crystal mono-
chromator in the diffracted beam, using CuKe radiation gen-
erated at 40 kV and 30 mA. Scan range was from 8° to §2°
(26), with a sampling step of 0.05° and a counting time of
10 s. TE characterizations have also been performed on the
TT1 tablet specimen. Electrical resistivity and absolute
Seebeck coefficient (with platinum standard) have been

measured in the range from 40 to 400 °C while thermal diffu-
sivity, in the range from 20 to 500 °C, has been determined
with a Laser Flash (Linseis LZT-Meter combined LSR/LFA).

lll. RESULTS AND DISCUSSION

The XRD patterns of ball-milled powders and tablets are
shown in Figures 1 and 2, respectively, including details of the
phase identification. The quantitative phase analysis was made
with the Rietveld refinement software TOPAS, using a beta
version 7 which supports the new macros based on Whole
Powder Pattern Modelling (Scardi, 2008; Scardi and Leoni,
2002) to refine the domain size in terms of a lognormal distri-
bution of spheres (Scardi et al., 2018).

As shown qualitatively in Figure 1, evidence of the forma-
tion of CZTS is found since the shortest milling time, although
the synthesis after 15 min is largely incomplete. The corre-
sponding powder pattern shows peaks of all precursors (Sn,
S, Zn, and Cu), and the intermediate sulfide phase covellite,
CuS. At this stage CZTS is cubic, with a sphalerite (ZnS)
structure, which is observed also for longer milling time.
The XRD peaks of CZTS are visibly broader than those of
the precursors, pointing out that the crystalline domains of
the kesterite phase in formation are much smaller in size.
Zinc sulfide, ZnS, might also be present, but cannot be con-
firmed as all peaks overlap with those of CZTS; however,
based on stoichiometry and a simple mass balance, the main
fraction is likely formed by a Sn-poor cubic CZTS. In fact,
Sn appears for more than 80% in its precursor form, probably
as a consequence of the large size of the Sn precursor particles,
which is slower to react than the other metals.

The presence of precursors and intermediate phases
decreases after longer milling. Starting from 30 min the
CZTS fraction becomes the principal one, although a small
amount of non-reacted Sn still appears, together with CuS.
After 60 min milling, CZTS seems to be the main phase
with CuS present just in minor amount <1.5% (from
TOPAS refinement 1.3%, with an estimated standard devia-
tion 0.6%). For longer milling times (90 min), precursors
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(Color online) XRD patterns of powders ball milled for increasing time, with indication of the identified phases [see text for details].
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(Color online) XRD patterns of tablets, pressed only (TTO) and after heat treatments at 560 °C (TT1) and 660 °C (TT2), with indication of the identified

phases. The XRD pattern of the powder ball milled for 60 min, used to produce the tablets, is shown again for easier comparison.

and intermediate phase disappear altogether, but traces of
brass start to appear, to become the main phase in the powder
ball milled for 180 min. This is because of the contamination
of the powder from the vial and ball material, as the balls, after
the completion of the reaction process, start eroding them-
selves and the vial.

As shown in Figure 2, the pressed only tablet presents no
significant difference from the 60 min powder, whereas sinter-
ing changes both phase composition and microstructure. After
heat treatment we observed a moderate growth of the CZTS
crystalline domains, and formation of a minor fraction of
impurity and precipitate phases. But the most striking differ-
ence with respect to the powders is the transition from cubic
kesterite, with a sphalerite structure (space group F4 3m), to
the stable tetragonal form (space group /4). Indeed, the last
presents some extra reflections, most evident at ~18°, 23°,
and 38°, which do not appear in the cubic phase (see the pat-
terns of the 60 min powder and pressed only tablet). We attri-
bute the formation of a cubic CZTS to stoichiometric
deviations from the Cu,ZnSnS, formula, and strong cation
disorder caused by the high energy environment where kester-
ite forms during the reactive ball milling. On heating (TT1 and
TT2), cations try to reach a more energetically stable configu-
ration, thus leading to the cubic to tetragonal transition. This
phase change involves a doubling of the c-axis (the CZTS
tetragonal structure can be thought of as made of two cubic
structures on top of each other), so that c=2a. To the best
of our knowledge stable CZTS in a cubic crystal arrangement
at low temperatures has never been reported in the literature
before.

Some authors have reported the existence of cubic CZTS,
but at temperatures above 866 °C (Schorr and Gonzalez-
Aviles, 2009; Schorr, 2011; Bosson et al., 2017). The difference
is in the production methods, solution phase reaction (Yang
et al., 2012), solid state reaction (Liu er al., 2009), vapour
deposition (Kumar et al., 2017; 2018), all involving a high-
temperature step, whereas our procedure is at nominal room
temperature.
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Additional reflections in the tablet produced with TT1
are attributed to digenite, in the cubic (Cu;,S,4) or rhombo-
hedral (CuoSs) forms, and cassiterite, SnO,: the last phase
likely originates from oxygen contamination. Despite the
inert (Ar) atmosphere, residual oxygen encapsulated in the
tablet during the powder pressing releases in the oven,
thus reacting with the tablet material. This reaction path is
supported also by the fact that the formation enthalpy of
SnO, is remarkably high, being reported to be -AHF*® = —
577 kJ mol ™' (Cox et al., 1984). It is also possible to explain
digenite formation as a side effect of partial Sn oxidation,
which might have partly destabilized CZTS stoichiometry,
leading to the formation of copper sulfides.

Extra peaks in the TT2 tablet pattern belong to SnO,,
which is present in a lower amount than in the TT1 tablet:
this explains the absence of digenite in TT2. It is also worth
noting the sharpening of the CZTS peaks after the thermal
treatments, pointing out a moderate but visible grain growth
concurring to the cation ordering process discussed above.
This picture is compatible with the known recrystallization
temperature of CZTS, which has been reported to be around
400 °C (Guo et al., 2014), below the temperatures reached
by TT1 and TT2.

Sintered specimens appear to undergo a densification pro-
cess, indeed the measured density at ambient temperature
increases 10% after the thermal treatment, from ~3.08 g
cm ™ to ~3.42 g cm™> (geometrically measured on disk sam-
ples). By comparing this value with the mean-phase density cal-
culated with TOPAS, being 4.98 g cm73, we could estimate a
porosity fraction of about 30%. Figures 3 and 4, show the
results of TOPAS for the powder ground 60 min and the tablet
sintered under TT1 condition. For all powder patterns, includ-
ing that in Figure 3, CZTS was modelled with one or more
sphaleritic (cubic) phases. This accounts for a possible multi-
modality of the crystalline size distribution, and fluctuations
in the CZTS stoichiometry. In this respect, however, inhomoge-
neous strain broadening (which has a characteristic trend with
the 20 angle, see Scardi et al. (2018) and references therein)

Nanostructured kesterite (Cu,ZnSnS,) for applications in thermoelectric devices 3



VIntensity [arbitrary unit]

20 30 40

50 60 70 80

20 [°]

Figure 3. (Color online) XRD pattern refinement for the 60 min powder sample. Data were analyzed with Topas®, considering the phases identified in Figure 1.
The CZTS phase is shown as a thin green line, whereas the difference between experimental data (dotted blue) and total model (solid red) is shown below (residual,
solid black line). Rwp =5.88, g.o.f. = 1.28, number of data points = 1481, number of fit parameters =45.

seems to be absent. This would rule out the presence of large
fluctuations of stoichiometry, which also contribute to a line
broadening which increases with the scattering vector modulus.

In the patterns of the sintered-tablet, CZTS can be mod-
elled as a single phase with tetragonal structure. Therefore,
for easier interpretation and comparison the model pattern of
CZTS in Figure 3, it was represented as an only curve, even
if made of more than one fraction. The main result, in fact,
concerns the formation of CZTS: Figure 5 shows the trend
of the CZTS weight fraction with the milling time and sinter-
ing temperatures of the tablets. CZTS reaches a maximum,
with an almost pure phase between 30 and 90 min: the impu-
rity fraction appears to be the lowest (<1.5%, in particular 1.3
(6)%) after 60 min of milling.

Vlintensity [arbitrary unit]

The mean domain size in the powder specimens ranges
from 13 to 18 nm, while after sintering a limited grain growth
occurs, to ~20 nm for TT1 and ~28 nm for the TT2 tablet. It
seems therefore possible to obtain a solid component still pre-
serving a fine nanostructure.

Figure 6 shows results of a preliminary characterization of
the TE behavior made on one of the sintered tablets, TT1:
more extensive tests are ongoing. Electrical resistivity ranges
from ~8500 2 m at 40 °C to ~2000 u€2 m at 400 °C, show-
ing a classical semiconducting behavior. The absolute
Seebeck coefficient is positive, as expected for a p-type semi-
conductor, and ranges from ~40 uV K~ at 40 °C to ~200 uV
K~! at 400 °C. The thermal diffusivity is ~0.006 cm” s~ at
20 °C and ~0.003 cm? s~' at 500 °C. Given the density of

**WMWWW
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Figure 4. (Color online) XRD pattern refinement for the TT1 tablet sample. Data were analyzed with Topas®, considering the phases identified in Figure 2. The
CZTS phase is shown as a thin green line, whereas the difference between experimental data (dotted blue) and total model (solid red) is shown below (residual,
solid black line). Rwp =9.37, g.o.f. =2.06, number of data points = 1481, number of fit parameters = 48.
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temperature. [See text for details].

3.418 g cm ™ (measured at ambient temperature) and a spe-
cific heat of 0.407 J/(g K) (calculated by considering a
weighted average of all the present phases, including air in
porosity, literature values for the specific heat of single com-
ponents, and assuming it to be constant in temperature), it is
possible to calculate the figure of merit z7 for the kesterite
TT1 tablet as ranging from ~9 x 10~ at 40 °C to ~0.03 at
400 °C. These results are consistent with the literature (Liu
et al., 2009; Yang et al., 2012), but are remarkable for the
low value of thermal diffusivity, which seems not to penalize
the electrical resistivity. This could be because of the low
density, so that air is trapped in the porosity and reduces the
thermal diffusivity; nevertheless, porosity appears to have
no relevant effect on the electron path, and indeed resistivity
remains quite low (Liu et al., 2009; Yang et al., 2012).
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(Color online) Weight percentages of CZTS and other phases in milled powders for increasing time and in the sintered tablets for increasing sintering

Nano-size crystals, large grain boundary fraction, and stoichi-
ometry disorder could also contribute to the low thermal
diffusivity and electrical resistivity.

Further measurements and characterizations, including
specific heat, are ongoing, in order to assess more accurately
the material properties.

IV. CONCLUSION

When the elemental components of kesterite, Cu, Sn, Zn,
and S, are mixed in stoichiometric proportions and ground
together in a high energy planetary mill the ternary sulfide
forms with relatively minor impurities, provided that milling
does not extend to times sufficiently long to start eroding
the brass vial and contaminating the resulting powder.
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(Color online) Thermoelectric measurements of heat treated tablet TT1. Electrical resistivity (a), Seebeck coefficient (b) and thermal diffusivity (c) are

reported as a function of the measurement temperature (each point is the average of three measurements with standard deviation within the size of the marker).
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CZTS forms fine grains (between 10 and 20 nm mean size) of
a cubic polymorph, probably as an effect of a strong cation
disorder. After sintering in temperature ranging from 560 to
660 °C the CZTS phase turns to the stable tetragonal form,
with a minor growth of the crystalline domains, which are
still rather fine. The sintered tablet shows remarkable TE prop-
erties, as the thermal diffusivity is rather low, while the elec-
trical conductivity is not much depressed and the Seebeck
coefficient is also reasonable and positive, as expected for a
p-type semiconducting material like kesterite. The TE perfor-
mance is good (T is estimated as ranging from ~1 x 10™* at
40 °C to ~0.03 at 400 °C), showing promising results in the
studied temperature range.
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