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ABSTRACT

Cu-based sulphides are promising materials for environmentally friendly Te-
free thermoelectric generators (TEGs). Cu,SnS; (CTS) stands out for its electronic
properties, stemming from its conductive Cu-S networks, especially in fully
disordered cubic structural form. While wet chemical techniques are the most
utilized for CTS synthesis, they introduce organic contaminants that reduce elec-
tronic connectivity between grains, limiting their performance as in-plane thin-
film TEGs. We present a new method to improve the electronic properties of CTS
thin films for thermoelectric applications involving three-step dry route synthesis
of ball milling, thermal evaporation, and sulfurization of Cu,~Sn metallic precur-
sors. Via this method, charge carrier concentration increased significantly, as esti-
mated by Hall effect analysis, which was attributed to the Cu-poor stoichiometry,
also confirmed via energy-dispersive X-ray spectroscopy (EDXS). Microstruc-
tural analysis by scanning electron microscopy (SEM) revealed micrometre-sized
grains composed of even smaller crystalline domains, which X-ray diffraction
(XRD) showed to be ~ 50 nm in diameter. When compared with literature results,
our procedure leads to a fourfold enhancement in the thermoelectric power factor
(PF = S%c), determined through the Seebeck coefficient measurements (S) and
electronic conductivity (o) estimated by the van der Pauw technique. The CTS
TEG has a power volume density of 2.3 uW K™ cm ™, measured by a custom cur-
rent-voltage-power (I-V-P) setup with varying load resistance. Results present
a 100% increase in performance compared to ink-based techniques and were
reproducible across three different batches. This strategy, improving the density
of the CTS thin films, offers a new way to enhance Cu-based thin-film TEGs.
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Introduction

Thermoelectric generators (TEGs) are energy con-
version devices exploiting the Seebeck effect to
transform heat into electrical power. Typically con-
structed using both p- and n-type semiconductors,
these generators are interconnected in series and
configured in a m-type geometry to form a TEG
module. These modules are then combined to form
the commercially available TEGs, covering a larger
surface area. Various applications are given to these
TEGs in the industry and electronic productive sec-
tors. For the former, more than 60% of the primary
energy is lost as residual heat [1] and thermoelec-
tric devices are considered one of the most powerful
ways to harvest this form of energy. For the latter,
the absence of moving components, silent opera-
tion, lack of vibration, and high reliability, make the
TEGs compact and with a low maintenance cost [2,
3], therefore being envisaged in sensor applications
as well as for powering devices for the Internet of
Things [4].

The efficiency of the heat-to-electric energy transfor-
mation of a TEG is proportional to its figure of merit,
defined as zT = SK—(’T, where S is the Seebeck coeffi-
cient, o is the electrical conductivity, T the absolute
temperature, and « is the thermal conductivity, which
is composed of a lattice (x;) and electronic (x,) contri-
butions (k = k; + «,). However, the electronic proper-
ties (S and o) are interconnected, i.e. the increase in
one generally induces a decrease in the other during
material optimization [5]. One of the ways to decouple
these two properties is via intrinsic or extrinsic dop-
ing. Alternatively, suppressing the lattice component
of thermal conductivity proves to be effective, as it
does not impact other transport parameters. This can
be achieved by nanostructuring, providing obstacles
to phonon wave propagation without a significant
effect on the electronic conduction, leading to the so-
called phonon-glass electron crystal (PGEC) behaviour
[5, 6]. In addition, since heat propagation is mainly
governed by x;, an effective approach for reducing « is
producing thin-film materials such that phonons with
wavelengths larger than the thin-film thickness are
eliminated [2, 7]. When the substrate is several orders
of magnitude larger than the thin film, it is responsible
for most of the heat conduction, so the performance
of thin-film TEGs is only determined by the improve-
ment of the electrical properties in the power factor,
PF = S%6 = §2/p, where p is the electrical resistivity.
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A reduction in thickness offers additional opportu-
nities in microdevice applications such as micro-TEGs
[8, 9], micro-coolers [10, 11], and microsensors [12].
However, even if TEGs and micro-TEGs are used in
many applications, their commercialization is still lim-
ited because of their relatively high costs, estimated at
2000-15000 €/kW [13]. This is mainly due to the use of
expensive, rare, and toxic materials based on Te, Bi,
Pb, Sb, Ge, Ga, etc. [2, 14]. A widespread development
of TEGs can be based on earth-abundant, sustainable,
non-toxic, and low-cost materials such as the Cu-based
sulphides: Cu,ZnSnS, (CZTS), Cu,ZnSnSe, (CZTSe),
CuFeS, (CFS), and Cu,SnS; (CTS) [2, 15-18]. Improve-
ment of their electronic conversion has already been
proved possible by doping [5], resulting in a signifi-
cant increase in charge carrier concentration (#).

Among the sulphide-based materials, the best over-
all performance is given by Cu,5nS; (CTS), as thor-
oughly discussed in Ref. [19]. It is shown that the elec-
tronic properties of CTS are boosted in the disordered
cubic form, where cations occupy random positions
in the lattice sites. This is responsible for increasing
the charge carrier concentration, acting also as phonon
scatterers, enhancing both PF and « [18]. Thin films
of CTS have been produced by ink-based techniques
[2], sol-gel methods [20], hot injection [21], electron
beam deposition followed by sulfurization [22], ultra-
sonic spray pyrolysis [23], and sulfurized direct cur-
rent (DC) [24] and radio-frequency (RF) magnetron
sputtered Cu,Sn [25, 26]. However, only Refs. [2, 21]
used CTS for TEG fabrication. In addition, as far as we
know, the thermal evaporation of CTS has only been
explored by Oszoy et al. [27]. Thermal evaporation
has the advantage of being a relatively inexpensive
technique, with a high deposition rate compared to
sputtering techniques. It is a dry route, easily manage-
able and scalable at an industrial level and generally
provides a more homogeneous and dense film com-
pared to ink-based or wet chemistry techniques. For
the latter, organic compounds can be trapped between
the CTS grains, decreasing the density of the film, and
worsening the electrical connection between the grains
[28].

In this work, we show the material synthesis
and production of TEGs using CTS fabricated via a
three-step synthesis involving the use of ball mill-
ing (BM), thermal evaporation, and sulfurization of
the Cu,—5n metallic precursors. Scanning electron
microscopy (SEM), X-ray diffraction (XRD), and
energy-dispersive X-ray spectroscopy (EDXS) were
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used for a thorough structural and morphological
characterization. The films were about 1.5 um in
thickness, composed of nanometric domain sizes,
with a homogeneous chemical composition. TE
characterization based on Seebeck measurements
and electronic properties, estimated via the Hall
effect approach in van der Pauw geometry, showed
that a Cu-poor stoichiometry leads to a three order
of magnitude boost in the carrier concentration.
The power output of the TEGs was assessed by cur-
rent-voltage—power (I-V-P) curves, using a spe-
cially developed setup for varying load resistance.
The obtained results from this method demonstrate
that the performance of CTS TEG has enhanced
by double as compared with the CTS TEG based
on ink deposition [2]. In addition, the use of high-
energy ball milling to make the metallic precursor
powder (Cu-Sn) avoid the use of stacked thermal
evaporation of Cu and Sn powder. This technique
allows us to improve the CTS thin-film layer den-
sity increasing the overall thermoelectrical perfor-
mances, which can be easily applied for large scale
production of thermoelectric devices and aims to
provide a new, solvent-free method for the fabrica-
tion of CTS-based TEGs [2].
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Experimental details
CTS synthesis

Thin-film CTS were prepared employing a novel
method consisting of BM of the metallic precursors
(Cuy,-Sn), physical vapour deposition (PVD) via ther-
mal evaporation, and sulfurization of the Cu,-Sn
films, sketched in Fig. 1a.

Cu,—Sn powders were produced by high-energy
BM of the elementary powders of Cu (Sigma-Aldrich,
99.9%) and Sn (Sigma-Aldrich, 99.8%) using a Fritsch
P4 planetary ball mill. Firstly, the Cu and Sn powders
were placed in WC vials (80 mL of volume) together
with 27 WC balls (12 mm diameter), milled with a
ball-to-powder ratio of 100:1. Ethanol (Sigma-Aldrich,
99.9%) was added as a lubricant, corresponding to 10%
of the mass of the powder. The main disc rotation was
set to 310 rpm, with a — 1.80 main disc-to-planet ratio,
taking 3 h to complete.

Before the deposition of the Cu,~5n thin films, the
soda-lime-glass (SLG) (dimensions of 25 x 25 x 1 mm)
was previously etched using a mixture of KOH and
ethanol solution, being further sonicated for 15 min.
The substrates were later cleaned with commercial
soap and rinsed with ultra-pure water. Subsequently,
the Cu,—Sn thin films were deposited using a Tecuum

Figure 1 a Three-step CTS
synthesis method. b Sche-
matic diagram of the CTS
TEG with the chosen dimen-
sions and the fabricated CTS
TEG. ¢ Schematic diagram of
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AG VCM600 V1 thermal evaporator. The TEGs were
shaped using a stainless-steel shadow mask during the
deposition, consisting of two legs with the dimensions
provided in Fig. 1b. This procedure was performed
in a vacuum at a constant pressure of 5.0 x 10 mbar,
with an output current of 105 A and voltage of 12 V
for 10 min.

The sulfurization of the Cu,~5Sn thin film resulted
in the formation of the CTS. The sulfurization pro-
cess employed a tubular furnace (Carbonite Gero,
Sheffield, UK), where the Cu,~Sn thin films, sided by
50 mg of S (Sigma-Aldrich, 99.5%), were submitted to a
425 °C isothermal for 1 h (heating ramp of 20 °C min™")
under flowing of N, gas. The two CTS legs were then
connected in series using Ag thin film, deposited from
the evaporation of Ag pallets (Kurt J. Lesker, 99.99%,
1/8” Diameter x 1/8” Long). The visual quality of the
films and the dimensions of the TEG can be inspected
Fig. 1b.

CTS characterization

The XRD measurements have been conducted using
a D8 Discover diffractometer (Bruker AXS GmbH)
equipped with a Co-Ka radiation source with a wave-
length of 1.789 A. A 192 microstrips channels position
sensitive detector was employed in a 1D configuration,
in 0-20 geometry. The data were obtained from 20
initiating at 15° up to 95°, with a time interval of 1s and
a step size of 0.05°. Phase identification was conducted
utilizing the PDF4 + database [29]. Rietveld refinement
and whole powder pattern analysis were performed
using TOPAS?7 software [30].

The morphology of the films was characterized via
SEM micrographs, obtained with a JSM-7001F FEG-
SEM (JEOL, Tokyo, Japan) instrument equipped with
an energy-dispersive X-ray spectroscopy detector
(EDXS, Oxford INCA PentaFETx3, Oxford, UK). The
electron beam energy was in the range of 10-15 keV,
with a working distance of 5-10 mm. In addition, the
surface profile of the thin film was measured using
a Dektak3 Stylus Profilometer (Veeco Instruments,
Plainview, NY, USA) equipped with a diamond sty-
lus of 12 um radius with a vertical resolution of 10 A.

Measurements of resistivity, carrier concentration
and mobility were carried out via Hall effect meas-
urements in van der Pauw configuration employing a
Linseis HCS-1 instrument. A specifically shaped CTS
thin film, with dimensions of 12.5 x 12.5 mm, was fab-
ricated to perform the electrical characterization. The
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measurement has been carried out in an N, atmos-
phere with a temperature ranging from 303 to 473 K.
The Seebeck measurements were realized with the
same equipment, using the Seebeck option, with a
sample of 20 x 5 mm.

Thermoelectric generator setup

The performance of the TEG was evaluated using a
current-voltage (I-V) measurement setup placed in an
Ar atmosphere to avoid film oxidation. It is composed
of two thermocouples, two micro-heaters for the hot
side, and a Peltier cooler connected to a fan for the cold
side, as sketched in Fig. 1c. During the generation of
a temperature gradient (AT) by the micro-heaters, a
load resistance placed in series with the TEG varied
from 0 to 2 MQ), by means of a newly developed auto-
mated system. The voltage (V) and current (I) were
measured with a Keithley 2601 A source meter, simul-
taneously connected in parallel and in series as shown
in the circuit sketched in Fig. 1c. The power output has
been evaluated by means of the following standard
law: Poyp=V xI=Rx T2

Results and discussion
Material characterization

XRD measurements, as shown in Fig. 2a, can assess
the purity of the CTS films. The structure identified is
that of a cubic phase, space group F-43m (ICDD-PDF
card number 01-089-2877), represented in the inset of
the figure. Impurity peaks are marked as orange lines;
however, their intensity is insignificant, meaning that
their phase percentage in the sample is also low. The
Rietveld refinement resulted ina R, ?f 3.79%, with a
refined lattice parameter of 5.4297(4) A and preferred
orientation along [111] and [220] directions. Micro-
structural analysis revealed an average crystallite size
of 49.7(3) nm, with a microstrain (¢y) of 0.056%.

The surface profile was measured at different posi-
tions in the sample using the profilometer, resulting
in an average thickness of 1.5 pm. SEM cross-sectional
area measurements of Fig. 2b show a comparable
thickness. In addition, the chemical maps revealed a
homogeneous distribution of Cu, Sn, and S through-
out the film thickness (Fig. 2b). The variation on the
EDXS intensities in the chemical map for every ele-
ment is proportional to the stoichiometry balance of
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Figure 2 a XRD measure-
ments of the CTS film. The
black dots represent the

atn

experimental data, the red
line represents the Riet-

veld profile modelling, and
the blue line the residuals.
The black tick markers repre-
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the Cu,SnS; phase elements. Surface morphology is
shown by the SEM micrographs of Fig. 2c. The films
are made of micrometre-sized grains with a nanome-
tre-scale subgrain structure (~ 50 nm), surrounded by
plate-like features. These subgrains are shown in Sup-
plementary Information, Figure S1, and are compara-
ble to the coherent scattering domains observed via
XRD line profile analysis. The chemical maps revealed

10 pm

10 pm

a homogeneous distribution of the elements through-
out the film surface, as depicted in Fig. 2d—f. EDXS
revealed that the Cu:Sn ratio is 1.69:1 and the S:Sn ratio
is 2.78:1, being Cu and S poor. However, by analysing
the pristine Cu,-Sn films (see Figure S2 and Figure S3
for EDXS), we observe that this imbalance in stoichi-
ometry is happening after the sulfurization since the
pristine Cu,-Sn thin films were stoichiometric and
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homogeneous. The XRD also showed that the pristine
Cu,-5n film is composed of CuSn and Cu;Sn phases
shown in Figure S 4 in a Cu:5n ratio of 2:1. For the CTS
film, the Cu:Sn ratio of 1.69:1 ratio is similar to what
was reported by Ozsoy et al. [27] using thermal evapo-
ration of stacked Cu and Sn layers followed by sulfuri-
zation [27]. The morphology of CTS samples presented
here is also similar to materials synthesized using DC
and RF magnetron sputtering and sulfurization [25],
proving to be a characteristic of PVD techniques.

The charge carrier concentration (n) of the CTS film
is plotted in Fig. 3a. Carrier concentration is three
orders of magnitude higher compared to bulk CTS
synthesized via solid-state reaction [31-33]. Further
evidence of the effect of the Cu-poor stoichiometry on
n is found for CTS thin films fabricated via the sol-gel
method [34], which presents a similar stoichiometry
and also shows a three order of magnitude higher car-
rier concentration. In addition, it can be seen that n
decreases with the temperature, in agreement with the
previously cited works [31-34].

Carrier mobility (u) is presented in Fig. 3a. The
mobility is two orders of magnitude lower than bulk
stoichiometric CTS [18]. Since the electrical conductiv-
ity is given by the known formula:

c=n-e-u

1

where ¢ is the electron charge, the three-order increase
in n is compensated by the two-order decrease in
u, returning an overall one order of magnitude
higher ¢ compared to the pristine CTS [18]. In addi-
tion, the Cu-poor stoichiometry present in our case
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stabilizes the cubic CTS phase, contrary to Cu-rich
materials, which reported a simultaneous presence of
tetragonal, monoclinic, and cubic phases for both bulk
and thin-film samples [22, 23, 33].

The temperature evolution of the resistivity meas-
ured using a van der Pauw configuration is given in
Fig. 4a. At~ 400 K there is a subtle change from non-
degenerate to degenerate semiconducting behav-
iour with temperature, similar to Zhao et al. [35] and
Lohani et al. [5] reports. This trend can be explained
by the change of behaviour of n and p at a similar tem-
perature range, since p is the inverse of the conductiv-
ity, which is proportional to n and u (Eq. (1)) [details
in Figure S10 in Supplementary Note3]. These change
in trend at ~400 K could be partly attributed to the
thermal excitation of the bipolarons [36]. The overall
resistivity is lower by one order of magnitude than the
stoichiometric high-density CTS bulk samples [33] and
similar to Cu-poor CTS thin films made via ultrasonic
spray pyrolysis [23, 37], thermal evaporation [27], and
sputtering [25]. It can be concluded that the unbal-
anced stoichiometry of the CTS thin film is beneficial
for its conducting properties.

Seebeck values with temperature are shown in
Fig. 4a, presenting a linear increase with temperature.
However, the overall Seebeck values are two to three
times lower than stoichiometric CTS bulk materials
[5, 18, 32, 35, 36, 38]. The Cu-poor stoichiometry of the
thin films can again explain this effect as it boosts n by
three orders of magnitude compared to pristine CTS
[39], while the effective mass of the charge carriers
(m*) does not change significantly (Fig. 3b), decreasing
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Figure 3 a Carrier concentration (left axis) and mobility (right axis). b Weighted mobility (left axis) and normalized effective mass of

the charge carriers (right axis).
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the multiplicative factor in the expression of the See-
beck coefficient:

2
3

s=a-m- (55 2)
3-n

In addition, m* evolution with temperature as
depicted in Fig. 3b proved to be of the same order of
magnitude as Zn-doped CTS samples with a similar
concentration of charge donors [39], reinforcing the
premise of a Cu-poor stoichiometry for this work.

Due to the complex nature of the CTS band struc-
tures, the rigid band model (RBM) approximation
is the most suitable tool to understand the Seebeck
behaviour with carrier concentration. Reports show
that for n=3.6 x 10%°, the Seebeck coefficient is about
100 pVv K1 [6, 31, 33], similar to the present work.
Therefore, the unbalanced stoichiometry of the CTS
thin films is the main explanation for the reduced
Seebeck coefficient, corroborating the fact that the
Cu-poor environment observed in our case also acts
as a charge carrier donor in the structure.

Snyder et al. [40] introduced a novel approach for
determining weighted mobility (u,,) by using experi-
mentally derived Seebeck coefficient and resistivity
data. Their method operates on the premise that
charge transport predominantly occurs within a sin-
gle band. By incorporating a T~ term into the p,,
equation of Ref. [40], they noted a consistent decline
in u,, with rising temperature. As observed in Fig. 3b,
this suggests that the primary factor influencing the

mobility of charge carriers is the scattering effect
induced by acoustic phonons.

Combining the thermoelectric transport proper-
ties: electrical resistivity (p) or conductivity (o), and
Seebeck coefficient (S), it is possible to evaluate the
PF shown in Fig. 4b. Low-density bulk CTS (made
with ball-milled powder) revealed a much higher See-
beck coefficient (~ 350 uV K') than the present work,
resulting in a slightly higher PF [18]. However, when
this CTS powder was employed for ink production
of the CTS films, the total PF was four times lower
than what is reported in the present article [2]. This is
especially due to the presence of organic compounds
in ink-based techniques, such as oleylamine, used for
biding the CTS grains during ink production, acting
as charge scatterers between the grains.

Thermoelectric generator

The TEG fabricated with the material above can be
characterized by voltage at open-circuit (V) meas-
urements and current-voltage-power (I-V-P) curves
using the homemade setup described in Sect. 2.3.
While applying a temperature gradient (AT), the Vo
is measured by connecting a voltmeter in parallel to
the TEG and applying an infinite (or very high) load
resistance in series as shown in Fig. 1c. This way, the
highest voltage that can be produced by the device
is measured. This kind of measurement reflects the
effective Seebeck coefficient of the device. This Seebeck
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coefficient is defined as the voltage shift (V;,;4) due to
the thermoelectric effect:

Ve = =S(Ty = T¢) 3)

where S is the Seebeck coefficient, T}, is the hot side
temperature and T, is the cold side temperature. The
films tend to equilibrate the temperature in their
extremities during the experiment due to the heat con-
duction, therefore a Peltier cooler is placed at the cold
side, enabling a constant gradient of temperature with
time as visible in Fig. 5a. T, and T}, represent the aver-
age temperature values in the area depicted in Fig. 5a.

The V¢ vs AT plots for the CTS TEGs are shown
in Fig. 5b ranging from ~ 50 to 250 K (T, = ~ 293 K).
These tests can be used to determine the stability of
the device with the temperature, spotted when the
behaviour of V- with AT deviates from the linear
trend [see Eq. (3)] [15]. Therefore, a second-order poly-
nomial was used for the fitting of the V5., represented
in green in Fig. 5b. This effect is accompanied by the
drop in the current measured at zero load resistance,
referred to as the short circuit current I, also visible
in Fig. 5b. Around a AT of 250 K, corresponding to a
T;, of 550 K, the I stabilizes. Therefore, the safe opera-
tion T, temperature for CTS-based TEG is established
at around 493 K.

The Vis similar to the Seebeck measurements per-
formed in the previous section and can be compared
to each other. This allows us to infer if the Ag contact
deposition provided any decrease in the TE properties.
As shown in Fig. 5c, the Seebeck evaluated from the
generator is in the order of magnitude of the previ-
ously characterized CTS film by the Seebeck option of
Fig. 4a. The absolute temperature (T,;,,) was estimated
as an average between T, and T,. Therefore, the TE
properties of the CTS thin films are not affected by the
Ag contact deposition.

To the best of our knowledge, no single CTS thin-
film TEG has been reported for performance compari-
son, except p-n-junctions by Syafiq et al. [2] with the
coupling AZO as n-type material and Das et al. [21],
coupling CTS with Bi thin films. CTS + AZO revealed
a higher V- voltage compared to our work (~ 98 mV)
due to the added p and n-type configuration, similar
to CTS + Bi films. On the other hand, the Ig- value
reported in this study is three times higher compared
to the value in Ref. [2], owing to the tenfold increase in
electrical conductivity of the evaporated CTS (a com-
parison made at AT = 180 K). In comparison with Ref.
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[21], a total of 20 CTS legs were used for the TEG fabri-
cation, revealing higher current and voltage. However,
the PF for CTS is orders of magnitude higher in our
case, and a normalization per volume of the power
generated must be performed in the following for per-
formance comparison.

The I-V curves for the CTS TEG are shown in Fig. 5d
for all the AT's. The internal resistance (R = AV /AI) of
the TEG can be calculated from the slope of this curve,
with values shown in the inset of Fig. 5d. They are
one order of magnitude lower than the ball-milled ink-
based thin films reported by Syafiq et al. [2]. CuFeS,
produced using the same three-step method as devel-
oped here [17], also reported a significant drop in
resistivity, pointing to the fact that the homogeneity
of the films obtained through this method induces
a lower overall resistivity. The internal resistance is
similar to high-quality sputtered CZTS and CZTSe
thin-film materials for a similar film thickness [15].
The P-I plots of the CTS TEGs are shown in Fig. 5e for
all the temperature ranges. Since P = RIZ, the curve
has a characteristic parabolic shape. Intrinsically, the
circuit has a built-in resistance, and the maximum
of this parabola is obtained when load and built-in
resistances are equal. This maximum power (P,,,,)
is calculated as P,,,, = Voclsc/4. The results also
show that the higher AT (and absolute temperature)
returns a higher generated power, reaching a maxi-
mum of ~ 87 nW for the measured sample at AT=250 K
(T;,=553 K). Measurements were repeated three times
and showed similar values of P,,,, at each run, con-
firming the reproducibility of the results at the high-
est temperature. In addition, two subsequent batches
were fabricated using similar conditions of the previ-
ous sample and provided slightly different thicknesses
of 1.5, 1.25, and 1.42 um for the first, second and third
batches of CTS respectively. Their thorough I-V-P
characterization is shown in Supplementary Note 2.
Normalization of their I-P curves is shown in Fig. 6a
for all the batches, demonstrating to be reproducible
in terms of maximum power (P,,,,) obtained. Differ-
ences in Ig¢ are attributed to slightly different contact
resistance of each batch. Furthermore, after the I-V-P
characterization of the second and third batches, the
films were cooled down and had their performance
measured again, as shown in Supplementary Note
2. Each measurement is called a run, and Figure S9
depicts the volume power density for each run. A
retrieval of 92 and 76% of the power density from the
first and second batches were retrieved, respectively.
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Figure 6 a Power volume density of the CTS thin films for dif-
ferent batches. b Normalized power volume density per cost of
materials for different reports. CTS/AZO represents Ref. [2],

In the literature, TEGs are generally fabricated
using different dimensions with the materials
employed. Conventionally [15] other normalizations
of the maximum power are done by dividing P, by
the total area of the device, by the actual area where
the TE material is located, or by its cross-sectional area
where heat and electricity are conducted. These val-
ues are reported in Table 1 for the first batch of CTS
thin films, also being divided by the cost of the raw
Cu, Sn, and S materials by weight [41-44]. References
[2] and [21] employing CTS materials optimized the
area production of the TEGs compared to this work.
However, from a materials performance perspective,
the P,,,, must be normalized by the volume of material
for a thorough comparison. Further normalization by
the cost of the raw materials is shown in Fig. 6b com-
paring literature results. An enhancement of 100% in

Table 1 Maximum power area normalization of the CTS thin film

Thermoelectric Generator

CTS/Bi Ref. [21], CZTS/ and CZTSe/AZO Ref. [15]. The AZO
and Bi areas of the TEGs are not considered in the calculation.

the power volume density compared to ink-based CTS
is attributed to the better homogeneity and dry route
synthesis of the three-step method, since it does not
involve organic materials for the ink, resulting in bet-
ter electrical contact between CTS grains. In addition,
CTS already proved to have a fancy dependence on TE
properties due to crystallite size [32] attributed to the
enhancement of the TE properties in the grain bound-
aries, which is facilitated by the three-step method.
Compared to the CTS + Bi work [21], produced by the
sol-gel technique, we report a five-fold enhancement
in the power per unit cost.

Further enhancement of the CTS thin films’ electri-
cal properties can be provided using extrinsic doping
[5] or by intrinsic doping using a Cu-rich material [33].
This has already been shown to work for Cu-rich CZTS
and CZTSe [15] materials produced via sputtering and

AT Power per unit area Power per Power per cross- Power density unit area Cost per raw Power den-  Power
actual unit area sectional area material sity per unit density
area cost Cross-sec-
tion area

[K] [nWcm™2 [nW cm™2] [mW cm™?] [nW K~! cm™?] [€ kg™ [nW K~! 107 [mW
cm™2/ (€ K 'em™/
kg™ (€kg™h]

250 14 87 1.45 0.35 8.49 0.041 6.83

180 7 42 0.70 0.23 8.49 0.027 4.58
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sulfurization, also compared in Fig. 6b. In this case,
density can be further improved by the use of sput-
tering, however, sputtering also requires the layer
deposition of Cu, Zn, and Sn, which has already been
shown to be a more complex and expensive procedure
when compared to thermal evaporation, also with a
lower deposition rate [17].

Other methods are reported in the literature to
synthesize CTS through thermal evaporation. Gener-
ally, these methods require a previous step of stack-
ing the Cu and Sn layers, where sulphur can be intro-
duced via sulfurization [25, 27]. This procedure is not
needed when utilizing a BM pre-step, and in the end,
resulted in similar electrical properties to the stacked
Cu/Sn methods, providing a simplification of the CTS
thin-film fabrication. Another factor of improvement
is shown in the three order of magnitude enhance-
ment of the carrier concentration n due to the Cu-poor
stoichiometry achieved by the three-step synthesis.
Further intrinsic and extrinsic doping can be better
controlled via the pre-ball-milling step techniques,
which revealed to be the only way to add them in
the low quantities required for doping using thermal
evaporation.

Conclusion

The three-step synthesis method, involving BM, ther-
mal evaporation, and sulfurization of Cu,-Sn metallic
precursors, successfully produced CTS thin films for
TEG fabrication. The combination of factors, includ-
ing the Cu-poor stoichiometry, which enhanced car-
rier concentration; and the improved grain boundary
connections, resulted in a fourfold increase in the
total power factor (PF) and a doubling of the maxi-
mum power per volume density compared to the wet
chemical methods. Notably, the procedure demon-
strated full reproducibility. These results highlight
the potential of CTS as a Te-free thermoelectric option,
with an evaluated power cost of 0.27 uW K™ em™/(€
kg™1); benefiting from its non-toxicity, abundance, and
low-cost elemental composition.
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