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ABSTRACT: In this work, Cu/Zn/Sn-based ternary and quater-
nary chalcogenides inks were synthesized via hot injection and/or
from ball-milled powders. The synthesized inks were used to
fabricate thermoelectric generators (TEGs) based on p-type
chalcogenide and n-type aluminum-doped zinc oxide (AZO) thin
films via spin-coating and magnetron sputtering, respectively. This
work highlights the first-ever attempt in a facile and scalable
method to fabricate thin-film TEGs using safe, low-cost, and
abundant materials. Four different TEGs were fabricated using
Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe), Cu2.125Zn0.875SnS3Se
(CZTSSe), and Cu2SnS3 (CTS) chalcogenides. Thermoelectric
transport analysis confirmed the respective p- and n-type natures of
the chalcogenides and AZO, with their Seebeck coefficients compatible to be coupled in a p−n device. In addition, a full-device
analysis has been carried out, and several factors affecting the performance of TEGs were investigated, including the composition,
density, and presence of secondary phases in chalcogenide thin films. The maximum power per unit active planar area obtained for
CZTS, CZTSe, CZTSSe, and CTS TEGs at a temperature difference (ΔT) of 160 K was ∼43, ∼188, ∼23, and ∼59 nW/cm2,
respectively, making CZTSe/AZO TEG the champion device.

KEYWORDS: thermoelectric generator (TEG), thin film, Cu2ZnSn(S/Se)4 (CZTS/Se), Cu2SnS3 (CTS),
aluminium-doped zinc oxide (AZO)

1. INTRODUCTION

A thermoelectric generator (TEG) is a solid-state device that
converts thermal energy into electrical energy and vice versa
through the Seebeck effect.1 TEGs possess attractive features
for renewable energy applications, as they are characterized by
no moving parts, no emissions of toxic gases, a long life span,
low maintenance needs, and high reliability.2 A TEG basic unit
consists of a pair of thermoelements (p- and n-type
semiconducting materials) connected electrically in series by
a conducting strip and thermally in parallel. These units are
used as building blocks for the construction of a TEG module.
Nowadays, thermoelectricity has been studied and applied in

a wider range of applications including medical applications,3

coolers,4 and temperature sensors.5 Even though the develop-
ment of TEG technologies has vastly improved in recent
decades, wide commercialization is still limited, mainly due to
the complexity of integration, low efficiencies, and high cost of
fabricating high-performance TEGs, which are usually made of
alloys of expensive and rare-earth materials such as tellurium
(Te) and bismuth (Bi).6 Thus, any efforts in fabricating low-
cost TEGs with decent performance may push the develop-
ment of this technology toward commercialization.

Thickness reduction is an option to fabricate low-cost TEGs
with improved performance. Indeed, a thin-film configuration
favors a number of mechanisms that can enhance thermo-
electric transport properties such as low-dimensional quantum
confinement and reduction of lattice thermal conductivity7−9

through the well-known effect of interface scattering between
the thin film and substrate or between multilayers.6,10 This
approach gave a new paradigm for TE materials to untangle
the interrelated electrical and thermal properties.11−13 Due to
the reduction in thickness, TE materials offer additional
opportunities in microdevices such as micro-TEGs,14,15

microcoolers,4,16 and microsensors.17

Materials for TEG application can be divided into three
classes based on their optimum working temperature ranges;
low temperature (up to 450 K), middle temperature (up to
850 K) and high temperature (>850 K).18 Several materials
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have been explored to fabricate these devices, including
semiconductors,6,19 fibers,20 and conducting polymers.21 In
recent years, chalcogenide semiconductors such as lead
telluride (PbTe)22 and bismuth telluride (Bi2Te3)

23 have
been investigated for TE applications owing to their high
power factors (PFs) due to the weaker covalent bonds on
account of low electronegativity, along with the heavy atomic
weights, which are beneficial in reducing thermal conductiv-
ity.24 Unfortunately, due to their composition of mostly toxic
and scarce elements, the attention diverted toward more
sustainable and abundant chalcogenides, such as tin selenide
(SnSe),25 copper zinc tin sulfide (Cu2ZnSnS4, CZTS),

26−30

and copper tin sulfide (Cu2SnS3, CTS).
31−33

Among the aforementioned chalcogenides, bulk Cu2ZnSnS4
(CZTS) is considered a good candidate for a sustainable and
“green” medium of high-temperature TE material owing to its
abundance and nontoxicity of the constituent elements,34

along with good physical, thermal, and chemical proper-
ties.19,35 In general, quaternary chalcogenides like CZTS
possess chemical and structural degrees of freedom, which
offer flexibility in their physical properties.36 In addition, by
fully or partly replacing sulfur (S) with selenium (Se), CZTSe
or CZTSSe can be produced. This replacement enables band
gap tuning,37 which makes it a versatile semiconducting
material to be used in various applications. Despite the vast
knowledge acquired in the past two decades on CZTS
fabrication and properties,38,39 thermoelectricity in CZTS
thin films has been scarcely explored.19 Several studies have
been done in improving the thermoelectric properties of
CZTS. Cation doping such as copper (Cu) doping29,40 is
proven as one of the efficacious strategies to enhance electrical
conductivity and reduce thermal conductivity, which could be
of benefit in improving the thermoelectric properties of CZTS.
CTS is another well-known, eco-friendly, nontoxic, and cost-

effective p-type semiconducting material. CTS polymorphs are
a variant of the zinc blende (ZnS) structure, made of
tetrahedral cages of S-atoms with a Zn-atom positioned in
the middle of the cage. In the ordered polymorph of CTS
(space group: Cc), Zn is stoichiometrically replaced by Cu and
Sn in an ordered manner. However, in the disordered
polymorph of CTS (space group: F4̅3m), the disorder takes
the form of compositional inhomogeneities caused by entropy-
driven clustering.41 Disordered CTS shows a higher electrical
conductivity, thanks to its lower band gap. More importantly,
the disorder induced by the partial occupancy of cations helps
in the suppression of the thermal conductivity to an ultralow
level, presenting a ∼10-fold higher zT than that of its ordered
counterpart.32

This study reports the synthesis of Cu/Zn/Sn-based ternary
and quaternary chalcogenide inks including Cu2ZnSnS4
(CZTS), Cu2ZnSnSe4 (CZTSe), Cu2.125Zn0.875SnS3Se
(CZTSSe), and Cu2SnS3 (CTS), using hot-injection synthesis
or from ball-milled powders. The synthesized inks were then
used to fabricate thin films, which were then coupled with
aluminum-doped zinc oxide (AZO) thin films for the
fabrication of TEGs. Currently available methods for the
fabrication of thin-film TEGs such as pulsed laser deposition,42

molecular beam epitaxy,43 and magnetron sputtering44 involve
the use of specialized equipment or time-consuming
processes.45 This study demonstrates the potential of using a
facile, low-cost, and scalable method to fabricate thin-film
TEGs that are suitable for various applications.

Attempts at thin-film TEGs have mainly involved conven-
tional thermoelectric materials such as PbTe46 and Bi2Te3

8 in
the past years. In addition, several attempts using more
sustainable materials have also been reported for oxides and
binary chalcogenides, such as SnSe47 and aluminum oxide
(Al2O3).

48 However, the class for ternary and quaternary Cu
chalcogenides remains unexplored. To the best of our
knowledge, this is a novel attempt at fabricating thin-film
TEGs using p-type Cu/Zn/Sn-based chalcogenides. In
addition, performance analyses of the fabricated TEGs were
discussed, along with suggestions for further improvement and
optimization.

2. MATERIALS AND METHODS
2.1. Synthesis of Cu/Zn/Sn-Based Chalcogenide Inks.

Synthesis of CZTS nanoparticles via hot-injection synthesis was
performed according to the method from some of the authors’
previous work.49 Meanwhile, CZTSe and CZTSSe ball-milled
powders were synthesized via reactive mechanical alloying through
a procedure similar to previous reports,26,27 with the addition or
substitution of Se using Se powder (Se, 99%, Alfa Aesar). CTS ball-
milled powders were synthesized via reactive mechanical alloying of
binary sulfides as previously reported.31,33 The synthesized ball-milled
powders were then used to obtain the respective chalcogenide inks.
Details of the synthesis are provided in Supporting Information 1.

A particle analyzer (DelsaNano C, Beckman Coulter, Indianapolis)
was used to measure the hydrodynamic size of ink particles. Details
for DLS measurement are provided in Supporting Information 2. DLS
analysis in Table 1 revealed that the synthesized ink particles had

average diameters of ∼0.02, ∼0.37, ∼1.51, and ∼3.67 μm for CZTS,
CZTSe, CZTSSe, and CTS, respectively. Ideally, an ink should have
nanometric size particles for a stable dispersion. Unlike the hot-
injection CZTS, OLA encapsulated the agglomerated nanodomains of
the ball-milled chalcogenides,26,27,31 causing the ink dispersions to
consist of polycrystalline agglomerates that are micrometric in size.

Due to the micrometric size of particles in ball-milled (BM)
chalcogenide inks, several challenges were faced during thin-film
fabrication. Bigger size translates to heavier mass, which consequently
increases the sedimentation rate of the agglomerates to the bottom of
the ink, reducing the ink’s stability. As a workaround, the inks were
sonicated for several minutes right before deposition. In addition, the
control of a film’s thickness theoretically depends on the size of the
polycrystalline agglomerates. Nevertheless, the synthesis of a more
stable ink with smaller polycrystalline agglomerates is the subject of
ongoing work.

2.2. Fabrication of Chalcogenides/AZO Thin-Film TEGs.
Thin-film chalcogenides were deposited on soda-lime glass (SLG)
substrates using a vacuum spin-coater (Laurell WS 650), followed by
thermal treatment in a tube furnace (Carbolite CTF wire-wound)
with a continuous flow of N2.

50 Details of the fabrication is provided
in Supporting Information 3. For the fabrication of chalcogenides/
AZO thin-film TEGs (schematic is shown in Figure 1a), the device
was designed to consist of two p-type chalcogenide legs and two n-
type AZO legs arranged alternately and connected using a silver (Ag)
metal contact in a zigzag pattern. Basically, the thermoelectric
components are connected electrically in series and thermally in
parallel. Kapton tape was used as the deposition mask on the SLG
glass substrate and the p-legs were deposited by spin-coating, as

Table 1. DLS Analysis of Synthesized Chalcogenide Inks

inks particle preparation average particle diameter (μm)

CZTS hot-injection (HI) 0.020 ± 0.003
CZTSe ball-milling (BM) 0.37 ± 0.01
CZTSSe ball-milling (BM) 1.5 ± 0.4
CTS ball-milling (BM) 3.7 ± 0.4

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c00268
ACS Appl. Energy Mater. 2022, 5, 5909−5918

5910

https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00268/suppl_file/ae2c00268_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00268/suppl_file/ae2c00268_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00268/suppl_file/ae2c00268_si_001.pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


previously mentioned, while the n-legs were deposited using
magnetron sputtering. Finally, Ag metal contacts were deposited via
thermal evaporation. Figure 1b shows a fully fabricated thin-film
chalcogenide/AZO thin-film TEG. Additional details regarding AZO
and Ag deposition are provided in Supporting Information 4.
2.3. Performance Analysis of Chalcogenide/AZO Thin-Film

TEG. The TEGs’ internal resistances including each leg’s resistance
were measured using a handheld digital multimeter with a 200 mA/
250 V fuse rating. Open-circuit voltage (VOC) vs ΔT measurements
were performed to evaluate the highest voltage that can be generated
at varied temperature differences between the hot side (Th) and the
cold side (Tc) of the TEG. Figure 2a shows the setup used to conduct
the VOC vs ΔT measurements, where voltage measurements were
taken from a Keithley 2601A multimeter while Th and Tc were
captured by a Fluke Ti25 Thermal Imager (Fluke Italia S.r.l.,
Brugherio, Italy) thermal camera. To avoid errors due to the
differences in the emissivity of the materials, Th and Tc values of the
glass substrate were taken near the TEG legs as shown in Figure 2b.
Validation for this assumption is discussed in Supporting Information
6.
I−V−P measurements were done to evaluate the performance of a

TEG at specific temperature conditions (surrounding temperature,
Th, and Tc). The schematic of the I−V−P setup is presented in Figure
3a, while Figure 3b shows the homemade setup used. An ammeter
(Hewlett-Packard 34401A multimeter) and a variable resistor were
connected in series, while a voltmeter (Keithley 2601A multimeter)
was connected in parallel with respect to the TEG. This measurement
can be explained by a reduction in voltage when a current (I2) is
allowed by controlling RC using the variable resistor. In an open

circuit, RC is infinity, only I1 current flows, and the TEG generates its
highest voltage. However, there is no power output due to the zero
current. By reducing RC, the voltage decreases while I2 increases.
Upon reaching the short-circuit condition (zero RC), I2 reaches the

Figure 1. (a) Schematic design of a chalcogenide/AZO thin-film TEG (not drawn to scale) and (b) fabricated thin-film chalcogenide/AZO thin-
film TEG.

Figure 2. (a) Setup for VOC vs ΔT measurement. (b) Thermal image of a chalcogenide/AZO thin-film TEG.

Figure 3. (a) Schematic setup for I−V−P measurement. (b) Picture
of the in-house I−V−P measurement setup.
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maximum value while voltage drops to zero. From the I−V readings
taken at varied RC, the TEG’s power curve can be calculated and
plotted using P = VI.

3. RESULTS AND DISCUSSION
3.1. Characterization of Thin Films. The structural and

compositional characterization of HI CZTS thin films

including scanning electron microscopy (SEM), energy-
dispersive X-ray spectrometry (EDXS), and X-ray diffraction
(XRD) were investigated and reported in our previous paper.19

Details for this discussion are provided in Supporting
Information 7. As previously mentioned, the film thickness
of fabricated Cu/Zn/Sn-based chalcogenides vary, mainly due
to the size of the encapsulated particles in their inks. On
average, HI CZTS possesses a thickness of ∼2.0 μm, thanks to
the nanometric size of particles in its ink. However, BM
chalcogenide thin films suffer from poor thickness control due
to the micrometric size of particles in their inks. The average

thicknesses for BM CZTSe, BM CZTSSe, and BM CTS thin
films were ∼4.8, ∼4.1, and ∼5.1 μm, respectively (Figure S5,
Supporting Information 8).
In addition, four-point probe resistance measurements on

the films show that BM CTS possesses the lowest sheet
resistance (0.87 ± 0.03 kΩ/□), followed by HI CZTS (1.6 ±
0.4 kΩ/□), BM CZTSe (5.0 ± 0.4 kΩ/□), and BM CZTSSe
(5.6 ± 0.2 kΩ/□). HI CZTS thin film exhibits superior
electrical properties owing to low sheet resistance and p-leg
resistance as compared to BM chalcogenides due to its higher
density. HI CZTS ink with lower particle size can better
maximize the use of space during deposition, resulting in
higher-density films. A film with a higher density exhibits better
electrical properties since the pores in low-density films do not
contribute to the material’s electrical conductivity.51 However,
possibly due to the surface sensitivity of the four-point probes
method, BM CTS presents the lowest sheet resistance,
indicating that the film’s surface might be continuous and
connected.
For AZO thin film, SEM micrograph collected (Figure S6,

Supporting Information 9) showed that the film covers the
entirety of the substrate in a continuous and homogeneous
manner. Some pinholes were observed, possibly due to the
presence of contaminants during sputtering. EDXS analysis
(Table 2) from the same SEM image revealed a high amount
of Zn with some traces of Al with a compositional ratio of
27.6:1, which was close to the source composition. In addition,
a higher atomic fraction of oxygen (O) than what was expected
from AZO, along with trace amounts of silicon (Si) and

Table 2. EDXS Atomic Percentage for Each Element in the
Fabricated AZO Thin Film

element atomic percent (%)

Zn 35.9 ± 1.7
O 54.3 ± 2.7
Al 1.3 ± 1.3
Si 6.7 ± 0.2
Ca 1.8 ± 0.1

Figure 4. (a) Seebeck coefficient (α), (b) electrical resistivity (ρ), and (c) calculated power factor (PF) of HI CZTS, BM CZTSe, BM CZTSSe,
and BM CTS thin films.
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calcium (Ca), was also observed, implying that the beam was
able to penetrate through the deposited AZO layer to the
substrate, preventing a precise determination of the sample
stoichiometry.
The thickness of the AZO film was estimated to be 510 ± 50

nm using a surface profilometer. In addition, the XRD pattern
(Figure S7, Supporting Information 9) showed that the
fabricated AZO thin film possesses a ZnO-like zincite phase
(PDF 00-005-0664). Only sharp Bragg peaks representing the
(00l) planes were observed, confirming that the film was made
of highly crystalline single-phase material, which had a

preferred orientation along the [002] direction, with no
observable peaks of spurious phases.

3.2. TE Transport Properties. The TE transport proper-
ties of the fabricated HI CZTS thin film are performed and
reported thoroughly in our previous paper.19 They are briefly
discussed in Supporting Information 10. Nevertheless, Figure 4
shows α, ρ, and power factor (PF = α2/ρ) of other fabricated
Cu/Zn/Sn-based chalcogenide thin films, together with HI
CZTS. The positive value of α for all chalcogenides indicates
that holes are the major charge carriers, confirming the p-type
conductivities.31,49 The films generally exhibit low α and high ρ

Figure 5. (a) α, (b) ρ, and (c) PF of the AZO thin film.

Figure 6. (a) Thermal conductivity (κ) and (b) zT of the AZO thin films.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c00268
ACS Appl. Energy Mater. 2022, 5, 5909−5918

5913

https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00268/suppl_file/ae2c00268_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaem.2c00268/suppl_file/ae2c00268_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00268?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00268?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00268?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00268?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00268?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00268?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00268?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00268?fig=fig6&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


values in the low-temperature range, with a further increase in
temperature increasing α and decreasing ρ. In addition, ρ
presented a general decreasing trend, evidencing the non-
degenerate semiconducting nature.52 In addition, quaternary
chalcogenides (CZTS, CZTSe, and CZTSSe) display a sharp
rise in α at around 400−500 K, indicating the order−disorder
transition from the ordered I4̅ to disordered I4̅2m tetragonal
structure19,27,28 due to the randomization of Cu and Zn atoms
among the 2c and 2d sites.53 This phenomenon leads to a
dramatic increase in the materials’ PF, as is evident in Figure
4c.
On the other hand, TE transport properties of the AZO thin

film were measured using Linseis Thin Film Analyser and
reported in Figure 5a. The value of α was negative, indicating
electrons as majority charge carriers.54 An observation of the
absolute value showed that α decreases with the temperature
of up to ∼393 K. Further increase in temperature increased α,
leading to a maximum value of ∼−33 μV/K at ∼533 K, in
agreement with other reported values.55 Overall, α measure-
ment showed a linear trend, but with a slight deviation
observed between ∼333 and ∼433 K.56

In addition, the electrical resistivity of the AZO thin film
(Figure 5b) remains around ∼10 μΩ·m up to ∼533 K, which is
in accordance with other literature results.55,57 The resistivity
of AZO thin films shows a degenerate semiconductor nature,
which increases with temperature, suggesting that AZO
possesses a high-carrier concentration. From these two
transport properties, the film’s PF (Figure 5c) is calculated,
which shows a decreasing trend with temperature up to ∼393
K, followed by an increase up to the maximum measured
temperature. The variation of PF is mainly affected by the
variation of α in temperature, as we observe limited variation in
resistivity. The maximum PF of ∼1.0 μW/K2·cm was
calculated at ∼293 and ∼533 K.
Furthermore, in-plane κ measurement (Figure 6a) shows the

values to be in the range of 4.5−5.5 W/m·K in the ∼293−533
K temperature range.56,58 The TE figure of merit, zT (zT = PF·
T/κ), is used to assess a material’s TE performance, where PF
and T are the power factor and the absolute temperature,
respectively. zT is calculated based on the obtained PF and κ
results as illustrated in Figure 6b. It follows a similar trend to
the PF, reaching a maximum zT of ∼0.01 at 533 K.

3.3. Performance Analysis of Chalcogenides/AZO
TEGs. VOC vs ΔT measurements give information on the
maximum voltage that can be generated by the fabricated
chalcogenides/AZO thin-film TEGs at specific ΔTs. A hotplate
was used to control Th with a 10 K increment from ∼323 K up
to ∼523 K, while Tc was kept at ambient temperature with a
metal plate as the heat sink. The measured ΔTs did not fully
match the set temperature of Th and Tc due to substrate buffer
and poor heat sink setup. Substrate buffer may affect the
efficiency of the TEG, as some of the temperature gradients
will be lost across the substrate.59

Figure 7 shows the VOC vs ΔT plot of chalcogenides/AZO
thin-film TEGs, presenting a linear trend of voltage with ΔT.
Maximum voltages measured for TEGs with HI CZTS, BM
CZTSe, BM CZTSSe, and BM CTS p-legs at ΔT 160 K were
∼87, ∼118, ∼46, and ∼98 mV, respectively. Since AZO is a
constant throughout the TEGs, these values are directly related
to the α of the chalcogenides around 480−500 K, as shown in
Figure 4a, where BM CZTSe possesses the highest value,
followed by CTS, HI CZTS, and BM CZTSSe. The selected
temperature range corresponds to the temperature taken by
the thermal camera at the TEG’s hot side. However, a
thorough relation between VOC and α is yet to be explored.

Figure 7. VOC vs ΔT measurement of chalcogenides/AZO thin-film
TEGs.

Figure 8. (a) I−V and (b) I−P plots of thin-film HI CZTS/AZO thin-film TEG at different ΔTs.
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Figure 8 shows the I−V−P measurements of HI CZTS/
AZO thin-film TEG at different ΔTs. For simplicity, the figures
were separated into I−V (Figure 8a) and I−P (Figure 8b)
plots. The temperatures indicate the hotplate temperature that
was set on the Th side of the TEG, since it is the main
component in determining ΔT, as discussed before. The I−V
plots are linear for all of the ΔTs, with the slope of the plots
indicating the TEG’s internal resistance. The values of the
slopes reduced from 28.6 kΩ at 323 K to 14.9 kΩ at 523 K,
which agrees with the reduction of CZTS resistivity at elevated
temperatures, as previously discussed and with the approx-
imately constant trend of resistivity for AZO, neglecting the
small resistivity effect of Ag metal contacts.60 On the other
hand, the I−P curve shows the classical parabolic shape, with
maximum power occurring at the point where the load
resistance matches the device resistance.48 The results show
that a higher ΔT produces a higher power output, which
reaches up to ∼55 nW at 523 K Th.
In addition to HI CZTS thin-film TEG, internal resistances

of the other chalcogenide/AZO thin-film TEGs were also
obtained from the slopes of their respective I−V plots. At
similar Th of 523 K and ΔT of 160 K, Figure 9a shows that the
chalcogenide/AZO thin-film TEG with BM CZTSe p-legs
possesses the lowest internal resistance (12.2 kΩ), followed by
HI CZTS (14.9 kΩ), BM CZTSSe (17.7 kΩ), and BM CTS
(27.3 kΩ). The internal resistance may be affected by factors
including but not limited to the deposited films’ thicknesses

and materials’ resistivities, such as carrier concentrations and
carrier mobilities. In addition, low film density may also result
in low carrier mobility. This leads to a smaller effective area of
conduction, poorer connectivity of domains, and carrier
scattering (decreasing carrier mean free path), thus providing
a major obstacle for electrical conduction.61

The I−V plot in Figure 9b reveals that the TEG with BM
CZTSe p-legs performs the best with maximum power output
reaching ∼240 nW, followed by BM CTS (∼75 nW), HI
CZTS (∼55 nW), and BM CZTSSe (∼30 nW). From the
results obtained, the calculated maximum power output per
unit active planar area for each TEG is ∼188, ∼59, ∼43, and
∼23 nW/cm2, respectively. The exceptional performance of
BM CZTSe is evident from its high VOC and low internal
resistance compared to the other chalcogenides. From the
obtained results, we can deduce that a TEG’s performance is
significantly affected by two main factors: (1) VOC, which is
directly related to α, and (2) internal resistance, which is
directly related to the film thickness and density and ρ.
In addition, the fabricated TEGs also showed a significant

performance improvement as compared to other thin-film
TEGs using low-cost and abundant materials such as tin oxide/
zinc oxide (SnOx/ZnO)

62 and aluminum oxide/zinc oxide
(Al2O3/ZnO),48 which only generated maximum power
output per unit active planar area of ∼2.8 nW/cm2 at ΔT
160 K and ∼1.6 nW/cm2 at ΔT 80 K, respectively. From this
comparison, it can be surmised that this work successfully

Figure 9. (a) I−V and (b) I−P plots of chalcogenides/AZO thin-film TEGs.

Figure 10. (a) I−V−P plots and (b) XRD patterns of sulfurized and nonsulfurized BM CTS/AZO thin-film TEG.
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established a fabrication method of high-performing thin-film
TEGs using a facile, low-cost, and scalable approach. However,
the TEG performance was still low as compared to TEGs with
conventional materials such as bismuth telluride (Bi2Te3)

63

and antimony telluride (Sb2Te3),
64 which respectively

produced maximum power per unit active planar area of
∼955 nW/cm2 at ΔT 20 K and ∼305 nW/cm2 at ΔT 15 K.
Nevertheless, the fabricated p-type chalcogenides may provide
insights for future studies to replace the scarce, expensive, and
potentially harmful elements used in the current conventional
materials.
3.4. Effect of Sulfurization. In a different sample of BM

CTS/AZO TEG, the CTS was subjected to a second thermal
treatment with the same procedure as the first, but with the
addition of an excess amount of S. As shown in Figure 10a, the
TEG with sulfurized CTS performs significantly better
compared to that with nonsulfurized CTS with a maximum
power output of ∼230 nW, which is a staggering 300% increase
in performance. This BM CTS/AZO TEG provides an
alternative for chalcogenide/AZO TEGs with a much safer
stoichiometry, which is Se-free.
The main reason for this improvement can be attributed to

the suppression of spurious phases, as visible in the XRD
patterns of Figure 10b, including tin(II) oxide (SnO), tin(IV)
oxide (SnO2), and tin(II) sulfide (SnS), which were formed
due to loss of S.65 Even though SnS possesses comparable
transport properties to CTS, tin oxides, on the other hand,
have much poorer transport properties (particularly SnO2, with
n-type behavior),66 which detrimentally affects the TEG’s
performance. In addition, sulfurization also improves the CTS
electrical properties by assisting the formation of void-free
CTS films,67 as can be seen by reduced internal resistance from
27.3 to 10.8 kΩ from the slope of I−V curve, which in turn
enhances the TEG’s performance.

4. CONCLUSIONS AND OUTLOOK
This work presented a complete fabrication method of thin-
film TEGs using Cu/Zn/Sn-based ternary and quaternary
chalcogenide p-legs and AZO n-legs. Chalcogenide thin films
were deposited by spin-coating using chalcogenide inks
synthesized either through hot injection or ball-milling, while
AZO was deposited by sputtering. Several factors that affect
the performance of the fabricated TEGs, including the
composition, TEGs’ internal resistance, VOC, and sulfurization,
have been thoroughly discussed. The devices are suitable for
medium- to high-temperature TE applications with CZTSe/
AZO TEG as the champion device, showing the maximum
power output of ∼240 nW at ΔT 160 K (Th ∼483 K, Tc ∼323
K). These fabricated TEGs showed a significant performance
improvement for a thin-film TEG as compared to other thin-
film TEGs using abundant, low-cost, and safer materials, which
only show nanowatts48,68 of power output. These chalcoge-
nide/AZO TEGs may provide alternatives or insights into
replacing scarce, expensive, and potentially harmful elements
used in TE materials such as antimony (Sb),44 tellurium
(Te),23,63 lead (Pb),22,46 bismuth (Bi),8,63 and germanium
(Ge).69 In conclusion, this work managed to demonstrate the
fabrication of a working thin-film TEG using abundant and
safer materials with a facile, low-cost, and scalable approach.
Further studies are warranted to better understand and
improve the performance of the individual components in
the chalcogenides/AZO TEG. Several suggestions from the
authors include the studies on film thickness and density

improvement, thickness optimization, effects of doping, and
device stability. Future work will also involve the investigation
of alternative chalcogenide n-leg materials in the spirit of
fabricating a fully optimized, nontoxic, and low-cost device.
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