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Polymer-based thermal interface materials (TIMs) have attracted wide attention in the field of thermal
management because of their outstanding properties including light weight, low cost, corrosion
resistance and easy processing. However, the low thermal conductivity (~0.2 W m~* K™% of the intrinsic
polymer matrix largely degrades the overall thermal performance of polymer-based TIMs even those
containing highly thermal conductive fillers. Hence, enhancing the intrinsic thermal conductivity of the
polymer matrix is one of the most critical problems needed to be solved. This paper studies the thermal
conductivity of poly(3,4-ethylenedioxythiophene) (PEDOT) films fabricated via cyclic voltammetry. By
controlling the number of cycles in the electrochemical synthesis, different thickness of PEDOT films
could be obtained. A time-domain thermoreflectance (TDTR) system was employed to evaluate the
thermal performance of such as-prepared PEDOT films. We have demonstrated that a PEDOT film with
thickness of 40 nm achieves the highest out-of-plane thermal conductivity of ~0.60 W m~* K™%, which
is almost three folds the thermal conductivity of commercially available pristine PEDOT:PSS film with

R 4 315t October 2021 similar thickness. The X-ray diffraction spectrum reveals that the PEDOT thin film with high crystallinity at
eceive st October A . . . o .
Accepted 4th January 2022 the initial stage of electrochemical synthesis leads to enhanced thermal transportation. The findings in
this work not only offer an opportunity to fabricate polymer materials exhibiting enhanced thermal
DOI: 10.1039/d1ra07991¢ conductivity, but also allow one to adjust the thermal performance of conducting polymers in practical
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Introduction

Poly(3,4-ethylenedioxythiophene) (PEDOT) and its doped
mixtures are some of the most widely studied conducting
polymers due to their high electrical conductivity, easy proc-
essability and chemical stability.”® Pristine PEDOT films,
however, like most polymers, usually possess low thermal
conductivity (~0.2 W m~' K '),* that hinders their practical
thermal management applications for organic electronics and
batteries, where high thermal conductivity is required.’
Commercially available PEDOT solutions are composed of
PEDOT and surfactant poly(styrenesulfonate) (PEDOT:PSS).®
This surfactant enables the dispersion of PEDOT molecules in
solutions and makes the post-processing techniques easier to
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perform, enhancing the physical properties of PEDOT films.”*
Post-treating PEDOT films with polar solvents (e.g. dimethyl
sulfoxide (DMSO),® ethylene glycol (EG)," etc.) or acids* is
a currently traditional and effective strategy to change the
thermal conductivity. Liu et al. drop-casted DMSO-mixed
PEDOT:PSS aqueous solution into films and an out-of-plane
thermal conductivity of around 0.3 W m~' K" was achieved.’
Hinckley et al. deposited the PEDOT:PSS film on a wafer, and
then treated it with EtOH solution. Such a post-treated film
exhibited a thermal conductivity of around 0.31 Wm ' K * in
the out-of-plane direction.” Yamaguchi et al mixed
commercially-available PEDOT:PSS solution with 5 vol% EG
and then spin-casted the mixed solution.' After baking, the
obtained film with a thickness of 70 nm possessed an out-of-
plane thermal conductivity of around 0.29 W m™" K.

The reported out-of-plane thermal conductivities of PEDOT
and its derivatives are almost no more than 0.3 W m™’
K~ 122191214 gych a low thermal conductivity is as expected due
to strong phonon scatterings arising from the disorder in
structures, where molecular chains of PEDOT always entangle
or twist with each other.**® Even though the existence of rigid
and oriented backbone of PSS in PEDOT:PSS facilitates phonon
transportation,”” and can elevate the in-plane thermal
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conductivity over 1.0 W m~* K~ '.%1%%¢ The out-of-plane thermal
conductivity, which is of critical significance in thermal
management applications including thermal interface mate-
rials (TIMs), is still around 0.3 W m~* K. Spin-coating, drop-
casting and some other methods based on solution processing
to simply cast polymer into films are not enough to give any
control on the microstructures during the formation of polymer
films, even followed by post-treatment, the obtained thermal
conductivity still remains low. Xu et al'” has reported that
ultradrawn polyethylene films can achieve the thermal
conductivity up to 62 W m™~* K '. Zeng et al.*® used electro-
spinning to produce the fibrous epoxy films with the thermal
conductivity as high as 0.8 W m~' K *. Although stretching”
and electrospinning® have successfully mitigated the structural
disorder-induced low thermal conductivity,'® these methods are
not practical for TIMs since they can only deal with the in-plane
thermal conductivity leaving out-of-plane thermal conductivity
still remaining poor. With respect to the enhancement of out-of-
plane thermal conductivity, Smith et al.* infiltrated regiore-
gular poly(3-hexylthiophene) (rr-P3HT) solution into the nano-
channels of anodic aluminium oxide (AAO) templates to orient
the arrangement of polymer chains along the nanochannels.
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Followed by evaporation and etching of AAO, they obtained
P3HT arrays with thermal conductivityupto1 +02Wm 'K .
However, it involves too complicated processing flow to be
realized for commercial production.

To overcome the deficiencies of these methods on the
thermal conductivity, bottom-up synthesis enabling control-
lable growth of polymer is under exploration. Oxidative chem-
ical vapor deposition (0CVD) can control the crystallinity and
morphology of deposited polymer film by tuning the parame-
ters such as temperature, substrate and oxidative agent.”**
Wang et al. adopted the oCVD approach to molecularly engineer
the crystallization-orientation of PEDOT films by controlling the
temperature and film thickness, and then greatly enhanced the
electrical conductivity and carrier mobility of the obtained
PEDOT films.** Smith et al. used oCVD to grow 53 nm PEDOT
film with thermal conductivity of 0.319 W m~* K~ measured by
3w method.”® Though the oCVD approach provides a precise
modulation on the molecular-level structure, the complicated
equipment and relatively high cost are not affordable in many
practical applications. As a traditional method, electro-
polymerization provides an alternative and easy-to-implement
way to achieve bottom-up synthesis of PEDOT by the assembly

Au film coated
on Si substrate

Growth of PEDOT
film on Au film

(a) Schematic of the experimental setup for the electropolymerization of PEDOT; (b) the optical images of as-synthesized PEDOT thin film

on the Au-coated silicon substrate; (c) the molecular structures of PEDOT and TBAPFg. (d) Digital photos and (e) scanning electron microscopy
(SEM) images of the PEDOT conducting polymer films fabricated by electropolymerization via cyclic voltammetry with the cycles of O (i), 3 (ii), 10

(iii), 20 (iv).
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of EDOT monomers.>**” Singh et al. electropolymerized arrays
of PEDOT nanofibers using AAO templates.”® The nano-
confinement effect induced the oriented growth of molecular
chains so that the thermal conductivity of an individual fiber
was up to 4.4 W m~' K~ '. However, for arrays of PEDOT
nanofibers, the thermal conductivity decreased to 0.8-1.0 W
m~' K~'. Additionally, removing AAO templates and keeping
nanofibers standing without collapsing is not applicable.

In this work, we used template-less electropolymerization
instead of high-cost oCVD to synthesize PEDOT films, and
studied the thermal performance of PEDOT films. In avoidance
of involving complicate treatments after using templates, we
directly deposited PEDOT on the Au-coated silicon substrate
and studied the variance of thermal conductivity during the
growth of PEDOT films. By applying time-domain thermore-
flectance (TDTR) to measure the out-of-plane thermal conduc-
tivity of films, we observed thickness-dependent thermal
conductivity in PEDOT films, where the thermal conductivity of
PEDOT film was reduced with the increase of thickness, indi-
cating structural changes during the growth. With the thickness
around 40 nm, the out-of-plane thermal conductivity is up to
0.6 W m™~ ' K", higher than the bulk thermal conductivity of
0.2 Wm™ ' K for most polymers. We analyzed the evolution of
morphology and structures in the growth of the PEDOT, and
concluded that the degree of structural order is the key factor in
the thickness-dependent thermal conductivity. The study on the
thermal performance of electropolymerized PEDOT films
during the growth gives an exploratory insight in developing
electrochemical method as an effective way to modulate the
thermal performance of polymer, and the tunable thermal
performance shows great prospects in applications such as
sensors, thermoelectric devices and thermal management
systems.

Results and discussion

Electropolymerization of PEDOT films and their surface
morphology

In this work, we used a conventional three-electrode cell for the
electropolymerization by an electrochemical workstation
(Fig. 1a). A platinum pad served as the counter electrode, and an
Ag/Ag' (0.1 M AgNO;) quasi-reference electrode was home-made
and directly immersed in the electrolyte solution. The prepared
silicon substrates deposited with a layer of Au acted as the
working electrode (Fig. 1b). 3,4-Ethylenedioxythiophene
monomers and tetrabutylammonium hexafluorophosphate
(TBAPF,) (Fig. 1c) were used for the electropolymerization of
PEDOT. Acetonitrile was used as solvent to prepare the elec-
trolyte composed of 0.1 M TBAPF¢ and 10 mM EDOT in a 500 ml
flask. After slowly pouring the electrolyte into the electrolytic
cell, the electrolyte was purged with nitrogen for at least 15
minutes prior to use. Dark blue PEDOT film was then electro-
chemically synthesized by cyclic voltammetry (Fig. 1b), and
meanwhile, the nitrogen was kept purged in avoidance of
oxygen. As-synthesized samples were rinsed with acetonitrile
and dried in air for subsequent characterizations and tests.
Fig. 1d(i) and e(i) show the optical micrograph and scanning
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electron microscopy (SEM) image of Au film surface, respec-
tively. Fig. 1d(ii)-(iv) are the optical micrographs of synthesized
PEDOT films via cyclic voltammetry with the number of cycles 3,
10 and 20, which corresponds to the thickness of 250 nm, 1.84
um and 11.41 pm measured by profilometer. The color of
optical photos changes with the increase of cycle numbers due
to the reflection caused by the increasing thickness of PEDOT
film. Although the surface texture in Fig. 1d(ii) (3 cycles)
behaves almost no difference from pure Au film surface, SEM
image (Fig. 1e(ii)) reveals that PEDOT has already grown on the
Au film and makes the surface rough. By closely examining
Fig. 1le(iii) and (iv), the island structures composed of PEDOT
oligomers distribute over the substrate, which facilitate the
further growth of PEDOT film and become denser. With the
increase of cycle numbers, the thickness and surface roughness
of PEDOT film increase gradually.

Thermal conductivity measurement by TDTR system

In this work, we utilized TDTR system to evaluate the thermal
conductivity of as-prepared PEDOT films since this method is
suitable for measuring thermal conductivity of samples with
nanoscale thickness. A schematic diagram of our system is
shown in Fig. 2a and the detailed information of TDTR instru-
ment**" is presented in ESL{

To test the reliability of our TDTR system, we measured the
thermal conductivity of silicon substrate. We deposited an
aluminium (Al) layer with thickness of 50 nm on the silicon
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Fig. 2 (a) Schematic illustration of time-domain thermoreflectance
(TDTR) system. (b) The ratio of the phase-to-phase voltage under
different time delay in the process of the thermal conductivity test for
silicon substrate.
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substrate, which acts as a transducer layer to monitor the
temperature evolution caused by laser heating and heat dissi-
pation in the substrate. Then, we can get the out-of-plane
thermal conductivity of silicon substrate by fitting the temper-
ature reduction rate according to multilayer thermal transport
model. We have measured several different positions on
samples to ensure the repeatability of testing results and the
obtained thermal conductivity of Si substrate was 146.42 +
4.31 W m™ "' K. In reference to the recommended value of
148 W m ™" K" for single crystal silicon at room temperature,*
the experimental result confirms the reliability of the TDTR
system used for the measurement.

Fig. 2b demonstrates the representative raw data with time
delays of 0-4 ns in the TDTR measurement. The circular scatter
point is the experimental data, and the black solid line is the
theoretical fitting curve. There is a relatively good fit between
the experiment data and the model with an error tolerance (blue
dashed line) within 10%. We also analyzed the sensitivities of
silicon coated with Au films in ESL{

The measurement on the thermal conductivity of
electropolymerized PEDOT films

Before the TDTR measurements of electropolymerized PEDOT
film, we tested the thickness and surface roughness of the as-
prepared PEDOT films. Fig. 3a and b show two-dimensional
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and three-dimensional AFM images of the surface texture of
PEDOT films prepared by cyclic voltammetry (3 cycles). The
surface roughness of PEDOT film is R, = 17.9 nm and Ry =
23.5 nm, which is larger than that of Au film. However, it still
satisfies the requirement for TDTR measurement. Fig. 3c shows
the schematic diagram of the multilayer model for PEDOT film
coated with Al layer. With the similar measurement process
above, we measured the thermal conductivity of PEDOT films
with the thickness of ~250 nm. We also analyzed the test
sensitivity in the PEDOT film sample, as shown in Fig. S1.7 The
out-of-plane thermal conductivity of PEDOT film with thickness
of ~250 nm is 0.272 W m~* K™, which is close to the thermal
conductivity value of bulk polymer.* Previous work have re-
ported that thicker polymer films or fibers tended to produce
low thermal or electrical conductivities, which is related to
microstructure and crystallization.'®>*"** Therefore, we reasoned
that the low thermal conductivity of PEDOT film with thickness
of ~250 nm was due to the disordered microstructures and
crystal domains inside PEDOT film. Such disordered structures
result in strong phonon scatterings between crystal domains
and obstruct thermal transportation. To enhance thermal
conductivity of electropolymerized PEDOT film, we decreased
the number of cycles during cyclic voltammetry to reduce the
thickness of PEDOT film. As shown in Fig. 3d, when the thick-
ness of PEDOT film decreased to ~100 nm (1.5 cycles), the
thermal conductivity increased to 0.546 W m™ ' K '. On the
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Fig. 3 AFM image of surface roughness for PEDOT film (a) and three-dimensional AFM image of PEDOT film (250 nm) (b). (c) Sample model of
PEDOT film coated on Au film for TDTR measurement. (d) Out-of-plane thermal conductivities of commercially available PEDOT:PSS films after
various post treatments and PEDOT film fabricated by electropolymerization. (e) The dependence of thermal conductivities on the thickness of

PEDOT films fabricated by electropolymerization.
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contrary, the out-of-plane thermal conductivity of commercial
available PEDOT:PSS film with similar thickness is only 0.207 W
m~' K ' (Fig. 3d). Even after applying traditional post-
treatments to pristine PEDOT:PSS film, the out-of-plane
thermal conductivity still remained lower compared to our
electropolymerized PEDOT film. Hence, the thermal conduc-
tivity of PEDOT film can indeed be enhanced by electro-
polymerization method. To further explore the impact of
thickness of electropolymerized PEDOT film on the thermal
performance, we have synthesized the PEDOT films with
different thickness and measured their thermal conductivities.
From Fig. 3e, we observed thickness-dependent thermal
conductivity of the PEDOT film, where the thermal conductivity
decreases as the film thickness increases. The maximum
thermal conductivity is up to 0.604 W m~' K~ when the film
thickness is 40 nm (0.5 cycles), indicating that the electro-
chemical synthesis method used in this work can significantly
improve the out-of-plane thermal conductivity of PEDOT films
to a certain extent compared to common methods of solution
processing such as drop-casting or spin-coating.* Due to the
limited reliability of TDTR for samples with thickness less than
40 nm, we did not take a further study on thinner PEDOT films.
However, we can speculate from the trend that the thermal
conductivity can be further enhanced when the film thickness is
below 40 nm. We attributed the thickness-dependent thermal
conductivity to the changes in the microstructures of film,
where high-order structures exist in thinner films, which will
result in a reduced phonon scattering.

Mechanism behind the thickness-dependent thermal
conductivity

The doping levels of PEDOT films with different thickness were
analyzed by XPS and the results are shown in Fig. S4.1 The
doping level can be calculated by the atom ratio of sulfur ion (S*)
and sulfur (S) in all chemical states (Siota1 = So +S* + Sshake-up)™
as shown in Fig. S4(b).T The obtained doping levels are 33%, the
same for all PEDOT films with different thickness as illustrated
by the overlapped peaks of PEDOT films with different thick-
ness. Such result indicates that the thickness-dependent
thermal conductivities obtained were thus not affected by the
doping levels since all the doping levels are the same. Besides,
PEDOT is well-known for its best atmospheric stability among
conducting polymers.***® Therefore, the stability of the PEDOT
film with the doping level of 33% was tested by keeping the
PEDOT film in air for 8 days. The result given by XPS showed
that the doping level maintained around 33% (Fig. S5t), the
same as that of the original sample, which demonstrated the
stability of the PEDOT. Fig. 4a shows the X-ray diffraction
spectrum of PEDOT films of different thickness fabricated by
cyclic voltammetry. In the electrochemically synthetic process,
we controlled the number of cycles, and kept the standing
potential and the scan rate constant, from —0.2 V to 0.9 V at
100 mV s~ *. The diffraction peak in Fig. 4a can be assigned to
(200) at 20 of 13.0°, as is similar to previous XRD pattern of
PEDOT films doped with TBAPF4.>” Obviously, the peak corre-
sponding to (200) of the 40 nm film is the sharpest and the peak

© 2022 The Author(s). Published by the Royal Society of Chemistry
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PEDOT chain Crystal domain

Fig. 4 (a) XRD results for the PEDOT films with different thickness; (b)
schematic of the distribution of crystalline regions within PEDOT thin
films at different growth stages (different thickness).

of the 100 nm film is close to that peak, while the 220 nm film
(2.5 cycles) shows least sharp peak. The peak pattern of XRD
analysis indicates the progress of structural evolution during
the growth of PEDOT films and the different structure in films
with different thickness. According to previous work, two
groups of four PEDOT chains partly stacking in the direction
perpendicular to the molecular plane side by side form the
crystal unit cell in electropolymerized PEDOT films.*”** The
crystallinity of the whole film depends on the number of such
crystalline units. The regular structure within crystalline greatly
reduces phonon scatterings and provides highway for phonons
transportation, hence enhances the thermal conductivity
compared to other amorphous area, where disordered molec-
ular chains including distortion and entanglement heavily
hinder the effective phonon transportation.*” A broadened
peak for the 220 nm film indicates a lower degree of crystal-
linity, implying the lack of structural order. In contrast, a higher
degree of crystallinity in the 40 nm film produces high density
of ordered crystalline zones, which lead to a higher thermal
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conductivity. Based on the experimental results, we hypothe-
sized the mechanism of thickness-dependent thermal conduc-
tivity of electropolymerized PEDOT film and the schematic is
shown in Fig. 4b. At the initial stage, during the growth of
polymer film, polymer molecular chains are short and not easy
to twist and entangle, resulting in thin films with more crys-
talline zones and smooth film surface. With the growth
proceeding, molecular chains grow longer and tend to become
disordered.** The surface becomes rougher and the crystallinity
is reduced, which is consistent with the results of surface
roughness and XRD of PEDOT films with different thicknesses.
Therefore, the thermal conductivity measured in this work
shows a downward trend with the increase of thickness of
PEDOT film in the sample.

Conclusions

In summary, we have prepared PEDOT films with different
thickness via cyclic voltammetry, studied thickness-dependent
thermal conductivity of as-prepared PEDOT film, and dis-
cussed mechanistic insight of thermal transport capability
relying on the inner structures of PEDOT film. TDTR measure-
ment reveals that, with the increase of thickness of as-prepared
PEDOT film, its out-of-plane thermal conductivity shows
a downward trend, which is related to the decrease of crystal-
linity and disorder degree of molecular chains inside polymer
film. In our work, 40 nm as-prepared PEDOT film exhibits the
highest thermal conductivity of 0.60 W m ™' K™, which is about
100% higher than that of post-treated PEDOT:PSS film reported
previously. It indicates that the electrochemical synthesis
method used in this study can not only improve the out-of-plane
thermal conductivity of PEDOT films, but also allow one to tune
the thermal performance of electropolymerized PEDOT film by
simply adjusting electrochemical synthetic conditions.
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