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ABSTRACT: We report two organocompatible strategies to enhance the output
performance of all-solution-processed poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) thermoelectric generators (TEGs): introducing
an additive spray printing process and functionalized polymer interlayers to reduce
the module resistance. The spray printing enabled the deposition of 1-μm-thick
PEDOT:PSS layers with a high degree of design freedom, resulting in a
significantly reduced sheet resistance of 16 Ω sq−1 that is closely related to the
thermoelectric output performance. Also, by inserting an ultrathin silane-
terminated polystyrene (PS) interlayer between the PEDOT:PSS thermoelectric layers and inkjet-printed Ag interconnects
selectively, the contact resistivity extracted by the transmission line method was reduced from 6.02 × 10−2 to 2.77 × 10−2 Ω cm2. We
found that the PS interlayers behaved as a thin tunneling layer, which facilitated the carrier injection from the inkjet-printed Ag
electrodes into the PEDOT:PSS films by field emission with an effectively lowered energy barrier. The activation energy was also
extracted using the Richardson equation, resulting in a reduction of 2.59 ± 0.04 meV after the PS treatment. Scalable plastic-
compatible processability and selective interface engineering enabled to demonstrate the flexible 74-leg PEDOT:PSS TEGs
exhibiting the open-circuit voltage of 9.21 mV and the output power of 2.23 nW at a temperature difference of 10 K.

KEYWORDS: organic thermoelectrics, flexible, inkjet printing, contact resistance, PEDOT:PSS, interface engineering

1. INTRODUCTION

Thermoelectric generators (TEGs) have gained a substantial
amount of attention as sustainable and renewable energy
harvesters that can directly convert waste heat into usable
electricity.1−9 In recent decades, although Bi2Te3-based or
nanocrystal inorganic thermoelectric (TE) materials have been
intensively developed from the perspective of TE output
characteristics, interest in solution-processable organic TE
materials has also tremendously increased owing to their low
cost, low temperature, and nonvacuum processability.4−8,10−14

Moreover, their inherent flexibility enables the production of
geometrically versatile energy harvesting systems with a high
degree of design freedom.15 Among organic TE material
candidates, poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) has been widely investigated
due to its advantages, including a relatively low thermal
conductivity and flexibility and light weight compared to its
conventional inorganic counterparts.16−20 In addition, PE-
DOT:PSS-based TEGs can be facilely implemented using
additive printing technologies that offer great opportunities for
the realization of low-cost energy harvesting systems on large-
area flexible platforms.20−24 Despite these advantages, their low
output performance is a critical drawback for their use in
practical applications; therefore, there has been a lot of effort
to enhance their TE characteristics by introducing chemical
de-doping processes, post-treatments with a super-acid

solution, and hybrid composites with high-performance
inorganic TE materials.21,23,25−31

In addition to achieving a high figure of merit (zT = S2σT/κ,
where S is the Seebeck coefficient, σ is the electrical
conductivity, κ is the thermal conductivity, and T is the
absolute temperature) that is fully dependent on the
characteristics of the TE materials, an optimized module
design with a minimized parasitic power loss can be a key
pathway to improving TE output characteristics.8,9,13,18,32,33

The maximum output power can be expressed as follows

= Δ +P N S T R R( ) /4( 2 )max
2

i b (1)

where N is the number of TE elements, ΔT is the absolute
temperature difference, Ri is the internal resistance, and Rb is
the boundary electrical resistance for a single TE leg.34 Thus, a
reduction in the internal resistance (i.e., TE leg resistance) as
well as an increase in the number of TE legs are the most
practical routes to enhance the output power in a given set of
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conditions. However, the thermal conductivity of TE elements
is also proportionally increased by enhancing their electrical
conductivity, which can typically result in a less secured
temperature difference.35 Therefore, a reduction in the
boundary electrical resistance across the contact area, which
is expressed as Rb = Rc/A, where Rc and A are the contact
resistivity and the contact area, respectively, is also necessary
without increasing the thermal conductivity of TE layers.
Specifically, a high contact resistance is typically exhibited
between organic TE elements and metal electrodes due to a
huge energy barrier accounting for a large portion of the total
module resistance.36 Many studies have been conducted to
reduce the contact resistance, for example the introduction of
additional solvents during the active layer formation, ion
implantation onto TE materials, and the introduction of
molecular or polymer interlayers between organic−inorganic
interfaces.37−40 However, because most of the previously
reported approaches require time-consuming and complicated
processing steps or additional patterned masks, further
straightforward strategies that are compatible with low-cost
additive manufacturing onto flexible platforms are highly
desirable.
In this context, we propose organocompatible facile

methodologies to improve the output characteristics of all-
solution-processed flexible organic TEGs by reducing the
resistance of TE legs and organic−inorganic contacts. Scalable
spray printing enables the deposition of micrometer-thick
PEDOT:PSS TE legs with a high degree of freedom, resulting
in a decreased TE leg resistance, which cannot be achieved by
conventional spin coating or drop casting. To reduce the
contact resistance, a silane-terminated polystyrene (PS)
solution was selectively deposited only onto the contact area,
and then highly conductive Ag inks were inkjet-printed to form
the interconnects. Chemically coupled PS layers provided
additional paths between the PEDOT:PSS and Ag inter-
connects that allowed modulation of the primary carrier
injection mechanism from thermionic emission to hopping-
assisted tunneling.40,41 Therefore, lower activation energy was
required with less temperature dependence for carrier

injection, resulting in a decrease in the contact resistivity. All
fabrication processes were performed below plastic-compatible
temperatures in an ambient environment.

2. EXPERIMENTAL SECTION
2.1. Fabrication of All-Solution-Processed PEDOT:PSS

Thermoelectrics. Figure 1 shows a schematic of the fabrication
process, the chemical structure, and a captured image of the all-
solution-processed PEDOT:PSS TEGs on a flexible substrate. We
prepared glass and polyethylene naphthalate (PEN) substrates and
conducted an ultraviolet (UV) ozone treatment to provide sufficiently
hydrophilic surface properties for achieving better ink wetting
properties. To enhance the conductivity of the PEDOT:PSS TE
legs, dimethyl sulfoxide (DMSO, Sigma Aldrich) was added directly
into PEDOT:PSS (Clevios PH 1000, Heraeus) with 5 vol %
concentration and homogenized with a magnetic stirrer (800 rpm for
3 h at room temperature).19,42 Then, it was deposited on the prepared
substrates using an automatic customized spray printing system
(Hantech Co.) with a patterned mask. To deposit highly uniform
PEDOT:PSS layers with a film thickness of 1 μm, the printing
conditions were carefully optimized with a nozzle height of 14 cm, a
printing speed of 30 mm s−1, a pressure of 40 kPa, and a substrate
temperature of 80 °C during 12 pass printing. On the patterned
PEDOT:PSS TE legs, 0.4 wt % dimethylchlorosilane-terminated PS
(PS-Si(CH3)2Cl, Mn = 8 kDa, PDI = 1.06; Polymer Source Inc.)
solution dissolved in toluene was treated selectively at the contact
region and then annealed on a 100 °C hot plate for 1 h. After rinsing
in toluene to remove the uncoupled residues, the nanoparticle-type
Ag ink (DGP 40LT-15C, ANP Corp.) was inkjet-printed to form
highly conductive interconnects for the series-connected TE legs. The
inkjet-printed Ag electrodes were annealed on a 150 °C hot plate for
30 min. All additive fabrication was conducted in an ambient
environment. All of the materials were used as received.

2.2. Characterization of PEDOT:PSS Thermoelectrics. To
measure the electrical conductivity and Seebeck coefficient, which
determine the TE output performance, the PEDOT:PSS TE films
with dimensions of 20 mm × 20 mm × 1 μm (width by length by
thickness, respectively) were spray-printed on a glass substrate and
then annealed at 130 °C for 10 min. The electrical conductivity was
calculated using a semiauto sheet resistance/resistivity (Rs/Res)
measurement system (Cress Box, Napson Co.), and the film thickness
was measured using a stylus-based surface profiler (Alpha-Step IQ,
KLA Tencor Co.). The transmittance spectra of PEDOT:PSS films

Figure 1. (a) Schematic of the fabrication process and binding scheme of PS-Si(CH3)2Cl onto PEDOT:PSS TE layers. (b) Scheme of all-solution-
processed PEDOT:PSS thermoelectrics (magnified optical image of a 4-leg TEG is also included in the inset). (c) Chemical structures of
PEDOT:PSS and functionalized PS.
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were measured in the wavelength range of 300−800 nm using a UV−
Vis−NIR spectrometer (V-600, Jasco). The surface roughness of
PEDOT:PSS TE layers having different film thicknesses was
characterized using a three-dimensional (3D) atomic force micro-
scope (AFM) (XE-100, Park Systems). The Seebeck coefficient was
measured using a four-point probe TE measurement system (TEP
600, Seepel Instruments), where the temperature differences of ±0.5,
±1.5, and ±2.5 K were given. To characterize the TE output
performance, the fabricated TEGs were placed across two Peltier
devices to control the temperature gradients, as shown in Figure S1.
Then, the temperature of the hot and cool sides was measured using a
thermometer with two thermocouple wires. The measurement of the
output performance of the TEGs was carried out when they were in
thermal equilibrium.
To extract the surface energy, the contact angle was measured using

a contact angle analyzer (Phoenix 10, SEO) at ambient temperature
and a relative humidity of 40%. Deionized water (DIW) and ethylene
glycol were dropped with a droplet volume of 8 μL onto the
PEDOT:PSS films with and without the PS interlayers. The surface
energy was calculated from the Owens−Wendt geometric mean
equation.43 The TE output voltage and current were measured using a
source meter (Keithley 2400). To determine the surface moieties on

the PEDOT:PSS film, X-ray photoelectron spectroscopy (XPS) was
conducted with an Al Kα and a power of 6 mA and 12 kV. The
contact resistance was analyzed by the transmission line method
(TLM) using a semiconductor parameter analyzer (4200-SCS,
Keithley) and a probe station system (ST-500, Janis) under vacuum
(∼10−4 Torr) at various temperatures (from 300 to 400 K).

3. RESULTS AND DISCUSSION
We investigated the TE characteristics of spray-printed
PEDOT:PSS layers having different film thicknesses before
implementing large-area flexible TEGs. The thickness of the
spray-printed PEDOT:PSS films proportionally increased from
200 nm to 1 μm as the number of printing passes increased
(Figure S2), whereas the reference spin-coated film had a
thickness of 70 nm. It should be noted that the film thickness
could increase more than 1 μm via spray printing, but the
increased adhesion force of the PEDOT:PSS layers with the
patterned masks could cause undesirable damage when the
masks were detached, as shown in Figure S3. We optimized the
conditions for the spray printing process, such as the plate

Figure 2. Output performance of 4-leg PEDOT:PSS TEGs with various film thicknesses. (a) Measured sheet resistance and electrical conductivity,
(b) Seebeck coefficient, (c) device resistance, and (d) generated output power.

Figure 3. (a) Scheme of carrier injection via a PS interlayer between PEDOT:PSS TE legs and Ag interconnects. (b) Measured TE characteristics
with and without PS treatment on PEDOT:PSS films. (c) Extracted contact resistivity between the PEDOT:PSS film and the Ag interconnect by
the TLM depending on the PS treatment.
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temperature, spraying pressure, and nozzle movement speed,
which produced uniform PEDOT:PSS layers with a thickness
of 1 μm. Upon increasing the number of printing passes, more
rough PEDOT:PSS films were produced (Figure S4). Figure
2a,b shows the TE properties of the solution-processed
PEDOT:PSS films. The sheet resistance drastically decreased
from 215 to 16 Ω sq−1 as the film thickness increased from 70

nm to 1 μm, respectively, while their electrical conductivity
and Seebeck coefficient of 600 S cm−1 and 15 μV K−1,
respectively, showed no notable change. These results showed
the ability to reduce the resistance of PEDOT:PSS TE legs by
optimizing the film thickness without changes in the TE
properties via additive manufacturing. The electrical resistance,
Seebeck coefficient, sheet resistance, surface roughness, and
transmittance of the spray-printed PEDOT:PSS films with
various thicknesses are summarized in Table S1. Based on the
TE properties of these PEDOT:PSS films, planar-type TEGs
consisting of 4 legs connected in series by inkjet-printed Ag
interconnects were realized. Their resistance was significantly
reduced from 3460 to 500 Ω as the film thickness increased
from 70 nm to 1 μm (Figure 2c) by employing spray printing,
while the other TE properties remained unchanged, indicating
that their TE output performance could be enhanced
according to eq 1. Figure 2d shows the generated output
power of the TEGs with various film thicknesses for ΔT = 10
K. In comparison with the spin-coated PEDOT:PSS TEGs, the
open-circuit voltages and the output powers of the spray-
printed TEGs were considerably improved from 0.50 to 0.63
mV and from 0.02 to 0.20 nW, respectively. The device
resistance and output power of 4-leg PEDOT:PSS TEGs with
different film thicknesses are summarized in Table S2. These
enhanced output performances were attributed to the reduced
internal resistance, especially in the TE leg resistance that
resulted from an increase in the film thickness of the TE legs.
The overall output voltage and output power were linearly
proportional to the increase in ΔT, as shown in Figure S5.
In the perspective of the realization of modules, the contact

resistance between the TE layers and interconnects can also
significantly affect the module resistance and the correspond-
ing output performance. To improve the contact properties,
many strategies for surface treatments have been reported,
such as ion implantation to match a work function and organic
molecule/polymer binding interlayers for modulating the
carrier injection mechanism, especially for field-effect tran-
sistors (FETs).40,41,44 Compatible with low-temperature and
large-area additive processing, we introduced an ultrathin end-
functionalized PS interlayer between the PEDOT:PSS legs and

Figure 4. (a) Measured contact angles and extracted surface energies
of pristine and PS-treated spray-printed PEDOT:PSS films. XPS
spectra for (b) Si 2p and (c) S 2p with and without the PS treatment
on PEDOT:PSS films.

Figure 5. Measured output performances of PEDOT:PSS TEGs with (a, b) 4 legs and (c, d) 40 legs, respectively. After introducing the PS
interlayers, the generated output power could be enhanced due to the reduced contact resistance.
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Ag interconnects selectively. Note that 4 nm-thick grafted PS
layers have been estimated from the results of X-ray
spectroscopy in previous reports.40,41,45,46 A silane-terminated
polymer (PS-Si(CH3)2Cl) coupled with a sulfonate group
(SO3

−) on a PEDOT:PSS surface provides additional paths for
carrier injection. Thus, as shown in Figure 3a, the reduced
contact resistance originating from improved charge injection
can be expected after introducing a PS interlayer, which is an
essential factor for maximizing the output performance of the
integrated TEG modules. The electrical conductivity and
Seebeck coefficient of the PEDOT:PSS films were not
significantly changed after introducing a PS interlayer and
had values of ∼600 S cm−1 and ∼15 μV K−1, respectively,
which indicates that our interface engineering was compatible
with the PEDOT:PSS TE legs (Figure 3b). The contact
resistivity between the PEDOT:PSS films and inkjet-printed
Ag interconnects was extracted using the TLM. The channel
width and thickness of the PEDOT:PSS films were 2 mm and
1 μm, respectively, and the channel length between the
electrodes was varied from 1 to 4 mm with a step of 1 mm.
Their contact resistance values were determined by extracting
the y-intercept from the total resistance versus channel length
plots, as shown in Figure S6. The contact resistances of 6.02 ×
10−2 and 2.77 × 10−2 Ω cm2 were extracted for the interface
between the PEDOT:PSS layers and Ag interconnects without
and with the PS interlayers, respectively. It should be noted
that the contact resistance was significantly reduced when
relatively low molecular weight (Mw) (<entanglement Mw of
PS, Me,PS = 32 kDa) PS-grafted oxide group (gPS) chains (8
and 26.5 kDa) were introduced, whereas a relatively high-Mw
(>Me,PS) gPS chain (135 kDa) increased the contact resistance
because of lower grafting density.40 We also calculated the
contact resistance of the PEDOT:PSS films with and without
PS interlayers at various temperatures from 300 to 400 K, as
shown in Figure 3c. In general, the primary carrier injection
mechanism at a metal−organic interface is considered to be
thermionic emission due to the potential barrier caused by the
van der Waals (vdW) gap. The TE device without a PS
interlayer exhibited gradually decreasing contact resistance as
the temperature increases, which indicates that thermionic
emission is the major carrier injection mechanism between the
PEDOT:PSS films and inkjet-printed Ag interconnects.47 On
the other hand, the counterpart with a PS interlayer did not
show significant temperature dependence of the contact
resistance with substantially decreased values, supporting that
carrier injection is facilitated through the ultrathin PS
interlayer by field emission with an effectively lowered energy
barrier. The current−voltage plots of a single TE leg for each
temperature also supported these behaviors (Table S3 and
Figure S7).
We extracted the activation energy (Ea) using the

Richardson equation, as shown in Figures S8 and S9. These
results indicate that Ea is lowered after introducing a PS
interlayer at the contact region. The difference in the activation
energy (ΔEa) shown in Table S4 was 2.59 ± 0.04 meV on
average at a channel length of 1 mm, which is attributed to the
change of the primary carrier injection mechanism. These
results are consistent with the previous results that field
emission can occur if the molecular length is below 4.5 nm,
which is a transition point to change the injection mechanism
from field emission to hopping.48 In addition, the resistance for
carrier transport by field emission can be expressed as follows

β=R R dexp( )0 (2)

where R is the molecular junction resistance, R0 is the effective
contact resistance, β is the tunneling decay coefficient, and d is
the molecular length, which indicates that field emission
typically exhibits temperature-independent behaviors. The
expected thickness of the PS interlayer, ∼4 nm, allows that
carrier injection is facilitated through the ultrathin PS
interlayer by field emission with an effectively lowered energy
barrier. To investigate the stability of PS interlayers, we
monitored the changes in the contact resistance of
PEDOT:PSS TE legs and Ag electrodes with and without a
PS interlayer over time (Figure S10). Interestingly, fewer
changes in Rc were observed after introducing the PS interlayer
exhibiting better environmental stability, which might be
attributed to the carrier injection via field emission, not
thermionic emission through vdW. In addition, the grafted PS
layer could play a role as a passivation layer of PEDOT:PSS TE
layers.
The formation of the PS interlayer on the PEDOT:PSS films

was clarified via the changed surface energy and XPS spectra.
The surface energies of the PEDOT:PSS films with and
without PS interlayers were extracted from the Owens−Wendt
geometric mean by measuring the contact angles with DIW
and ethylene glycol, which are two representative polar and
nonpolar solvents, respectively. Figures 4a and S11 show the
contact angles and extracted surface energies of the pristine
and PS-treated PEDOT:PSS surfaces. The droplets showed the
contact angles of approximately 35 and 59° with DIW, and 35
and 55° with ethylene glycol on the pristine and PS-treated
PEDOT:PSS film surfaces, respectively. From these results, we
found that the surface energy was changed from 36.5 to 26.1
mJ m−2 after introducing the PS interlayers. XPS analysis was
also conducted to clarify the binding of PS-Si(CH3)2Cl chains
with sulfonate (−SO3

−) groups on the PEDOT:PSS film. As
shown in Figure 4b, an intense XPS peak at a binding energy of
100.5 eV, corresponding to Si 2p orbitals, is observed when the
PS layer was introduced onto the PEDOT:PSS film. This peak
was maintained after the toluene rinsing process, while it is
difficult to identify the peak for the pristine PEDOT:PSS film.
Figure 4c shows another intense peak at a binding energy of
166.1 eV corresponding to S 2p levels of the S atoms in PSS.
The strong peak of the pristine PEDOT:PSS film is slightly
reduced after forming an ultrathin layer of PS-Si(CH3)2Cl,
supporting that silane-terminated PS chains are bound to the
−SO3

− moieties covering the PEDOT:PSS surface. It should
be noted that the reduced peak intensity is not attributed to
the decrease of PSS as reported in the previous papers.39,41

We investigated the effect of interface engineering with PS
interlayers on the TE output performance. The output voltages
and currents of the planar-type PEDOT:PSS TEGs with 4-leg
and 40-leg arranged in series were measured at various ΔT
from 5 to 20 K (Figures 5 and S12). Because the total
resistances decreased from 506 to 460 Ω and from 4870 to
4542 Ω in average for 4-leg and 40-leg TEGs, respectively,
after introducing the PS interlayer, their maximum output
powers increased from 200 to 223 pW and from 1.5 to 1.62
nW at ΔT = 10 K, respectively, as shown in Figure 5. These
enhanced output performances were attributed to the reduced
boundary electrical resistance by modulating the carrier
injection mechanism through a PS interlayer. It should be
noted that the contact resistance can be changed during the
evaluation of TE performance by varying ΔT for the untreated
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PEDOT:PSS TEGs. On the other hand, the constant contact
resistance was extracted after introducing the PS interlayers
due to the changed carrier injection mechanism. Therefore,
this approach allows further reliable output power generation
regardless of a given temperature difference. Our two
strategies, introducing the additive spray printing process and
functionalized PS interlayers, could contribute to the enhance-
ment of output performance of about 91 ± 1 and 9 ± 1%,
respectively (Tables S5 and S6), and show excellent
compatibility to continuous additive manufacturing compared
to previous results (Table S7). To demonstrate the
processability of large-area and low-temperature printing
technologies, all-solution-processed flexible 74-leg PE-
DOT:PSS TEGs with a PS interlayer were fabricated on a
200 μm-thick PEN substrate. This TEG exhibited an open-
circuit voltage of 9.21 mV and an output power of 2.23 nW at
ΔT = 10 K, as shown in Figure S13.

4. CONCLUSIONS
We reported two organocompatible strategies to enhance the
output performance of all-solution-processed flexible PE-
DOT:PSS TEGs. The spray printing process enabled us to
deposit micrometer-thick PEDOT:PSS TE layers, resulting in
much lower internal resistance. The boundary electrical
resistance value decreased by more than half by introducing
an end-functionalized PS interlayer between the PEDOT:PSS
TE layers and Ag interconnects. Thus, continuous printing
technologies and interface engineering approaches could
reduce the total resistance of TEGs, resulting in an enhanced
output performance without changes in other key TE
parameters, i.e., the Seebeck coefficient. This work shows a
promising approach for the realization of highly integrated
flexible organic TEGs using a low-temperature, low-cost, and
large-area process.
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