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Abstract
A free-standing high-output power density polymeric thermoelectric (TE) device is realized
based

on

a

highly

conductive

(~2500

S/cm)

structure-ordered

poly

(3,4-

ethylenedioxythiophene):polystyrene sulfonate film (denoted as FS-PEDOT:PSS) with a
Seebeck coefficient of 20.6 µV K-1, an in-plane thermal conductivity of 0.64 Wm-1K-1, and a
peak power factor of 107 µW K-2m-1 at room temperature. Under a small temperature gradient
of 29 K, the TE device demonstrates a maximum output power density of 99 ± 18.7 μW cm-2,
which is the highest value achieved in pristine PEDOT:PSS based TE devices. In addition, a
five-fold output power is demonstrated by series connecting 5 devices into a flexible
thermoelectric module. The simplicity of assembling the films into flexible thermoelectric
modules, the low out-of-plane thermal conductivity of 0.27 Wm-1K-1 and free-standing feature
indicates the potential to integrate the FS-PEDOT:PSS TE modules with textiles to power
wearable electronics by harvesting human body’s heat. In addition to the high power factor,
the high thermal stability of the FS-PEDOT:PSS films up to 250 ºC is confirmed by in-situ
temperature-dependent x-ray diffraction (XRD) and grazing incident wide angle X-ray
scattering (GIWAXS), which makes the FS-PEDOT:PSS films promising candidates for
thermoelectric applications.
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1. Introduction
Thermoelectric materials directly converting heat into electrical energy have received
widespread attention nowadays due to their huge potential for applications in harvesting
various wasted heat energy.[1] Recently, organic thermoelectric materials, as an emerging field,
have undergone rapid development although inorganic materials such as Bi 2 Te 3 still dominate
commercial thermoelectric applications.[2] Among organic materials, conducting polymers are
considered to be the most promising and are intensively studied. Compared to their inorganic
counterparts, conducting polymers have advantages such as light-weight, non-toxicity,
material abundance, easy processability, and suitability for flexible and wearable
applications.[3] Furthermore, the organic materials have better biocompatibility than inorganic
materials, which make them the best candidates for applications related to human body and
bio-sensing.
The performance of a thermoelectric material is generally valued by the dimensionless
thermoelectric figure of merit: ZT, defined as ZT = S2σT/κ, where S is the Seebeck
coefficient, σ represents the electrical conductivity, and κ is the thermal conductivity. It is
straightforward to have a high ZT by choosing a thermoelectric material possessing a high S
and σ, but a low κ. However, the three parameters are not independent of each other, but are
interrelated by carrier concentration and charge transporting mode. For instance, S as an
indicator of the average entropy transported per charge carrier decreases while σ increases
with carrier concentration. Since charge carriers can also transport heat, an increase in carrier
concentration will also induce higher κ.[4] Therefore, the effort to optimize the performance of
a thermoelectric material is always a trade-off among these three parameters. Up to now, it is
still very challenging to find materials simultaneously having high σ, high S and low κ, or to
efficiently increase ZT of a given material.
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Among the conducting polymers, poly (3,4-ethylenedioxythiophene) (PEDOT) based
materials are the most explored due to their environmental stability, aqueous solution
processability, high σ of over 103 S/cm and low κ.[5] To enhance ZT of PEDOT, many
methods are employed for improving the σ of thin PEDOT films (~100 nm).[6] For example, a
high σ over 3000 S/cm has been achieved by sulfuric acid post-treatment on the films.[7]
Another effective way to realize high thermoelectric performance is to increase S. To reach
this goal, an n-type doping strategy has been developed by X. Crispin et al. to tune the
oxidation level and charge carrier concentration.[8] A record-high power factor of 324 µW m−1
K−2 is achieved from PEDOT-Tos materials at the oxidation level of 22% due to its very high
S of 780 µV K−1. Recently, the highest ZT of 0.42 is reported for thin PEDOT:PSS film by K.
P. Pipe et al..[9]
However, from an application point of view, not only are the thermoelectric properties of
materials important, but also of concern are the output power density, thermal stability, and
geometry of thermoelectric generators or modules. Nevertheless, so far, most efforts have
been still devoted to improving the thermoelectric properties of various PEDOT:PSS based
materials. Very few articles demonstrated PEDOT:PSS based TE devices. In 2011, O.
Bubnova et al. fabricated the first thermoelectric module based on PEDOT-Tos and TTFTCNQ showing a maximal output power density of 0.27 µW cm−2 under a temperature
gradient of 30 K.[8b] D. B. Zhu et al. reported an organic TE module by incorporating p-type
material poly[Cux(Cu-ett)] and n-type material poly[Nax(Ni-ett)], which demonstrated a
record output density of 2.8 μW cm−2 for organic TE devices under a temperature bias of ΔT
= 80 K.[10] Later, a high output power density of 1.75 μW cm−2 in a free-standing TE device
based on composite system composed of PEDOT:PSS, nanofibrillated cellulose (NFC),
glycerol, and dimethylsulfoxide (DMSO) was demonstrated.[11] Very recently, a record power
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density of 60 μW cm−2 has been reported by K. Kirihara et al. with a free standing composite
TE device by employing nonwoven fabric as a holder for PEDOT:PSS.[12]
From the perspective of applications, thermoelectric generators (TEGs) containing a large
number of thermoelectric generating units connected in series are needed to achieve
considerable power output. Hard or flexible substrates supporting thin PEDOT films in TEGs
not only cause heat leakage,[11,

13]

but limit the output power density from the modules

because of the small ratios of PEDOT film thicknesses (~100 nm) to substrate thicknesses.
Therefore, thick free-standing high conducting PEDOT:PSS films are highly desired for
achieving high power density TEGs via involving less or even no supporting substrates.
However, it is challenging to fabricate a free-standing PEDOT:PSS film via normal filmforming methods (such as spin-coating, printing) from a commercial PEDOT:PSS solution
due to its low concentration (about 1.3%). Even though some groups succeeded in obtaining
thick PEDOT:PSS films, their thermoelectric properties were limited by their moderate
electrical conductivities.[14] Very recently, we developed a novel method for fabricating
micro-meter thick

free-standing PEDOT:PSS films (FS-PEDOT:PSS) that has a great

potential for large area device processing, and has been applied in high performance
supercapacitors.[15] However, the potential of FS-PEDOT:PSS in thermoelectric applications
has not been explored, yet.
Here, we report on the investigation on the thermoelectric properties of these FS-PEDOT:PSS
films and a free-standing high-output power density polymeric thermoelectric (TE) device
based on the film. The pristine FS-PEDOT:PSS film, fabricated without using extra doping,
possesses an S of 20.6 µV K-1 and a power factor of 107 µW K-2m-1 at room temperature.
Under a small heat gradient of 29 K, the FS-PEDOT:PSS TE device exhibits an output power
density of 99 μW cm-2, which is the highest reported value for the same kind of PEDOT based
devices. The films had moderate thermal conductivity of 0.64 Wm-1k-1 in plane and 0.27 Wm5

1 -1

k

through plane. A thermoelectric module with five FS-PEDOT:PSS thermoelectric

generating units are demonstrated which gives an output voltage of more than 2 mV (under
temperature gradient of 25 K). In addition, in-situ temperature-dependent x-ray diffraction
(XRD) and grazing incident wide angle X-ray scattering (GIWAXS) measurement prove
regular arrangement of PEDOT molecules and good thermal stability of the FS-PEDOT:PSS
up to 250 oC. All the above results demonstrate its great potential for applications in lowpower electronics, especially for wearable and bio-sensing electronics.
2. Results and Discussion
2.1. Thermoelectric Properties
The thermoelectric performance is investigated by fabricating a four-probe device with a
structure of glass/gold electrodes/FS-PEDOT:PSS (Figure 1a). The conductivity and S of the
FS-PEDOT:PSS film (Sample A, treated with sulfuric acid for a week) are 2500 S/cm and
20.6 µV K-1 at room temperature, which results in a power factor of 107 µW K-2m-1. For
comparison, we fabricate thin PEDOT:PSS film (96 nm) treated by 80% sulfuric acid at
110 ℃ for 3 minutes on the same substrate. The thin film demonstrates a conductivity of 2673
S/cm, Seebeck coefficient of 15.6 µV K-1 and power factor of 65 μWm−1K−2. The reduced
Seebeck coefficient and power factor of thin films compared with FS-PEDOT:PSS should be
caused by the heat leakage from the substrate, which is consistent with previous reports.[11, 13]
In order to study the relationship between conductivity and Seebeck coefficient inside this FSPEDOT:PSS, we exposed the film to tetrakis(dimethylamino)ethylene (TDAE) vapor so as to
tune the oxidation level of PEDOT (referred to as “doping”). Because TDAE is a strong
reducing agent, the σ value of the PEDOT:PSS film decreased from 2500 S/cm to 388 S/cm
while S increases from 20 µV/K to 31 µV/K; a similar effect was observed for other PEDOT
derivatives in previous studies.[8b] To compare, another sample (noted as Sample B) is
prepared with a shorter treatment time of sulfuric acid for 2 hours. Sample B has lower σ
6

(1053 S/cm) and S (19.2 µV K-1 ) than Sample A. Interestingly, the data of S and σ plotted in
a graph ln S vs. ln σ-1/4 (Figure 1b) displays a linear trend but above the “universal” behavior
found in many conducting polymers (dashed line).[3d] Importantly, this “universal” trend is
found for conducting polymers that display temperature-activated hopping transport.[16] As
previously noticed,[3d,

16]

PEDOT derivatives appear above the universal behavior as we

confirm here for our samples. This indicates that the transport mechanism in PEDOT might be
different from pure hopping transport as suggested by the semi-metallic character identified
for high Seebeck coefficient PEDOT samples.[8c] The difference between Sample A and B is
interesting since it is related to the residual amount of PSS in the sample. Starting from
pristine PEDOT:PSS composed of ordered PEDOT:PSS domains of high conductivity
separated with disordered domains rich in PSS, we expect that the removal of PSS by sulfuric
acid treatment has likely two effects: (i) to enhance the crystallinity of the ordered domains,
thus promoting the formation of a bipolaron band and increasing S; and (ii) to improve the
connectivity of the ordered domains, thus increasing the number of percolation paths and the
conductivity. Note that a similar cumulative effect of increases in Seebeck coefficient and
electrical conductivity has been found when excessive PSS is removed from PEDOT:PSS by
DMSO cleaning.[9]
To show the difference between the observed transport behaviors compared to the traditional
hopping transport of most conducting polymers, we measure the temperature-dependent
electrical conductivity in a temperature range from 200 to 400K (Figure 1c). It is interesting
that metallic behavior (negative slope) was observed for temperatures above 325K, which is
similar to the behavior of high conductivity PEDOT-Tos.[8c] Below that temperature, the FSPEDOT:PSS demonstrates typical semiconducting behavior with a positive temperature
coefficient. It implies that the FS-PEDOT:PSS possesses both semiconducting and metallic
properties, as reported recently for other PEDOT derivatives.[17]
7
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Figure 1 (a) Device structure of σ and S measurement, channel width between gold electrodes
is 1 mm. (b) The relationship between σ and S of FS-PEDOT:PSS films under different
doping level with TDAE, the dashed line is the indication of S~σ-1/4. (c) Temperature
dependent σ of FS-PEDOT:PSS in a temperature range from 200 to 400K.
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As described in the experimental section, the in-plane (longitudinal) and through plane
(transverse) thermal diffusivities were measured using ac techniques in which the sample is
heated with chopped light. In short, D tran = (0.17 ± 0.04) mm2/s is determined from the
frequency dependence of thermal radiation (Figure 2a), while D long = (0.40 ± 0.08) mm2/s is
measured from the spatial dependence of the oscillating temperature when the sample is partly
blocked by a movable screen (Figure 2b). The thermal conductivity is related to the
diffusivity by κ = Dcρ, where c = specific heat and ρ = density; assuming values of ρ = 1.37
g/cm3 and c = 1.17 J/g⋅K form previous reports,[18] we find κ long = (0.64 ± 0.13) Wm-1K-1 and

κ trans = (0.27 ± 0.06) Wm-1K-1. This value of κ long is lower than ethylene glycol (EG) (κ long =
0.94) and dimethyl sulfoxide (DMSO) (κ longs = 1.0 Wm-1K-1) treated-PEDOT:PSS,[4,

19]

presumably due to the porosity of FS-PEDOT:PSS.[15, 20] The thermal transport anisotropy
κ long/ κtrans = 2.37 is lower than previously reported (3.33 for DMSO treatment and 5.6 for EG
treatment).[4,

21]

While the value of κlong gives a modest thermoelectric coefficient of

performance ZT ~ 0.05, FS-PEDOT:PSS still functions well as a TEG, as discussed below.
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Figure 2 (a) Experimental data used to determine the through-plane diffusivity: frequency
dependence of the photothermal signals in-phase (RX) and in quadrature (RY) with the input
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chopped light. Values are multiplied by the frequency and normalized to the values of FR at
low frequency. Data is shown for two 10 µm thick samples (red and blue symbols) with the
fits (lines) to Eqtn. (2). (b) Experimental data used to determine the in-plane diffusivity:
spatial dependence of the thermocouple signal at a few frequencies. (x = distance between the
edge of the screen and the thermocouple and x0 = constant offset.) Dlong is determined from
the slopes between the dotted lines, as discussed in the text. A solid line with slope = 2.8/mm
is shown for reference.
2.2 Free-Standing TE Device
A free-standing TE device based on FS-PEDOT:PSS film is fabricated. Figure 3a
demonstrates the device structure while Figure 3b displays the output power density. The
length of the device between the heat source and cold source is 1.5 cm and the width is 0.4 cm,
thickness of the film is 3 μm, and the load resistance is 7 ohm, which is the same as the
resistance of the film so that the output power could reach a maximum value. The output
power density per cross section area of the free-standing TE device is characterized under
different temperature gradients. Encouragingly, a very high output power density of 99 ± 18.7
μWcm-2 is achieved at a small temperature gradient of 29 K, which shows that our device
possesses a much higher power density than previously reported for conducting polymers[8b,
10-11]

, and even higher than reported for some composite polymers (about 60 μWcm-2).[12] It is

worth noting that the result is achieved without optimizing the leg length of the device, and
we are confident that the performance of the free-standing film can be further improved by
further optimization of the device parameters. The superior output power density of the TE
device can be attributed to the high conductivity of the FS-PEDOT:PSS film, the highly
ordered spatial arrangement of PEDOT chains in the film and the absence of a substrate.
To demonstrate the simplicity to assemble FS-PEDOT:PSS films into practical thermoelectric
applications, a prototype thermoelectric generator containing five TE devices is made (Inset
10

of Figure 3c). As shown in Figure 3c, the TE module demonstrates a five-fold increase of S
(79.2 µV K-1) compared to the single film (15.6 µV K-1). The lower Seebeck coefficient (15.6
µV K-1) might be caused by the higher PSS ratio that improves the mechanical strength of the
FS-PEDOT:PSS films for fabricating free-standing thermoelectric module.

(a)

(b)

(c)

Figure 3 (a) A free standing TE device based on FS-PEDOT:PSS film. (b) Power output per cross
section area of the free standing TE device. The inset is a photo-picture of the free standing TEG
device. The length of the device between the heat and cold source is L=1.5 cm, film width is 0.4 cm
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and the thickness of the film device is 3 μm. The load resistance is 7 ohm which is the same as the film
so that the output power could reach a maximum value. (c) The voltage–temperature gradient
characteristics of the FS-PEDOT:PSS based single component and module; inset is the photo-picture
of the module.

2.3 Structure and Thermal Stability of the FS-PEDOT:PSS Films
To further understand the enhancement, electron paramagnetic resonance spectroscopy (EPR)
is employed to detect the presence of unpaired electrons in different PEDOT:PSS films
(Figure S1). The sulfuric acid treated FS-PEDOT:PSS film shows a weaker ESR signal than
pristine PH1000 film, indicating that polaron pairs or bipolarons are the main type of charge
carriers after the PEDOT:PSS film is treated with concentrated sulfuric acid.
In order to investigate the molecule spacing arrangement and thermal stability of FSPEDOT:PSS film, temperature-dependent XRD is performed. Figure S2a demonstrates the
XRD measurement of FS-PEDOT:PSS films before (PEDOT:PSS paste) and after (FSPEDOT:PSS) treatment with sulfuric acid, from which we find that the arrangement of
PEDOT molecules become more regular after sulfuric acid treatment, which is consistent with
the conductivity enhancement. Figure 4a shows temperature-dependent XRD patterns of the
FS-PEDOT:PSS measured from room temperature (RT) to 350 oC. The corresponding
temperature-dependence of spacing of (100) plane, d, calculated by Bragg’s law

,

and full-width at half-maximum (FWHM) of the peak are plotted in Figure 4b. Here θ is the
diffraction angle, λ is x-ray wavelength, for Cu-Kα: 0.154 nm, and n is an integer, for first
order n = 1. Obviously, the (100) plane, peak located at around 6.4o, of the FS-PEDOT:PSS
has almost no change when temperature increases from RT to 250 oC. With further increasing
temperature, the peak shifts to higher angle and becomes weaker and broader. When the
temperature exceeds 300 oC, the peak intensity drops significantly to less than half of the RT
one. After in-situ annealing at 350 oC in vacuum, the peak, measured at RT, shifts to ~ 10.1o
12

and intensity drops to 1/10 of the as-grown sample. As can be seen in Figure 4b, the spacing
shrinks from 1.38 nm to ~ 0.875 nm and FWHM raises from 2 to 4 degree. The dynamics of
structural degradation is further studied by isothermal-heat-treatment XRD measurement at
100 oC, 300 oC, and 350 oC, kept for 1 hour. Figure S2b shows that the structure degrades
dynamically when the PEDOT:PSS starts to decompose at high temperature, 300 oC, and 350
o

C. The decomposition process terminates when the sample is cooled down to RT. It seems

that the structure is permanently damaged after annealing. The shrinkage of the lattice is
probably due to the loss of material while the periodic stacking of the fibers remains. The
above results show that the FS-PEDOT:PSS film exhibits excellent thermal stability in
chemical as well as crystalline structure for temperatures < 250 oC.
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Figure 4 (a) Temperature-dependent XRD characteristics of FS-PEDOT:PSS at different temperature
(room temperature (RT) to 350℃). (b) The statistics of temperature-dependent spacing (d-spacing)
and full-width at half-maximum (FWHM).

XPS characteristics are carried out to further explore the composition changes of FSPEDOT:PSS film under heating conditions (Figure S3). Three FS-PEDOT:PSS samples are
treated at room temperature, 250 and 300 oC respectively for ten minutes in a glove box. It can
be seen that the intensity around 168 eV originating from PSS decreases substantially after the
FS-PEDOT:PSS samples were heated. This is mainly caused by the decomposition of PSS,
13

because the sulfonic acid group in PSS is not stable and SO3 gas is generated when heated
above 250 oC.[22] This result also provides a strong support for understanding the decreased
molecule distance between PEDOT. Furthermore, the reduction of PSS concentration is not
only helpful for the film’s electrical conductivity, but also thermal and air stability, in view of
its strong acidity.
To further investigate the temperature-dependent molecule packing and thermal stability of
FS-PEDOT:PSS film, in-situ annealing grazing incident wide angle X-ray scattering
(GIWAXS) measurements are also performed.[23] The two-dimensional GIWAXS patterns are
presented in Figure 5a-f. Figure 5g-h present the intensity profiles for the film annealed from
room temperature (RT) to 250 oC along the out-of-plane (qz) and in-plane (qr) directions. At
RT, we observe the (100), (200), (300) and (400) peaks in the out-of-plane direction at qz =
0.455, 0.910, 1.37 and 1.81 Å-1 (d = 13.8 Å) and the (010) peak at qr= 1.85 Å-1 (d = 3.39 Å ),
corresponding to the lamella stacking distance of alternating PEDOT and PSS and the
stacking of PEDOT, respectively.[24] This is in good agreement with the XRD results as the
(100) peak located at around 6.4o and also indicates that the FS-PEDOT:PSS film has high
crystallinity and aligns in preferred orientation with respect to the substrate. As the
temperature is gradually increased to 250 oC, the FS-PEDOT:PSS film maintained the similar
scattering pattern, providing further evidence to the remarkable thermal stability and therefore
the observed high conductivity.
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Figure 5 2D GIWAXS patterns of the FS-PEDOT:PSS film (a) without annealing and (b-f)
in-situ annealed with increasing temperatures. GIWAXS intensity profiles along the (g) outof-plane and (h) in-plane (Inset: Illustration of crystalline FS-PEDOT:PSS) directions.
3. Conclusion
A high power factor (107 µW K-2m-1) has been demonstrated with free-standing conducting
polymer PEDOT:PSS films, with an output power density of 99 ± 18.7 μW cm-2 in a
corresponding free-standing TE device under a temperature gradient of 29 K. The high
thermoelectric performance of the TE device is attributed to the high conductivity of the thick
PEDOT:PSS films, derived from the ordered stacking structure of the PEDOT chains and the
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absence of a substrate. The ordered structure is stable up to 250 oC. The results indicate that
FS-PEDOT:PSS thermoelectric devices have huge potential for applications in low-power
electronics in the future. One more advantage of the FS-PEDOT:PSS films over their thin
PEDOT:PSS counterparts is the possibility to be used in a vertical geometry embedded in a
textile to harvest heat from human body for powering wearable electronics.
4. Experimental Section
Preparation of FS-PEDOT:PSS: The detailed preparation procedure of the FS-PEDOT:PSS
film is similar to that of our previous report.[15] The critical point of this strategy is to increase
the PEDOT:PSS particle size assisted by diluted 1M H2SO4, which is confirmed by a
Dynamic Light Scattering (DLS) measurement (Figure S4). A high concentration H2SO4
(99.99%) is employed to treat the FS-PEDOT:PSS film for a week to achieve high
conductivity of 2500 S/cm.[7] Figure S5 presents the Scanning electron microscope (SEM)
photographs of the surface (a, c) and cross-section (b, d) of free standing PEDOT:PSS films
before and after treated by concentrated sulfuric acid, from which we can find that the treated
film demonstrates a layer by layer structure. This morphology is consistent with the improved
conductivity.
Conductivity and thermoelectric characterization of FS-PEDOT:PSS: As for the conductivity
measurement, we use a four-probe approach to measure the I-V of the film and thereby
calculate out the conductivity. We firstly fabricate the glass substrate with four evaporated
gold electrodes with thickness of 20 nm, width of 1 mm, length of 1.5 cm and channel length
of 1 mm. The gold electrodes are fabricated by vacuum deposition with a thin adherent layer
of Cr between gold and glass. Then FS-PEDOT:PSS film is directly paved onto this glass
substrate under wetting condition with the help of a nitrogen gas gun. The current-voltage (IV) characteristic is measured by a Keithley 4200. The film thickness is measured by step
profiler of DEKTAK 150. Then the conductivity is calculated from the following equation:
16

σ = 𝐼𝐼L/𝑉𝑉A

(1)

Here, σ is conductivity, I is the current, L is the channel length, V is the voltage, A is the cross
area of the sample.
For the S measurements, the samples are fixed in between a pair of Peltier modules to
maintain the desired temperature difference. Here, ∆T is measured by means of
thermocouples and the thermal voltage is read directly from a nanovoltmeter. Doping of FSPEDOT:PSS is done in the glovebox by exposing the film over a bottle of TDAE so the vapor
could reach the film. The doping level is tuned by changing the exposure time. After doping,
the sample is sequentially measured also in the glovebox.
Thermal conductivity measurement: The transverse, through-plane thermal diffusivity, Dtrans,
is measured on two d = 10 µm pieces (area ~ 7 mm2) of sample using an ac-photothermal
technique.[25] The sample, in vacuum, is placed several mm from an infrared detector while
the opposite face of the sample is illuminated with white light chopped at frequency F = ω/2π.
The frequency dependence of the oscillating temperature on the back face of the sample
(facing the detector) is given by:[25]
Tac = A0 χ / {ω[sinhχ cosχ (1-i) + coshχ sinχ (1+i)]}

(2)

A0 is a constant and χ ≡ (901/2 ωτint/2)1/2, where τint = d2/(901/2 Dtrans) is the internal thermal
time constant of the sample,[26] and the phase is measured with respect to the incident light.
For the fairly opaque samples, with a 10 µm long-wave pass filter placed the sample and
detector, negligible light from the source reaches the detector. Therefore, unlike in
Reference[25] we are able to fit the frequency dependence of the detector signal in-phase (RX)
as well as in quadrature (RY) with the incoming light, as shown in Figure 2a, where results for
two samples are shown. The fitted time constants for the samples are τint = (61 ± 2) µs and (64
± 2) µs, so with the thickness d = (10 ± 1) µm, we find Dtrans = (0.17 ± 0.04) mm2/s.
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For the longitudinal in-plane diffusivity, Dlong, we use the technique of Hatta, et al;.[27] A ~ 1
cm long strip of d = 10 µm material is suspended, in vacuum, on 12 µm chromel-constantan
thermocouple wires which are glued to the bottom center of the sample. The top face of the
strip is illuminated by white light chopped at frequency F << 1/τint. A movable screen blocked
most of the sample, including the part above the thermocouple. As the screen is moved a
distance x, the oscillating temperature, measured by the thermocouple, is given by:[27]
F-1/2 dlnTac/dx = - (π/Dlong)1/2

(3)

Results at three frequencies are shown in Figure 2b. The average slope, taken between the
region in which the signal saturates (small x) and the region in which the signal gets lost in
the noise (large x) is (2.8 ± 0.3)/mm, giving Dlong = (0.40 ± 0.08) mm2/s.
Fabrication of thermoelectric device and module: A free standing thermal electric device is
made by cutting a 3 μm thick FS-PEDOT:PSS film into shape, and then copper paste is used
for electrical connection to electrodes. Note that the copper paste is on both sides of the film,
so when the sample is put on Peltier modules there was no temperature difference in the
vertical (through plane) direction and the voltage is only contributed by in-plane thermal
Seebeck effect. To fabricate the thermoelectric module, five rectangular openings (0.2 × 2
cm2) are made on the PES substrates, with silver paste used between the openings as
electrodes of the module. Then the FS-PEDOT:PSS film is put on the openings by fixing two
ends on the PES substrate. Finally, the electrodes and FS-PEDOT:PSS films are connected in
series by silver paste.
XRD and GIWAXS characterization: An in situ annealing XRD measurement is performed
using a Philips X’Pert MPD Bragg-Brentano diffractometer equipped with a Edmund-Bühler
HDK 2.4 high-temperature high-vacuum chamber with a Be window.[28] The grazing
incidence wide angle X-ray scattering measurements (GIWAXS) are carried out at BL23A1
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of National Synchrotron Radiation Research Center, Hsinchu. The energy of the X-ray source
is set to 10 keV (wavelength of 1.24 Å) and the incident angle was 0.15°.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure S1 EPR spectra of pristine PEDOT:PSS film and concentrated sulfuric acid treated
PEDOT:PSS film. The films were fabricated by spincoating method on thin-glass substrate.
As for the H2SO4-PEDOT:PSS film, it was spincoated from the PEDOT:PSS paste and then
treated by concentrated sulfuric acid for 10 min at room temperature.
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Figure S2 (a) XRD measurement of free standing PEDOT:PSS films before (PEDOT:PSS
paste) and after (FS-PEDOT:PSS) concentrated sulfuric acid treated. (b)Time-dependent
XRD of FS-PEDOT:PSS film at different temperatures of 100, 300 and 350℃.

500

FS-RT
FS-250
FS-300

Intensity (a.u.)

400

300

200

100

0
160

162

164

166

168

170

172

174

Binding energy (eV)

Figure S3 XPS characterization of FS-PEDOT:PSS samples treated for 10 minutes in glove
box at room temperature, 250 and 300oC, repectively.
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Figure S4 DLS measurement of pristine PH1000 (S1), PH1000 + 5% EG (S2) and
PEDOT:PSS paste (S3).
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Figure S5 SEM photographs of surface (a, c) and cross-section (b, d) of free standing
PEDOT:PSS films before and after treated with concentrated sulfuric acid.
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