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Transparent flexible thin-film p–n junction thermoelectric
module
Xizu Wang 1✉, Ady Suwardi 1, Siew Lay Lim1, Fengxia Wei1 and Jianwei Xu 1,2✉

Transparent and flexible thermoelectrics has been highly sought after for future wearable devices. However, the main stumbling
block to prevent its widespread adoption is the lack of p-type transparent thermoelectrics and the stringent criteria of electrical and
thermal properties matching appropriately between p-legs and n-legs. This work demonstrates the fabrication of p-type PEDOT:PSS
films whose optical properties, electrical conductivity, thermal conductivity, and Seebeck coefficient were engineered to perfectly
match the n-type indium tin oxide (ITO) counterparts. The dense p-type PEDOT:PSS and n-type ITO thin films show a thermoelectric
figure of merit of zT= 0.30 and 0.29 at 450 K, and a thermal conductivity of 0.22 and 0.32 Wm−1 K−1, respectively. A flexible
thermoelectric generator (TEG) module with a high transmittance of >81% in the visible wavelength range of 400–800 nm is
fabricated using 10 pairs of p-type PEDOT:PSS and n-type ITO thin film legs. An ultra-high power density of 22.2 Wm−2 at a
temperature gradient of 80 K was observed, which is the highest power density reported for organic/hybrid-based flexible TEGs so
far. Our transparent flexible thin-film p–n junction thermoelectric module with exceptionally high power generation may take a
tremendous step forward towards multi-functional wearable devices.
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INTRODUCTION
As the size of our modern consumer electronics gets smaller, the
waste heat generated from the energy conversion processes
inevitably grows larger. The ubiquity of these so-called low-grade
waste heat (<200 °C) presents multifold challenges in thermal
management and energy efficiency. Thermoelectric materials,
which convert heat to electricity and vice versa, have the potential
to be a one-stop solution for both cooling and waste heat
harvesting. In order to integrate thermoelectrics into existing
devices, flexibility and sometimes transparency are of paramount
importance due to the fact these two features are necessary for a
plethora of small-sized consumer electronics, internet-of-things,
and wearable devices. As a matter of fact, most of the state-of-the-
art thermoelectrics belongs to inorganic chalcogenides, half-
heuslers, or silicides, which are opaque due to their small band-
gaps1–6. A few emerging wide band-gap thermoelectrics, such as
AZO (Al:ZnO), ITO (In:SnO2), CuAlO2, and CuI thin films have been
reported to possess high transparency but often suffer from low
performances7–11.
In recent years, tremendous progresses have been achieved in

discovering and enhancing the performance of flexible thermo-
electrics which were either made of all-organic, hybrid
organic–inorganic, or inorganic compounds integrated on flexible
substrates12–21. Most of the reports on flexible thermoelectrics
involves either poly(3,4-ethylenedioxythiophene):poly(styrene-sul-
fonate) (PEDOT:PSS), polyaniline (PANI), or polypyrrole (PPY)-based
polymers with various doping or chemical modifications22–27. In
terms of flexible thermoelectric generator (TEG) devices, high
power density of more than 10 μW cm−2 have been consistently
reported in the past few years, most of which involves inorganics,
such as Te-nanorods, single-walled carbon nanotube (SWCNT),
TiS2, or Cu2Se as the pairing legs28–34.
Nonetheless, further combining flexibility with transparency has

proven to be an arduous task, as evident from the lack of reports

on transparent flexible thermoelectrics, especially p-type11. A big
obstacle in engineering multi-functional thermoelectrics lies in the
fact that thermoelectric modules are composed of coupled p-type
and n-type legs electrically connected in series, and thermally in
parallel. In other words, the device performances are always
limited by the leg with low performance. Therefore, designing
transparent flexible thermoelectrics necessitates the confluence of
optical, mechanical, and thermoelectric performance matching for
both p-type and n-type legs35.
In this work, we report a TEG module that is both transparent

and flexible while at the same time retaining good thermoelectric
performances in both p-type and n-type legs. The p-type leg made
up of PEDOT:PSS thin film was post-treated by trifluoromethane-
sulfonic acid (CF3SO3H, TFMS) to achieve high electrical con-
ductivity and Seebeck coefficient13. Correspondingly, the
amorphous ITO thin film, which was optimized by controlling
the deposition oxygen and hydrogen partial pressures, was
adopted as the n-type pairing leg. The optimized electrical
conductivity of PEDOT:PSS and ITO reached 2980 and 3094 S
cm−1, with corresponding Seebeck coefficients of 21.9 and
20.3 µV K−1 and thermal conductivity of 0.22 and 0.32Wm−1

K−1, respectively. The well-matched electronic and thermal
properties indicate that PEDOT:PSS and ITO are suitable to be
used as a p–n junction pair in transparent flexible TEGs. The TEG
module comprises a periodic array of structures of transparent p-
type and n-type thermoelectric thin films fabricated on various
transparent substrates, such as glass, polyethylene terephthalate
(PET), and polycarbonate (PC). The TEG module in this work
represents the primary report on multiple legs, fully transparent
flexible p–n junction thermoelectric device. In addition, the
junctions between the p-type and n-type legs are overlapped on
top of each other which precludes the need for external
connecting electrodes. This is contrary to traditional thermo-
electric devices which typically use metal electrodes, such as silver
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to connect the p-type and n-type legs. Consequently, the
configuration in this work minimizes the energy losses via the
contact resistance brought about by the external electrodes, as
evident by the high power density of 2.22 mW cm−2, which is
amongst the highest reported so far21.

RESULTS
Sample preparation and physical properties
PEDOT:PSS is chosen as the p-type leg in this work due to its
robust thermoelectric performance. The thermoelectric perfor-
mance of the PEDOT:PSS thin film, with doping or post-treatment
has been demonstrated to be comparable to traditional inorganic
p-type thermoelectric materials13,23,35–46. In our TEG module, we
leveraged upon the PEDOT:PSS from our earlier work which used
TFMS–MeOH post-treatment to enhance its chemical and thermal
stability13. The electrical conductivity and Seebeck coefficient of
the PEDOT:PSS thin film with TFMS–MeOH post-treatment reaches
2980 S cm−1 and 21.9 μV K−1, respectively. On the other hand,
indium tin oxide (ITO) was used as the n-type counterpart in our
device. It is a commonly used materials for a wide range of
applications ranging from solar cells to optoelectronics. In
addition, it has high transparency in the visible light region
because of its wide band gap. Furthermore, owing to its highly
degenerate n-type nature, it has very high electrical conductivity,
making it a good potential material for transparent thermo-
electrics47,48. Nevertheless, the main hindrance to its widespread
adoption in flexible devices lies in the fact that good quality ITO
thin films require high processing temperature exceeding 200 °C,
which makes it difficult to integrate into flexible substrates such as
PET. In addition, its Seebeck coefficient is far from optimized
because of its tendency to possess excessive electrons. Therefore,
adoption of ITO for flexible applications may rely on counter-
doping to maximize the thermoelectric properties and process it
at near-room temperature.
In order to control and optimize the carrier concentration of

ITO, process parameters such as the hydrogen partial pressure
need to be delicately controlled. It has been reported that the
magnitude of the hydrogen partial pressure during film deposition
can strongly influence the number of oxygen vacancies formed,
and hence the carrier concentration, mobility, and electrical
conductivity in ITO27,28. Therefore, tuning the sputtering process
parameters enables us to study the electronic transport mechan-
isms in ITO.
In this work, the ITO thin films were deposited in various

atmospheres ranging from pure argon (Ar) to a mixture of
hydrogen and argon (H1, H2), oxygen and argon (O1, O2, O3), as
shown in Table 1. The elemental chemical states and bonding of
the ITO thin films were investigated using X-ray photoelectron
spectroscopy (XPS), as shown in Fig. S1. The binding energies of
the In 3d5/2 and In 3d3/2 peaks are ~444.5 and 452 eV, respectively.
The In 3d5/2 peaks can be assigned to the In3+ species in
crystalline In2O3. The absence of peaks or shoulders at 443.6 eV
indicates the absence of the elemental indium phase in all the

films. The binding energies of the In 3d and Sn 3d peaks are similar
for all the ITO thin films, which suggests that the formation of
interstitial metallic atoms does not occur as a result of the
different deposition conditions. The cut-off energies for all the ITO
thin films are close to that of the commercial ITO, indicating
similar work functions. Hence, the introduction of hydrogen in the
gas mixture during the sputtering process seems to only affect the
oxygen deficiency in ITO films, which affects its stoichiometry.
To elucidate the effect of different sputtering gas mixtures on

the ITO film morphologies, atomic force microscopy (AFM) was
used to image the commercial ITO and the ITO thin films, as
shown in Fig. S2. Comparatively, the ITO films show a smaller grain
size as evident from smaller value of root-mean-square surface
roughness (Rq) than the polycrystalline commercial ITO. The
roughness values (Rq) for the commercial ITO, H2, H1, Ar, O1, O2,
O3 are 3.8, 0.6, 1.6, 0.9, 0.5, 0.7, 0.5 nm, respectively. Thus, the
introduction of various mixture of gases during the sputtering
process results in smooth film morphologies, which may be
attributed to a lower degree of crystallinity in the sputtered films
compared to the commercial ITO, as evident from the broader X-
ray diffraction (XRD) spectra peaks of sputtered films as compared
with the commercial ITO shown in Fig. 1a. This low-crystallinity
nature is expected because of the low substrate temperature
during sputtering (60 °C) and the absence of lattice matching on
amorphous glass substrates.
For the ITO (oxygen–argon) samples, a higher intensity peak is

observed at 2θ= 24° as compared to 2θ= 31°. On the other hand,
for the ITO (hydrogen–argon) samples, the peak with highest
intensities occurs at 2θ= 31°. The relatively sharper peak from ITO
(hydrogen–argon) compared with ITO (oxygen–argon) samples
reveals better crystalline quality of the samples grown under
hydrogen/argon atmosphere. From Fig. 1c, it appears that the
presence of argon or hydrogen in the process gas mixture
enhances the formation of the (222) plane, which is related to the
2D metal–oxide network structure. This 2D network structural
change in the crystallinity of ITO is expected to affect the overall
electrical properties of the films, as shown in Fig. 2. In contrast, the
ITO with oxygen–argon gas mixture shows the enhanced
formation of the (211) plane (Fig. 1b) associated with the 1D
metal–oxide structure of ITO crystal, which may increase the
interface/dislocation scattering in the ITO film. Furthermore, based
on XRD spectra in Fig. 1a, the distinct peaks at 2θ of 24° and 31° in
commercial ITO correspond to the lattice d-spacing of 2.9683 Å
[(222)] and 4.1225 Å [(211)], respectively. For the sputtered films,
the shifts in these two peaks indicate that the d-spacings for the
(222) and (211) planes of the thin film have decreased to 2.7851
and 3.8212 Å, respectively, as illustrated in Fig. 1b, c.

Electronic and thermoelectric properties
The room temperature electrical conductivity, carrier concentra-
tion and mobility of ITO films deposited with pure argon (Ar),
hydrogen–argon (H1, H2), and oxygen–argon (O1, O2, O3) gas
mixtures as a function of the reactive gas partial pressure are
shown in Fig. 2. In Fig. 2a, the use of hydrogen–argon mixtures
slightly increased the electrical conductivity of ITO films compared
with the film grown in pure argon. On the contrary, the
introduction of oxygen–argon mixtures significantly reduced
electrical conductivity by more than two orders of magnitude.
This can be ascribed to the reduction of oxygen vacancies in the
sputtered films, which results in a lower carrier concentration, as
shown in Fig. 2b49. In addition, the carrier mobility of the ITO films
is lowered with the addition of mixing gases, especially oxygen,
which shows dramatic reduction with increasing oxygen partial
pressure. Owing to the influence of mixing gas type as well as its
partial pressure on both the carrier concentration and carrier
mobility, the electrical conductivity can be sensitively tuned by
carefully controlling the gas mixtures during deposition.

Table 1. The sputtering condition of all ITO and their thickness.

ITO films Gas ratio Pressure (Pa) & temperature (°C) Thickness (nm)

ITO–H1 Ar:Ar+H2
a= 14:2 0.4–0.5; 50 130

ITO–H2 Ar:Ar+H2
a= 14:1 0.4–0.5; 50 130

ITO–Ar Ar= 14 0.3–0.4; 50 126

ITO–O1 Ar:O2= 14:0.05 0.3–0.4; 50 90

ITO–O2 Ar:O2= 14:0.1 0.3–0.4; 50 80

ITO–O3 Ar:O2= 14:0.2 0.3–0.4; 50 70

aAr:H2 is 95:5.
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Figure 3 shows the temperature dependence electrical con-
ductivity, Seebeck, power factor, and thermal conductivity of ITO
films deposited under different gas mixtures. In Fig. 3a, similar to
the commercial ITO, the ITO thin films deposited using Ar, H1, and
H2 show decreasing electrical conductivity with increasing tem-
perature, which is the signature of metallic/nondegenerate

semiconductor behavior. In contrast, the electrical conductivity of
the thin films deposited with O1, O2, and O3 shows an increasing
trend at temperature beyond 350 K, which can be attributed to
thermal-activated oxygen vacancies. Accordingly, the Seebeck
coefficients (Fig. 3c) for O1, O2, and O3 are comparatively much
higher than the Ar, H1, and H2 films due to the low carrier

Fig. 1 Phase and structural characterization of the ITO thin films. a X-ray diffraction (XRD) spectra of ITO films grown on glass substrates
under a pure argon environment, or at different hydrogen or oxygen partial pressures, compared with the commercial ITO. Diagrams
illustrating the changes in the nano-structural arrangement in b the 1D structure of the (211) plane and c the 2D structure of the (222) plane.
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Fig. 2 Electrical properties of thin films grown under different conditions. a Room temperature electrical conductivity. b Carrier
concentration (n) and mobility (µ) of ITO films deposited under a pure argon environment, or at different hydrogen or oxygen partial
pressures.
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concentration, which is consistent with the following Mott’s relation:

S ¼ 8π2k2BT
3eh2

m� π

3n

� �2=3
(1)

Figure 3c shows the temperature dependence power factor which
shows highest values for Ar-deposited ITO thin films for almost the
entire temperature range, which can be credited to the high carrier
mobility for thin film grown under the inert argon atmosphere as
opposed to those grown under gas mixtures. Furthermore, the
thermal conductivity (κ) of the ITO thin film deposited under Ar
atmosphere remains low at 0.32–0.40Wm−1 K−1 from 300 to 480 K,
respectively. This is much lower than the reported κ of 4Wm−1 K−1

for the commercial ITO and among the lowest reported for oxides50.
The low thermal conductivity can be ascribed to a lower degree of
crystallinity since the thin film was sputtered at room temperature.
Consequently, the figure-of-merit zT increases from 0.07 to 0.29 over
the same temperature range as shown in Fig. 3d.

Transport mechanism modeling
Figure 4 shows the electronic properties of the ITO thin films as a
function of carrier concentration n at room temperature. The
carrier mobility vs. concentration profile shown in Fig. 4a
represents the signature of dislocation scattering-limited transport,
similar to the one observed in GaN thin films51. The black, red, and
purple dotted lines represent increasing dislocation density, which
results in more carrier scattering, and thus lowers mobility. Within
each dotted line, increasing the carrier concentration results in
increased mobility, which can be associated to lower thermal
activation energy for carrier mobility than carrier concentration51.
Pisarenko plot based on Boltzmann transport equations (Eqs. (2)
and (3)) shows ionized-impurities scattering transport (r= 1.5) for
the three samples with lowest carrier concentration (O1, O2, and
O3), as shown in Fig. 4b. On the contrary, the H1, H2, and Ar
samples can be fitted to acoustic phonon scattering transport (r=
−0.5) with an effective mass of 0.35m0, which was confirmed by
transport coefficients plot based on Snyder–Kang model, as shown
in Fig. 4c52. It is worth mentioning that the relatively low effective

mass in these samples contributes to higher mobility, and hence
higher power factor and zT53.

S ¼ ±
kB
e

η� r þ 2:5ð ÞFrþ 1:5 ηð Þ
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The difference in scattering mechanisms between samples with
low carrier concentrations (O1–O3) and the ones with high carrier
concentration (H1, H2, Ar) qualitatively explains the occurrence of
mobility plateau for carrier concentration of around 1020 cm−3 (the
sample deposited in Ar atmosphere). Consequently, the same
sample also has the higher zT as compared to films deposited using
other gas mixture ratios, as shown in Fig. 4d, with maximum zT of
0.29, which is comparable to the p-type PEDOT:PSS film (zT= 0.30).
The room temperature zT versus optical band-gap (Eg) of ITO

and PEDOT:PSS thin films was compared with those of typical
thermoelectric materials in Fig. 57. At 480 K, we observed that the
zT of ITO in this work was the highest amongst all the n-type
materials in the transparent range (Eg > 3 eV), and was similar to
the best reported zT for transparent thermoelectric material (p-
type γ-CuI)11. In terms of performance, there is plenty of scope for
further work to obtain ITO with better thermoelectric properties,
such as optimizing the carrier concentration in the range of 1–5 ×
1020 cm−3 through careful control of the film deposition process.

Transparent p–n junction TEG module
In order to optimize the output power of a TEG module, ensuring
a suitable pairing of the p-type and n-type legs is very important.
The optimal device geometry can be defined as

LnAp

LpAn
¼ ρpκn

ρnκp

� �1=2

(4)

Fig. 3 Thermoelectric properties of ITO films deposited under a pure argon environment, or at different hydrogen or oxygen partial
pressures. a Electrical conductivity, b Seebeck coefficient, and c power factor (PF), as a function of temperature. d The thermal conductivity
(TC) and figure-of-merit zT of the ITO thin film sample Ar, as a function of temperature.
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where L, A, ρ, and κ represent the length, area, electrical resistivity,
and thermal conductivity of the respective legs. It is evident from
Eq. (4) that in order to have a TEG module with a balanced size (i.e.
similar geometry between p-type and n-type legs), it is important
to choose materials with similar magnitudes of both electrical and
thermal conductivity. Figure 6a shows the electrical conductivity
and Seebeck coefficient versus temperature from 300 to 450 K.
Evidently, both the magnitudes of electrical conductivity and
Seebeck coefficient of PEDOT:PSS match those of ITO thin films,

respectively, and both of PEDOT:PSS and ITO exhibit similar trends
to the temperature, ensuring to give optimal performance of TEG
module throughout the entire temperature range. The compar-
ison of thermoelectric properties of treated PEDOT:PSS and ITO
(Ar) to flexible TEG modules from the literatures are listed in Table
2. Remarkably, the TEG module in this work shows the highest
output power density amongst organic/hybrid-based flexible TEG.
In addition, the output power density is of the same magnitude as
fully inorganic-based flexible TEG modules.
The structure of the TEG module in this work is illustrated in

Fig. 6b. The ITO (H1) thin film is able to function as both the n-type
thermoelectric leg and the overlay contact bridge in a transparent,
in-plane TEG that utilizes the treated PEDOT:PSS thin film as the p-
type thermoelectric leg, without the need for additional electro-
des. The thermoelectric modules fabricated with ITO (Ar) thin film
and treated PEDOT:PSS thin film as the n-type and p-type
thermoelectric legs, respectively, on both glass and PET substrates
were highly transparent, with a similar optical transmittance of
84% over the visible and near infrared regions (350–1100 nm, as
shown in Fig. 6c, d. The TEG module fabricated on PET also
possesses good flexibility and mechanical stability. The internal
resistance of the module was reduced by about 3% after 10,000
tensile bending cycles (the bending angle up to 130°), as shown in
Fig. S3b, indicating that the module was suitable for use in
wearable and other applications where repeated bending was
required. The electrical output of the TEG module on glass, formed
by connecting 10 pairs of p-type and n-type thermoelectric legs in
series, were studied at temperature differences (ΔT) ranging from
5 to 80 K, as shown in Fig. 6e, f. The TEG module generated the
maximum power output of 14.3 nW at ΔT= 80 K, with a
corresponding power density of 22.2 Wm−2. To our knowledge,
this is amongst the highest power density from the previously
reported transparent thin film TEG module, as illustrated in Fig. 7.

Fig. 5 Figure-of-merit zT of reported n- and p-type thermoelectric
materials at room temperature versus energy bandgap, compared
with this work. Notably, the zT values of n-type ITO and p-type
PEDOT:PSS thin film in this work are adjusted to a similar level to
achieve a high-performance flexible TE module with high
transparency.

Fig. 4 Thermal and electrical properties of the ITO thin film (130 nm) sputtered on polished glass. a Electron mobility vs. carrier
concentration (n), b Seebeck coefficient (S) vs. carrier concentration (n), c Seebeck vs. electrical conductivity and d figure-of-merit (zT) for
samples sputtered in different atmospheres.

X. Wang et al.

5

Published in partnership with Nanjing Tech University npj Flexible Electronics (2020)    19 



Table 2. Literature comparison of TEG module performances.

Primary material Additive/dopant Remarks ΔT (K) Open circuit voltage
(mV)

Pmax (μW
cm−2)

Ref.

PEDOT:PSS+ ITO – Fully transparent flexible p–n TEG module 80 31 2220 This work

CuI – Single leg p-type TEG 10.8 2.5 100 11

PEDOT:PSS – Cast solution on polyimide substrate with Ag
electrodes

100 7.07 56.8 28

PEDOT:PSS TiS2 PEDOT:PSS–TiS2 organic hybrid superlattice films 70 33 250 29

PEDOT:PSS Te, Cu7Te4 8 single legs flexible thermoelectric devices 39 32 39.5 31

PEDOT:PSS Te nanorods PEDOT:PSS coated Te nanorods prepared by drop-
casting followed by H2SO4 treatment

40 13.4 57.2 30

PEDOT:PSS SWCNT; Te
nanorods

H2SO4 treatment 44 5.6 21.4 32

PEDOT:PSS Pristine Free standing 29 2.0 99 33

PEDOT:PSS Cu2Se Nanowire composite thin films 30 15 91 34

Bi0.5Sb1.5Te3/
Bi2Te2.7Se0.3

– Fully inorganic flexible TEG device via screen
printing

25.6 700 6320 54

Bi2Te3/Sb2Te3 – Fully inorganic TEG screen printed onto glass
fabric

50 90 3800 55

Fig. 6 Device properties of both p-type and n-type thermoelectrics. a Electrical conductivity and Seebeck coefficient of p-type PEDOT:PSS
thin film, with post-treatment, as a function of temperature. b A diagram of an in-plane transparent thermoelectric generator illustrating the
basic configuration of p-type and n-type thermoelectric legs deposited onto a substrate without any electrodes. c Transmittance spectra and
d photo of the thermoelectric module on polyethylene terephthalate (PET) sheets and glass. e Output current (Iout) and f output power (Pout)
of the thermoelectric module on glass, as a function of output voltage (Vout) for different temperature differences.
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DISCUSSION
As aforementioned, in order to maximize the output power
density, the p-type thermoelectric materials should have the
comparable electrical and thermal characteristic such as analo-
gous conductivity, Seebeck coefficient and thermal conductivity.
In addition to the thermoelectric parameters, the thickness of
PEDOT:PSS has to be also properly tuned to be 50 nm to ensure
that the film has high transparency in its visible absorption region.
On the other hand, the n-type counterpart ITO was purposely
fabricated by judiciously controlling its preparation process, such
as the temperature, pressure, gas environment with a combina-
tion of hydrogen and oxygen ratios in order precisely to match its
electrical and thermal parameters as much as possible with its p-
type materials. Likewise, its thickness was also controlled to be
around 130 nm to make sure that it is transparent with the
equivalent transmittance to the PEDOT:PSS film in the visible
absorption range. A prototype of transparent flexible p–n junction
TEG module was fabricated and the highest thermoelectric power
density of 22.2 Wm−2 at ΔT= 80 K was achieved. This p–n
junction TEG module was fabricated by overlaying the treated
PEDOT films as the p-type legs and ITO thin films as the n-type
counterparts, without the presence of additional connecting
electrodes. Both the p-type and n-type legs have comparable
electrical conductivity and Seebeck coefficient and thermal
conductivity. This type of transparent flexible p–n junction TEG
module exhibited good mechanical robustness as evidenced by
the <3% reduction in the internal resistance of the module 10,000
tensile bending cycles, offering ITO as an excellent candidate for
future applications in thermoelectric power generation, transpar-
ent electronics, as well as wearable electronics.

METHODS
Sample fabrication
A 65 nm-thick PEDOT:PSS film used for the p-type thermoelectric leg was
prepared using the spin-coating method. A mixture of TFMS and methanol
(MeOH) (TFMS–MeOH (V:V= 1:10)), followed by pure methanol was used
to treat PEDOT:PSS films. In detail, 200 μL of liquid (TFMS–MeOH) was
dropped onto a PEDOT:PSS thin film heated at 130 °C. The film was dried
for about 30min, and then the dried film was washed by dipping in
methanol for three times. Finally, the 50 nm PEDOT:PSS thin film was
obtained and used directly for next-step use. A set of ITO films with
different electrical and thermal properties was fabricated by radio
frequency magnetron sputtering using a hydrogen–argon or
oxygen–argon gas mixture at a process temperature of about 60 °C, as
shown in Table 1. The most suitable amorphous ITO film was chosen as the
n-type thermoelectric leg in the flexible TEG module.

Property characterization
The thicknesses of the PEDOT:PSS and ITO thin films were measured by the
KLA Tencor P-16+ Surface Profiler. The carrier concentration and mobility of
the thin films were determined using a Hall effect measurement system in
Van-der-Pauw geometry with a magnetic field of 0.4 T at room temperature.
The electrical conductivity (δ) and Seebeck coefficient (S) were measured
simultaneously under helium backfilled vacuum condition with a ZEM3-HR
(from ULVAC RIKO) system with Ni contacts and thermocouples and
electrodes in a reversed vertical arrangement. The thermal conductivities of
the thin films were measured using the pulsed laser heating thermore-
flectance method with a rear heating and front detection (RF) configuration
(NanoTR system from NETZSCH)26. The specific heat capacity was measured
by differential scanning calorimeter (Mettler Toledo).
The transmittance spectra were obtained on an UV–Vis–NIR spectro-

photometer (Shimadzu UV–Vis spectrophotometer UV-3600). The TEG
module was fabricated using spin coating and sputtering methods on
glass and PET substrates. XPS measurement was performed on a theta
probe angle-resolved X-ray photoelectron spectrometer (ARXPS) System
(Thermo Scientific) at a base pressure of 1 × 10−9 Torr and a step size of
0.1 eV using monochromated, micro-focused Al K-Alpha X-ray photons
(hν= 1486.6 eV). The curve fitting and linear background subtraction were
carried out using the Avantage software. AFM images were obtained on a
Bruker dimension icon atomic force microscope using the tapping mode.
XRD experiments were conducted on a Bruker AXS (D8 ADVANCE GADDS)
X-ray diffractometer with Cu Ka radiation (l= 1.54 Å). The beam diameter
for this instrument can range from 0.05 to 0.8 mm. The density was
estimated based on the mass and volume of the film. The thermoelectric
power output of the 10-pair-legs TEG module was measured using a
custom-made current–voltage (I–V) testing system with the temperature
difference created by two metal plates as heat reservoir and two micro-
thermocouples as well as electrical probes. The current and voltage outputs
from two probe contacts were measured using a Keithley 2400 source
meter. The I–V characteristics and power output of the transparent TEG
module were measured by varying the temperature difference between the
two reverse Peltier modules, which can set temperature between room
temperature to 350 °C. To obtain the best transparent TEG module, the leg
dimension for PEDOT:PSS and ITO is 50 nm thickness × 1mm width and
130 nm thickness × 0.4mm width, respectively. The power density was
determined using a thin film cross-sectional area (5 × 10−7 cm2).
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