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Towards Low Cost and Sustainable Thin Film Thermoelectric
Devices Based on Quaternary Chalcogenides

Eleonora Isotta, Jacob Andrade-Arvizu, Ubaidah Syafig, Alex Jiménez-Arguijo, Alejandro
Navarro-Giiell, Maxim Guc, Edgardo Saucedo, and Paolo Scardi*

A major challenge in thermoelectrics (TEs) is developing devices made

of sustainable, abundant, and non-toxic materials. Furthermore, the
technological drive toward low sizes makes crucial the study of nano and
micro configurations. In this work, thin film TE devices based on p-type
Cuy4,Zny_SnS, and Cuy,,Zn,_,SnSe,, and n-type Al,Zn,_,O are fabricated

by physical vapor deposition. The kesterite phases show good purity and
promising TE power factor, likely enhanced by the copper—zinc order—disorder
transition. Thin film generators in planar configuration are assembled by

a sequential deposition of the p-type, n-type, and contact materials. The
power per unit planar area reaches 153 and 279 nW ¢cm~2 for the sulphur-
and selenium-based generators, respectively. These values significantly
outperform any other literature attempt based on sustainable and low-cost
thin films. Furthermore, if compared with traditional TEs often made of
scarce and toxic materials, these devices offer a cost reduction above 80%.
This allows reaching comparable values of power density per unit material
cost, representing a first real step toward the development of sustainable
and non-toxic thin film TE devices. These can find applications in micro
energy harvesters, microelectronics coolers, and temperature controllers for
wearables, medical appliances, and sensors for the internet of things.

The TE performance of a material can
be assessed by the figure of merit,
zT = S? T/px = PF T/k, where S is the See-
beck coefficient, p is the electrical resis-
tivity, k is the thermal conductivity, T is
the absolute temperature, and PF is the
power factor. Much research in TEs has
been dedicated to strategies to improve
the materials zT. Due to the strong cou-
pling of the TE parameters, the first step
is optimizing the Fermi level yielding the
optimal carrier concentration.>! Further,
methods are typically employed to reduce
the lattice component of «;, which is inde-
pendent of the carrier density, to obtain
a so called phonon-glass electron-crystal
material®) Among the most common
ones are nanostructuring,!'”8l hierar-
chical architecture,®' and nanoprecipi-
tates.'12 Additional mechanisms that
proved promising in TEs include energy
filtering,>™  band  convergence,!’>1°]
resonant state doping, and spin-enabled

1. Introduction

Thermoelectric (TE) energy conversion is deemed one of the
most promising technologies for the recovery of waste heat,
especially in the low-grade form (<500 K), and for solid state
cooling.l Tt is valued for being compact, reliable, silent, and
with little to no maintenance required. TE materials can gen-
erate a voltage when a temperature gradient is applied and vice
versa, through the Seebeck and the Peltier effects, respectively.

mechanisms. 7]

Successful strategies in materials, how-
ever, needs to be tested in real devices. For the sake of power
generation, TE materials are assembled in a thermoelectric
generator (TEG) typically consisting of p-type and n-type semi-
conductors (called legs) connected electrically in series and
thermally in parallel.

Among the possible TEG configurations, thin film based
devices have emerged as an attractive possibility. Indeed, since
the early theoretical studies of Dresselhaus and Hicks, 202!
low dimensional structures have been regarded amongst the
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most promising strategies to decouple the TE properties and
enhance the material performance.?>?3] To date, some of the
highest performances have been obtained with nanostructures,
like nanodotsi?!l and nanowires,?>2% and thin films.[*”28l Never-
theless, the first two have not yet been translated into real appli-
cations (i.e., no available devices).

From a technical point of view, thin films bring significant
advantages over bulk TEs in terms of material cost, reten-
tion of the thermal gradient, adaptability to curved and flex-
ible substrates, as well as the possibility to realize transparent
devices. Furthermore, small size and lightweight are important
for easier integration in competitive applications of TEs like
micro power generation, thermal regulation, micro cooling,
and sensing. These TE-based devices are deemed promising
add-ons for micromachines,?”) textile-integrated appliances and
smart clothing,?%31 wearables,??l healthcare and implantable
devices,33 as well as the internet of things.[3*3% For these rea-
sons, it turns out meaningful and convenient to develop thin
film based TEGs. Organic thin-film TEs have been proposed as
promising solutions®®3! due to their potential transparency,
bendability and low cost, but they are generally restricted to
lower temperature applications.

Typical TE materials are made of expensive and critical raw
elements like Bi, Te, Mg, and Sb,*! or toxic compounds such as
Pb. Developing TEGs based on low-cost materials™ and with a
decent performance has emerged as even more important than
targeting a very-high zT.*?l Furthermore, a wide development of
the TE technology in every-day life appliances requires sustain-
able and non-toxic materials.

In the recent literature of applied TEs there seems to be two
main approaches. On the one hand, a considerable effort has
been made to search new compounds with good performance,
low cost and sustainable. On the other, much research has been
dedicated to fabricating devices and designing novel TEG archi-
tectures, so far mostly based on traditional high-performance
materials (like Bi,Te; or Sb,Tes).¥**] Feeble has been the effort
in developing functioning devices based on alternative cost-
effective materials.

In this work, we use low-cost, abundant, and sustainable
p-type Cuy,,Zny  SnS, and Cu,,,Zn, ,SnSe, (CZTS, CZTSe),
and n-type Al,Zn;_,O (AZO) to design and produce thin film
TE devices, with amongst the highest performance in the lit-
erature. A structural and transport-property characterization of
materials is presented, and TEGs prototypes with promising
performance are shown. We believe this to be an important
step toward the realization of efficient thin film TE devices,
based on low-cost and sustainable materials, as well as the first
attempt of developing kesterite-based TE energy generators.

2. Experimental Section

2.1. Thin Film Preparation

Thin film samples, with targeted nominal stoichiometry
Cuy.135Z100 g75SnS, (CZTS) and Cu, 15572100 g75SnSe, (CZTSe) were
fabricated through a sequential process. First, a Cu/Sn/Cu/Zn
metallic precursor stack using 99.99% purity targets was depos-
ited by direct current (DC) magnetron sputtering (Alliance
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Concept AC450) onto 1 mm thickness soda-lime glass (SLG)
supporting substrates. The sputtering conditions in the
chamber mainly consisted in an Ar plasma pressurized at
=3 x 10~ mbar by 50 W for Sn, and 100 W for the Cu and Zn
targets. The thickness of the different layers of the stack was
selected to target a Cu-rich composition with nominal values
of [Cu]/([Zn] + [Sn]) = 1.133 and [Zn]/[Sn] = 0.875. For the chal-
cogenization step, the metallic precursors were introduced into
a graphite box of 69 cm?® inside a three-zone tubular furnace
with S or Se+Sn atmosphere (100 mg of S (Alfa-Aesar pieces,
random sizes, 99.999%) or Se (Alfa-Aesar powder, 200 mesh,
99.999%) and 5 mg of Sn (Alfa-Aesar powder, 100 mesh,
99.995%). The chalcogenization thermal profiles and condi-
tions have been optimized for the growth of kesterite thin
film for photovoltaic applications, as previously described in
refs. [46—49]. An illustration of the thermal profiles is presented
in the Supporting Information.

Thin film samples of Al-doped ZnO (AZO) were deposited via
radio frequency (RF) magnetron sputtering (Leybold-Heraeus
LH Z400 MS) on SLG substrates with 1 mm thickness. An
AZO target with 98% ZnO and 2% Al,0; was used as sput-
tering source, with a power of 50 W, frequency 13.6 MHz, and
a 31% Ar atmosphere with a minimum working pressure of
=5 X 10° mbar. A sputtering time of 10 min was selected to
achieve thicknesses in the order of 250 nm.

2.2. Structural, Chemical, and Morphological Characterization

X-ray diffraction (XRD) patterns were collected in pseudo-par-
allel beam geometry with a Bruker D8 Discover (Karlsruhe,
Germany) diffractometer, with Co-Ko radiation operated at
35 kV and 40 mA.

A Rietveld refinement of XRD data was performed with
the software TOPAS 7,1 with the aid of whole powder pat-
tern modelling[?®! (WPPM) macros?! for the analysis of crystal
domain size and strain.

Raman scattering measurements were performed using
special probes designed at the Catalonia Institute for Energy
Research (IREC) connected to FHR-640 monochromator cou-
pled with deep cooled CCD detector. The spectra were meas-
ured in backscattering configuration using a He-Cd gas
laser (325 nm, =60 W cm™2) and a solid-state laser (532 nm,
=100 W cm™?) as excitation sources. The first laser was used for
the AZO thin film characterization and the second for the kes-
terite thin films analysis. The spectra were calibrated by imposing
the position of the main peak of monocrystalline Si to 520 cm™.

UV-vis spectroscopy was performed with two PerkinElmer
spectrophotometers, a Lambda 750 and a Lambda 950, equipped
with a 150 mm integrating sphere and a spectral response
analysis system (Bentham PVE300) calibrated by an Si and a
Ge photodiode. Optical absorption spectra were collected in the
wavelength range 300-1000 nm, with a 0.5 nm step size. Tauc’s
plots were used to estimate the bandgap values.

The chemical composition was confirmed with energy dis-
persive X-ray spectroscopy (EDXS), performed with a Coxem
EM-30AX instrument operated at 20 kV electron beam acceler-
ating voltage, spot size of 16 and current in the order of 47 pA.
Surface and fracture surface morphology was observed with
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scanning electron microscopy (SEM) imaging with a JEOL IT300
Instrument (Japan), operated at 20 kV electron beam accelerating
voltage.

A Dektak 3 surface profilometer with a 2.5 um radius dia-
mond-tip stylus was used to measure the film thicknesses, with
a 2 mm scan range perpendicular to a linear notch scratched
on the film.

2.3. Thermoelectric Characterization

In-plane measurements of Seebeck coefficient and electrical
resistivity were performed on a Linseis LSR-3 machine, adapted
to host thin films. Schematics and pictures of the setup are in
Supporting Information. Samples with a rectangular geometry
of approximately 15 mm x 5 mm were mounted on the setup
with the aid of a thin film adaptor. Electrical resistivity was
measured in 2-contact configuration, while the absolute See-
beck coefficient was measured in 4-contact configuration with
Pt standard and a temperature gradient of =10 °C. As a further
confirmation, electrical resistivity values were checked with a
Signatone S-302 4-point probe connected with a Keithley 2601A
multimeter. The Seebeck coefficient was checked on individual
legs in the TEG setup described below.

2.4. Device Fabrication

TEG devices were fabricated in several successive steps illus-
trated in Figure 1la. First, squared SLG substrates of 1 mm
thickness and approximately 25 mm lateral side were cleaned
with pH-neutral soap and concentrated KOH in ethanol,
rinsed with distilled water, and then dried with compressed air.
Second, the p-type material was sputtered on the whole sub-
strate area and the chalcogenization treatment was applied,
as described in Section 2.1. Third, most of the p-type material
was gently scratched away with a precision blade to realize the
p-type legs. Fourth, a kapton-tape mask was applied on the
device leaving out only the required space for the sputtering
of the n-type material, using paper strips to protect the area
with the p-type legs. AZO was then sputtered as described in
Section 2.1. Finally, Ag contacts were deposited via thermal
evaporation (Tecuum AG VCM600 V1) to connect all the legs in
series. A kapton-tape mask with specific patterns for the con-
tacts and protection paper for the legs were used during the
evaporation. Whenever necessary, the Ag contacts were patched
with some Ag paste to reinforce the robustness during meas-
urements. A schematic of the end device is visible in Figure 1b.
Two types of TEG configuration were studied and character-
ized: a “standard” configuration, consisting of two p-n cou-
ples with each leg having a width of =3 mm and a height of
=15 mm, and an “optimized” configuration, composed of four
p—n couples with variable width of the n and p-type legs. The
width for the latter case was selected with a minimization pro-
cess (described in Section 3.3), targeted to the optimization of
the electrical conductance to thermal conductance ratio of the p
and n legs. Furthermore, special care was paid to minimize the
free (inactive) area on the substrate. A picture of the final TEG
devices is presented in Figure 1c.
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2.5. Device Characterization

The overall device resistance was measured with a multimeter.
Open circuit voltage Vo versus temperature difference AT
plots were acquired with an in-house setup, which illustration
and picture can be seen in Figure 2a and b, respectively. A hot
plate, in contact with the bottom-lateral side of the TEG sub-
strate, was used as heat source, while a metal plate was used
as heat dissipator (no active cooling). Spring-loaded contacts
were connected to the two ends of the TEG and the generated
voltage was measured with a Keithley 2601A voltmeter. The hot
plate temperature was varied between 50-250 °C, and 10 °C
steps were used for the acquisition. The temperature difference
was measured with a Fluke Ti9 thermal camera, as visible in
Figure 2c. Measurements were performed in air.

Current-voltage—power IVP characteristics were measured
with an analogue setup illustrated by the equivalent circuit in
Figure 2d, using a Keithley 2601A as the voltmeter, a Hewlett
Packard 34401A as the ammeter, and a variable resistor. The
hotplate temperature was maintained at 250 °C for these meas-
urements. At every temperature difference, there was a tran-
sient time in which the voltage (and current) increased, peaked,
and gradually decreased following to thermal equilibration. All
the specified values refer to the peak ones.

3. Results and Discussion

3.1. Structural, Optical, and Compositional Characterization
of the Thin Films

Cu,ZnSnS, and Cu,ZnSnSe,, also known as kesterite(s), have
been widely researched in the past years as alternative sustain-
able materials for thin film photovoltaic (PV) applications.%->4
They are valued for the low-cost and abundance of the constitu-
tive elements as well as good light harvesting properties. Their
p-type semiconducting nature is ascribed to the low formation
energy of copper vacancies V¢, and Cuy, antisite defects.’>) A
few studies on the TE performance of kesterites in bulk form
revealed improved properties when cation disorder is intro-
duced,P*>% and with Cu-doping,®-62 especially for the sele-
nide compound.t63-%% [n particular, they have been deemed
promising materials for their exceptional TE performance over
cost ratio,® thus making them particularly interesting for
sustainable and low cost generation. Surprisingly, it emerges
a substantial scarcity of TE investigation for the thin film con-
figuration of these materials,/”%8 despite the vast knowledge
acquired in their fabrication and PV characterization.[*6:69-71
Following literature guidelines on bulk counterparts,/®®%l a
12.5% Cu doped (in place of Zn) composition is selected for the
thin films fabricated in this work.

Al-doped ZnO (AZO) is regarded as a good n-type TE mate-
rial,72 fully composed of sustainable, non-toxic and inexpensive
elements. As a bulk material, it is limited by the large thermal
conductivity ;73 an issue demonstrated to be attenuated when in
thin film form.’ Furthermore, thin film AZO is valued for being
transparent as well as with excellent mechanical and thermal
stability." A 98% ZnO and 2% Al,0; sputtering source is used
for the realization of AZO films in this work, corresponding to
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Figure 1. Structural and morphological characterization of the CZTS, CZTSe, and AZO samples. a) X-ray diffraction patterns and b,c,d) Raman spectra

In (d), different regions of the AZO sample (20 mm x 20 mm of total area)

were analyzed to understand the chemical variability. Scanning electron microscopy imaging for the e) CZTS and f) CZTSe samples, with in-plane and

cross-sectional images, and in plane imaging for the g) AZO sample.

a nominal stoichiometry of Aly39Z1.06;0. The choice of AZO
results particularly convenient for our case as it does not require
any post-treatment, allowing to deposit it aside CZTS and CZTSe
in their final form (after the chalcogenization process).

Adv. Funct. Mater. 2022, 2202157 2202157 (4 0f12)

First, a full characterization of the individual thin films
(CZTS, CZTSe, and AZO) is performed.

X-ray diffraction (XRD) and Raman spectroscopy measure-
ments indicate a good phase purity for all the samples, with no

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Thermoelectric properties of AZO, CZTS, and CZTSe thin films. a,d) The electrical resistivity p, b,e) Seebeck coefficient (or thermopower) S,
and ¢,f) power factor PF were measured respectively for AZO, and CZTS, CZTSe thin film samples.

measurable trace of secondary phases. As visible in Figure 3a  phases (for reference, PDF # 01-080-8225 for CZTS,” and
all the XRD reflections observed for the CZTS and CZTSe sam-  01-082-9984 for CZTSel’®l). The larger size of the anion causes
ples can be indexed with the respective tetragonal I-4 kesterite  the lattice parameter to be larger for CZTSe, as visible by the
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Figure 3. a) lllustration of the steps to fabricate CZTS/CZTSe and AZO TEGs. b) A scheme of the end TEG device. c) Pictures of the realized devices
for both CZTS and CZTSe p-side and in standard (2 p—n couples) and optimized (4 p—n couples) configurations.
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Table 1. Chemical composition of the CZTS, CZTSe, and AZO thin-film samples obtained with energy dispersive X-ray spectroscopy.

Cu [at%)] Zn [at%)] Sn [at%] S [at%] Se [at%] Cu/(Zn+Sn) Zn/Sn
CZTS 26.3(8) 10.12(3) 13.18(8) 50(1) 113 0.77
CZTSe 26.7(6) 10.6(3) 13.4(6) 49(1) m 0.79
Al [at%)] Zn [at%)] O [at%] Si [at%] Ca [at%)] Al/Zn
AZO 13(2) 36.1(2) 54.1(3) 6.6(3) 1.8(1) 0.036

shift of reflections to lower 26 angles. Raman scattering on as-
deposited samples (Figure 3b,c) shows the typical spectra for
kesterite compounds with well pronounced peaks at 286 and
337 cm™ for CZTS,”) and 172 and 195 cm™ for CZTSe.’®
Peaks in the XRD patterns and Raman spectra are relatively
sharp, indicating a good crystallinity for both compounds. More
details from the Rietveld refinement of XRD data can be found
in Supporting Information.

The XRD pattern of the AZO sample (Figure 3a) shows
missing peaks with respect to the reported hexagonal P6;mc
phase of ZnO (PDF # 00-036-14517)), with dominant (002) and
second-order (004) reflections. This is an indication of strong
texturing of the sample along the [00]] direction, quite expected
for hexagonal phase thin films deposited by sputtering. The
Raman spectra (Figure 3d) show the typical shape for Al-doped
ZnO, with the most intense LO-like peak, the second order of
this (2LO) and with a defect band.®%8Y The latter is assigned to
phonon-plasmon interaction, and its relative intensity directly
correlates with the electrical resistivity of the AZO layer.[8081
The intensity of this band is found to vary across the sample,
pointing to inhomogeneities leading to spatial changes in elec-
trical resistivity (see further discussion in Section 3.3).

Scanning electron microscopy (SEM) imaging, in
Figure 3efg (and Supporting Information), shows submi-
crometer-size domains for CZTS and CZTSe, in accordance
with the Rietveld refinement of XRD patterns (see Supporting
Information). Films are observed to be compact and =3 pm
thick, in agreement with profilometer measurements yielding
thicknesses of 2.5 um for CZTS and 3 um for CZTSe. The
AZO layer shows a compact and pin-hole free planar mor-
phology (Figure 3g), and the profilometer thickness is meas-
ured in the order of 250 nm.

The chemical composition of the films was analyzed by
energy dispersive X-ray spectroscopy (EDXS), and results can
be seen in Table 1. The p-type samples were prepared with a
nominal stoichiometry of Cu,j;5Zngg;sSnX, (X = S, Se), as
similar compositions have been shown in the literature to
be favorable in terms of bulk TE properties.¢-%3 This hap-
pens because the Cuy, antisite can act as an acceptor defect,
thus promoting p-type carriers. Consistently, compositional
results show a Cu-rich and Zn-deficient composition, with the
cations ratios close to the nominal precursor composition with
slightly higher Sn content. Compositional maps (in Supporting
Information) show an even distribution of the elements. EDXS
on the AZO thin film highlights a 3.6% excess of Al with
respect to Zn, reasonably in accordance with the nominal stoi-
chiometry. Oxygen, silicon, and calcium are detected as well,
evidencing the penetration of the electron beam in the SLG
substrate, as expected given the low thickness of the AZO film.

Adv. Funct. Mater. 2022, 2202157 2202157 (6 Of'lZ)

3.2. Thermoelectric Characterization of the Thin Films

The electronic properties of the thin films are reported in
Figure 4. For the measurements, an AZO specimen was cut
from the central area of the sputtered batch, shown to be less
affected by compositional inhomogeneities (further discussion
in Section 3.3 and Supporting Information). AZO (Figure 4a—c)
shows an n-type conduction, in agreement with literature
reports®2-8% and predictions based on ZnO defect forma-
tion energies.”?l The electrical resistivity p and Seebeck coef-
ficient S (or thermopower) show values respectively ranging
from 10.6 uQ m and -39 pV K at 50 °C to 11.25 pQ m and
—54 uV K at 300 °C, from in-accordancel®2% to lowerl®334
than most of the literature. The latter fact points to a possible
high carrier concentration, in agreement with the degenerate
semiconducting nature visible in the slight increase in p with
temperature.

CZTS and CZTSe (Figure 4d—f) films show a p-type behavior.
The samples display a relatively low p as expected for the p-type
doping, with values comparable with Cu-doped bulk samples in
the literature.l00016087] A reduction in p is noticed in the range
180-270 °C and 120-180 °C, respectively for CZTS and CZTSe.
Around the same temperatures, CZTS shows a slight increase
in S. We elucidate that these features can be related with Cu—Zn
disorder. Indeed, both compounds are reported to face a revers-
ible order-disorder phase transition, at 260 + 10 °C for CZTS!®®!
and 200 + 20 °C for CZTSe.®l This features a randomization of
the Cu and Zn occupancy in the intermediate 1/4 and 3/4 planes
of ordered I-4 kesterite, thus transitioning to the I-42m space
group or disordered kesterite structure. In pristine bulk and
thin film CZTS, the transition to disordered kesterite has been
demonstrated to cause a sharp increase in the Seebeck coeffi-
cient, without a detrimental effect on electrical resistivity.l°->7¢7]
This has been shown being connected with a favorable modifi-
cation in the electronic band structure, which acquires flatter
and more converged bands.’”) In the CZTS sample presented
here, transition features appear largely smoothed out (small
kink in S rather than marked increase, see refs. [56,67]). This
can be related to the compositional differences of the kesterites,
which had been shown to have an impact on the disorder evo-
lution with the thin film temperature,® and thus may justify
less-marked features at the transition.?

In order to investigate possible origins at the base of the
observed drop in electrical resistivity close to the transition
temperature, we have measured the electronic bandgap E, of
CZTSe. Indeed, CZTSe has been reported to face a reduction
in E, of around =110 meV when transitioning to disordered
kesterite.®] However, we did not find any significant change
in the experimental bandgap. Indeed, a sample of CZTSe was

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Performance characterization of the TEG devices. Open circuit voltage Vo versus temperature difference AT relations for a) CZTS-based
and b) CZTSe-based devices. Pictures in (a) show the actual CZTS devices. Current | versus power curves for c) CZTS-based and d) CZTSe-based
devices measured with a hot side temperature of 200 °C and a temperature gradient of 150 K. Inset in (c) show the current I versus voltage V curves.

measured before and after a quenching step from a tempera-
ture above the transition, to preserve the higher temperature
phase. The experimental E, was found in the order of 1.2 eV,
around 200 meV higher than typical literature reports on pris-
tine CZTSe, and no resolvable difference is observed before
and after the quenching step (data in Figure S6, Supporting
Information). Nevertheless, Raman spectroscopy on quenched
samples (in Figure S7, Supporting Information), confirms that
Cu—Zn order-disorder phenomena are at place. Therefore, we
suggest that the Cu-rich Zn-poor composition might be causing
the observed deviation in E, and reduced sensitivity of E, to the
increase of Cu—Zn disorder. In Supporting Information, a fur-
ther verification of electronic properties using a 4-pont probe,
and the TEG test setup is presented.

The power factor PF for both CZTS and CZTSe presents an
improvement around the transition temperatures, reaching
interesting values of 2.4 and 4.4 uW K2 cm™ at 300 °C,
respectively. Likely due to the lower Cu-Zn disorder tem-
perature, CZTSe shows a boost in PF in a lower temperature
range, suggesting that the material could be comparatively
better performing than CZTS in low temperature TE devices.

Adv. Funct. Mater. 2022, 2202157 2202157 (7 of"|2)

3.3. Characterization and Performance Analysis of Standard
and Optimized Devices

What is required for an efficient device? A TEG figure of merit
ZT = (S, — S,)*T/RK is analogous to the material zT, where the
subscripts p and n refer to the p and n-type legs, while R and
K are respectively the device electrical resistance and thermal
conductance. Therefore, it is necessary to select materials with
a high thermopower S, as well as low electrical resistivity to
maximize the power output while keeping minimal Joule heat
dissipations. A low thermal conductivity is preferred, although
in the thin film configuration the thermal transport is typi-
cally dominated by the substrate (due to the major difference
in thickness). This makes the power factor PF a decisive para-
meter for the selection of thin film materials.

Thin film thermoelectric devices are fabricated through
a sequential deposition of the materials. As illustrated in
Figure 1a, first, the CZTS and CZTSe layers are sputtered and
a chalcogenization step is applied. The p-type legs are shaped
by scratching away the extra film. Masks are then applied to
deposit the n-type AZO and the Ag contacts, through sputtering

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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and thermal deposition, respectively. A picture of the final
devices can be seen in Figure lc. Further details of the fabrica-
tion procedure can be found in Section 2.

Raman spectroscopy (Figure 3d) pointed to compositional

inhomogeneities in AZO depositions, known to cause differences

in electrical resistivity. It was indeed verified that samples
cut from the marginal areas of the sputtered batch presented
a higher p (see data in Supporting Information). To overcome
this issue, whenever the p of n-type legs was found larger than
expected, an additional layer of AZO was sputtered to match
the required leg resistance.

As explained in Section 2.4, two configurations were studied:
a standard, consisting of constant-width legs (=3 mm) and
2 pn couples, and an optimized configuration, featuring 4
p-n couples and a variable width of the legs. The optimization
procedure was intended to: i) optimize the usage of the avail-
able substrate given the importance, for TEGs, of the gener-
ated power per unit area; ii) adjust the relative width of the
p and n legs in order to maximize the output performance,
considering their respective ratio of electrical to thermal
conductance.

For the latter, considering the formulation of a device ZT,
the term in which leg dimensional parameters are immediately
involved is the denominator R x K. Therefore, a minimization
of R x K is pursued utilizing Equation (1), considering the legs
as a series of electrical resistances and as a parallel, together
with the SLG substrate, of thermal conductances.

2
zr=&=5) o

’

RK (1)
Minimize RK =| 22—+ Pn_ X(prptp + Ky Watn +nggtg)
Wptp Wyt
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where t and w stands for thickness and width, while the sub-
scripts p, n, g stand for p-type leg, n-type leg, and SLG substrate,
respectively. For practical reasons, the length was designed
and considered equal for all the elements, while the thickness
was kept fixed to the values known to provide consistent com-
positional results according to the specific deposition method.
Therefore, the relative width of the p over the n legs was chosen
as minimization parameter. Further details can be seen in the
Supporting Information. Optimized widths were selected as
=2 mm for n legs and =2.5 mm for p legs, for the CZTS-based
devices, and =3 mm for n legs and =1.5 mm for p legs for the
CZTSe-based devices.

The device characterization is presented in Figure 5 and
Table 2. The open circuit voltage Vo (Figure 5a,b) shows the
expected linear trend with increasingly higher applied temper-
ature differences. TEGs in the optimized configuration show
a roughly doubled Vg, consistent with the increase of p—n
couples from 2 to 4. The voltage generated in open circuit con-
ditions is fundamentally a measure of the cumulative Seebeck
coefficient of the TEG. Therefore, CZTS-based devices show
higher V¢ values than CZTSe-based ones, in accordance with
the higher Seebeck coefficient measured for the former.

The current-voltage—power IVP characterization (Figure 5c,d)
shows the behavior of the TEGs under an applied variable load,
and a constant hot side temperature (T}, = 200 °C of the sample hot
side, yielding a AT = 150 K). Due to the lower electrical resistivity
of CZTSe, CZTSe-based devices present a lower internal resist-
ance Ry (Table 2). Obviously, devices in standard configuration
(2 pn couples) present a lower R; than 4 p-n couple TEGs. The
same trends are also visible in the lower slope of the IV plots (inset
of Figure 5c) and in the higher values of maximum generated

current (Figure 5c,d), for lower R; devices. The maximum power

spring loaded
contacts

Hot plate

TE Device

d)

I+

= J1EG)

Figure 5. a,b) Sketch and picture of the in-house measuring setup for the Vo versus AT plots. c) Thermography of the TEG device under operation.
d) Scheme of the equivalent circuit of the setup used to measure the IVP characteristics.
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Table 2. Performance characteristics of the CZTS- and CZTSe-based TEGs. Although the design, optimization and measurement setup are conceived
for a planar arrangement, the computation of the power per unit cross sectional area (vertical arrangement) shows promising values, pointing to a

potential use of the materials for vertical devices.

Device Internal resistance Horizontal arrangement Vertical arrangement
[k Area [cm?] Actual area [cm?]  Power per unit area Power per unit actual ~ Cross-sectional Power per unit cross
[nW cm? area [nW cm™2] area [cm?| sectional area [mW cm™2]

CZTS standard 2.7 4.4 2.71 45 n7 0.000165 1.922
CZTS optimized 6.64 6.12 3.33 83 152 0.00027 1.875
CZTSe standard 1.23 5.06 2.38 75 158 0.000195 1.928
CZTSe optimized 1 2.9 5.28 2.89 134 246 0.00021 3.385
CZTSe optimized 2 3.79 5.00 3.65 204 279 0.00021 4.849

is obtained at matched conditions, meaning when the device R is
equal to the load resistance. CZTSe-based TEGs exhibit the highest
powet, reaching 1 uW for one of the optimized configurations
(two specimens are presented to show device to device variability).
For the optimized TEGs, the effect of the better utilization of the
substrate is visible in the higher power per unit area (Table 2). The
optimization of the relative leg width prove effective as well, as
the power per unit active area (planar area covered by the legs)
is markedly enhanced with respect to the standard configura-
tion. Peak results are obtained with the CZTSe-based devices,
with the optimized configuration yielding a maximum power
density of almost 280 nW cm™ Optimized CZTS reaches a
value of 153 nW cm™ at matched conditions, almost reaching
the peak performance of CZTSe in the standard configura-
tion. It is to be remarked that the quoted power densities are
obtained using the planar (not cross sectional) area of the device.
Indeed the design, optimization, and measurement setup are
conceived for a thin film planar arrangement. Nevertheless, the
computed power per unit cross sectional area show promising
power densities ranging from =2 to almost 5 mW cm™2. This
indicate a potential interest of the device and material coupling
for vertical arrangements as well. In the Supporting Information,
results of cycling on the IVP curves are presented. CZTSe-based
devices show a good stability, maintaining over 75% of the orig-
inal power after 7 cycles. CZTS-based devices show a larger degra-
dation of performance (60% of the original power after 3 cycles).
This could be tackled by employing suitable protective coatings.
For example, sodium silicate has been demonstrated effective for
kesterites.?]

These results represent the first attempt ever presented to
develop a thin film TE generator based on kesterites, as well as
an important step towards the actual development of efficient
TE devices based on cost-effective, abundant, and sustainable
materials.

Table 3 summarizes the performance of thin film TE devices
from the literature. To uniform the results, the peak power per
unit effective area (planar) and unit temperature difference is
considered. In the recent years, several high-performance thin
film devices have been presented, mostly achieving power den-
sities in the order of 3-7 nW K! cm2.#3:#494%] Nevertheless,
these results were obtained with devices based on Bi,Te; and
Sb,Te; materials. These, albeit high-performing, are known
to pose practical issues for a large scale and every-day life
application of the thin film TE technology. In fact, Bi and Te
are regarded as critical raw materials, while the toxicity of Te

Adv. Funct. Mater. 2022, 2202157 2202157 (9 of 12)

and Sb could cause problems for certain applications such as
for medical and wearable devices, as well as for the environ-
ment. A few attempts of more sustainable thin film TEGs have
been reported in the recent literature. Burton et al. developed
an SnSe-based generator,[””] while oxide-based devices were pro-
posed by Vieira et al.’®l (SnO, and ZnO), Ishibe et al.’% (Sn0,),
and Park et al.® (Al,05/ZnO superlattice with BiysSbysTes).
Nevertheless, the fabricated TEGs were probably intended
more as a proof of concept than end-designed devices, as the
peak power densities do not overcome the 0.3 nW K™ cm™. In
this work, we present credible candidates for achieving a more
sustainable, eco-friendly, and cheaper thin film TE generation.
Indeed, the kesterite-based TEGs reach power densities over
300 to 600% larger than the other sustainable-oriented candi-
dates, with values of =1 and =1.9 nW K cm™ for the CZTS
and CZTSe-based devices, respectively. Furthermore, a drastic
cost abatement is achieved as compared to the top-perfor-
mance Bi,Te; and Sb,Te;-based thin film TEGs. As a means
for comparison, the cost per unit kg of overall TEG material
is calculated based on the standard costs for the raw chemical
elements!%1% and the reported TEG compositions. Very inter-
estingly, by considering the power density per unit cost, the
kesterite-based devices result being competitive with most of
the top-performing generators.[**94%l The case of the CZTS-
based device is particularly remarkable. In fact, it achieves a
power density of 0.183 nW K™' cm™2/(€ kg™), fairly in line with
top-performance Bi,Te; and Sb,Te; reports mostly ranging from
0.106 to 0.226 nW K cm™2/(€ kg™!), but obtained with a totally
non-toxic composition, and with one of the cheapest costs per
unit kg. These results represent an important first step towards
the realization of cost-effective and sustainable thin film TEGs,
unveiling a new class of potentially suitable candidate mate-
rials. Further research should be dedicated to the optimization
of materials properties by tuning the chemical composition,
and of the TEG design, as well as to the exploration of alterna-
tive sustainable and low-cost materials.

4. Conclusion

A first realization of thin film TE devices made of cheap, abun-
dant, and sustainable materials is presented, showing interesting
thermoelectric conversion efficiencies, compared with devices
based on traditional TEs. Kesterite CZTS and CZTSe are utilized
as p-type semiconductors, while AZO is employed for the n-type

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 3. Characteristics, performance, and costs for thin film thermoelectric generators in the recent literature.

Material Fabrication P max Planararea AT [K] P density Cost P density per unit cost Ref.
[nW] [em?] "W/ (K cm?)] [euro kg™ [("W K cm™2)/(Ekg™)]

AZO/CZTS standard sputtering, 2 pn couples 317 2.7 150 0.78 5.57 0.140 this work
AZO/CZTS sputtering, 4 pn couples 507 3.33 150 1.02 5.57 0.183 this work
optimized
AZO/CZTSe sputtering, 2 pn couples 377 2.38 150 1.06 12.24 0.087 this work
standard
AZO/CZTSe sputtering, 4 pn couples 1019 3.65 150 1.86 12.24 0.152 this work
optimized
Bi,Te;/Sb,Te; thermal evaporation,15 pn couples 693 3.75 35 5.28 31.40 0.168 [94]
Bi,Te;/Sb,Te; flash evaporation, 7 pn couples 210 2.1 30 333 31.40 0.106 [44]
Bi,Te, 7Seq3/Sb,Tes screen printing, 10 pn couples 2900 8.43 50 6.88 30.48 0.226 [43]
Bi,Te;/Sb,Te; degra- thermal evaporation, 1105 0.7 90 17.54 31.40 0.559 [95]
dation operation 20 pn couples
Bi,Te;/Sb,Tes thermal evaporation, 138 0.7 30 6.57 31.40 0.209 [95]
optimal operation 20 pn couples
Bi,Te;/Sb,Te; sputtering on polyester paper, 80 1.6 75 0.67 31.40 0.021 [96]

20 pn couples
SnSe thermal evaporation, 8 p legs 90 3.2 200 0.14 16.62 0.008 [97]
Al,O4/Zn0O superlat- atomic layer deposition, 1 0.64 80 0.02 17.26 0.001 [85]
tice with Big sSby sTe; 4 pn couples
SnO, pulsed layer deposition, 10 n legs 0.97 0.18 20 0.27 12.41 0.022 [99]
SnO/ZnO pulsed layer deposition + thermal 1.8 0.64 160 0.02 7.80 0.002 [98]

evaporation, 4 pn couples
toxic/potentially toxic rare < 0.01 mg kg™ ideal

legs. Material characterizations and thermoelectric transport ~Acknowledgements

properties are presented, and the electrical resistivity of CZTS
and CZTSe show features connected with the Cu-Zn order-
disorder transitions. Thin film thermoelectric devices in planar
configuration are fabricated through a sequential deposition of
the p-type, n-type, and contact materials. A chalcogenization
step is applied on the p-type material to reach the desired com-
position. The devices’ planar design is optimized for the sake
of a better utilization of the substrate and an increased conver-
sion efficiency. The peak power density is achieved with CZTSe-
based devices, reaching values of 279 nW cm™. A comparison
with other sustainable literature candidates shows that the
achieved performance is more than one order of magnitude
higher, pointing to the chosen materials and design as a prom-
ising direction for eco-friendly thin-film devices. Furthermore,
a drastic cost abatement of materials is achieved if compared
with traditional thermoelectrics. Remarkably, the power density
per unit cost achieves values comparable with devices based on
Bi,Te; and Sb,Te;, but without the issues of material scarcity
and toxicity. This represents an important step towards the reali-
zation of economically competitive, sustainable, and non-toxic
thin-film TE converters, for use in power generation, cooling,
and temperature regulation devices.
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