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Abstract

Organic thermoelectric materials are promising for wearable heating and cooling devices, as well as near-room-
temperature energy generation, due to their non-toxicity, abundance, low cost, and flexibility. However, their
primary challenge preventing widespread use is their reduced figure of merit (zT) caused by low electrical
conductivity. This study presents a method to enhance the thermoelectric performance of solution-processable
organic materials through confined crystallization using the lithographically controlled wetting (LCW) technique.
Using PEDOT as a benchmark, we demonstrate that controlled crystallization at the nanoscale improves electrical
conductivity by optimizing chain packing and grain morphology. Structural characterizations reveal the formation
of a highly compact PEDOT arrangement, achieved through a combination of confined crystallization and DMSO
post-treatment, leading to a fourfold increase in the power factor compared to spin-coated films. This approach
also reduces the thermal conductivity dependence on electrical conductivity, improving the zT by up to 260%. The
LCW technique, compatible with large-area and flexible substrates, offers a simple, green, and low-cost method
to boost the performance of organic thermoelectrics, advancing the potential for sustainable energy solutions and
advanced organic electronic devices.
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Introduction

Renewable energy sources, including solar, wind, hydro, biomass, and thermoelectricity, offer clean alternatives
to traditional fossil fuels. Thermoelectric (TE) devices, which efficiently convert waste heat into electricity, align
with the Internet of Things (loT) demand for low-impact power sources,! and provide a sustainable option for
various applications from wearable electronics to large-scale heat recovery. Due to certain advantages of organic
materials over inorganic ones, such as non-toxicity, large material abundance, low cost, mechanical flexibility, and
processability from solution, they find broad application in TE devices working with small thermal gradients near
room temperature. 23
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The efficiency of TE devices can be expressed by the unitless figure of merit zT = %, where o and k are the

electrical and thermal conductivities, S is the Seebeck coefficient, which measures the voltage generated from a
temperature difference across a material, and T the absolute temperature. In organic semiconductors, k is
inherently low due to the disorder in these systems, making them attractive for TE applications.*

Maximizing zT in TE devices requires balancing o, S, and k, which are interrelated with competing mechanisms. To
increase S in semiconductors, the Fermi energy (Ef) must be shifted from the charge neutrality point, enhancing
the asymmetry of the charge carriers’ energy distribution. However, this reduces carrier density, lowering o.
Conversely, shifting EF deeper into energy bands increases o but makes the energy distribution more symmetric,
reducing S. (5) This is the case of the molecular doping approach to boost o by increasing the charge carrier
density, where doping consists of a charge transfer between the dopant molecule and the organic host, a process
driven by the difference between the ionization energy and electron affinity of the couple.®’

The morphology and molecular order of polymers play crucial roles in charge transport and TE performance.®
Factors like polymer molecular weight,>'° side chains,''2? solvent selection, and deposition techniques influence
the thermoelectric properties by affecting the packing and order of polymer chains. In polymer-dopant blends,
controlling dopant concentration is essential to avoid phase segregation and maintain optimal electrical
conductivity.!®> Therefore, most organic TE materials are far from being high TE performers due to either inherently
low packing order or doping-induced disorder.”'4> While some methods improve o, they also tend to increase k
due to enhanced electron contributions, except in cases of materials like organic phonon-glass electron-crystals,
which maintain low thermal conductivity with promising zT values.®

A possible approach to reduce k without adversely affecting o is to suppress phonon transport by surface boundary
scattering in very thin films and nanowires by making one or more dimensions of the active TE material smaller
than the mean free path of the phonons but still larger than that of electrons and holes.'’-*° For example, silicon
nanowires with widths of 10-20 nm demonstrated a 100-fold increase in zT compared to bulk silicon due to
suppressed k.2° However, fabricating materials with such small features is technologically challenging and
expensive.

Organic semiconductors, and in particular conjugated polymers, can be prepared in the form of very thin films or
nanowires (NWs) by crystallization in a confined environment, exploiting template synthesis to fabricate polymer
nanostructures with high molecular and supermolecular order?! and enhanced ¢.?? Film nanostructuring by
crystallization in a confined environment provides an effective approach to simultaneously enhance o and
suppress k by promoting phonon surface boundary scattering, overcoming the strong correlation between the TE
parameters.

Previous works on the crystallization in confined environments of organic materials have shown control of the
crystalline order/orientation, dewetting phenomena, and spontaneous phase segregation, together with the
controlled size and shape of organic single-crystal arrays.?32¢ In conjugated polymers, the control of the polymer
chains packing imposed by the confined environment resulted in enhanced o and PF as compared to thin film
counterparts?’-?° but an estimation of k in these systems is missing due to experimental difficulties, despite its
fundamental importance in the determination of the TE performance.

An a priori assessment of k in micro and nanostructures crystallized in confinement is not trivial because two
competing mechanisms are at play. On the one hand, in accordance with the Wiedemann-Franz law, k is expected
to increase in thin film and nanowires showing high values of o due to an enhanced contribution of the electronic
component of the thermal conductivity k. = (ks/e)? LTo, where e is the electron charge, and L is the Lorenz factor.
On the other hand, decreasing one or more dimensions to the micro/nanometer range is expected to promote
phonon surface boundary scattering, an effect that becomes increasingly important with decreasing the thin
film/NW physical dimensions. Additionally, quantum confinement alters the density of states (DOS) by introducing
discrete energy levels, leading to sharper DOS features. This modification in the DOS enhances S due to the
increased asymmetry in the carrier distribution near the Fermi level, thereby potentially further improving the
thermoelectric performance.3%3?



This work aims to show how tuning the packing and morphology of polymer chains through precise crystallization
control at the nanoscale can significantly enhance the thermoelectric figure of merit zT. For this purpose we used
the lithographically control wetting (LCW,) fabrication method (Figure 1), a versatile technique capable of
patterning submicrometric structures in confined conditions from a solution.?®33 By imposing confined
crystallization under the protrusions of a patterned stamp, this technique creates specific patterns of poly- or
single-crystalline nanostripes/fibers with enhanced crystalline order and orientation.?

We validate this approach by investigating crystallization in confinement for the leading organic TE material
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Figure 1). This material has demonstrated a
record room temperature zT among organic materials up to 0.42 after selective dedoping.3* Even higher room
temperature zT values, up to 0.75, have been reported for PEDOT:PSS films, although a direct measurement of k
was missing.3®

The versatility of the LCW technique as an additive methodology is highlighted by combining it with secondary
doping methods using Dimethyl sulfoxide (DMSO, Figure 1),3¢ which allows a stronger PEDOT-PEDOT interaction
due to the PSS segregation phenomena, promoting the charge transport mobility and, therefore, enhancing o
without affecting S.

We show that the LCW method produces modulated PEDOT:PSS films with a significant increase in 0 and a minor
increase in k as compared to film obtained by spin coating (SC). These effects are attributed to the enhanced
PEDOT chain packing with more compact lamellar and ni-it packings as well as improved grain morphology, leading
to a small increase in the contribution of k. to the total thermal conductivity, which is, however, largely
overcompensated by a much more substantial increase in 0. As a result, we observe an enhancement of zT in the
LCW films by up to ~230% as compared to SC counterparts.

For both the SC and LCW films, the increase in k with o follows the Wiedemann-Franz law but with a Lorentz
number smaller than the conventional Sommerfeld value Lo. Notably, the Lorentz number for the LCW films is
strongly reduced, only 27% of Lo, less than half of the value observed in SC samples. This substantial decrease in
the Lorenz number for patterned films is likely due to enhanced carrier localization length, which results from
improved packing of PEDOT chains and improved grain morphology. Despite expectations, these structural and
morphological improvements do not increase the thermal conductivity (k;) lattice component compared to the SC
films. Instead, any potential increase is offset by increased phonon surface boundary scattering, which is
characteristic of the thin and nano-patterned structure of LCW films. These findings are crucial for advancing low-
cost organic TE devices based on abundant, non-toxic materials, and they hold significant potential for developing
self-powered flexible electronics.

Results and discussions

Three types of samples were prepared using SC and LCW methods: 1) a pair of pristine PEDOT:PSS films, referred
to as P-SC and P-LCW; 2) a pair of films obtained from a PEDOT:PSS solution pre-treated with 5% volume of DMSO,
referred to as Pre-SC and Pre-LCW; 3) a pair of films obtained from a PEDOT:PSS solution and post-treated by
immersing them in a DMSO bath for one hour, referred to as Post-SC and Post-LCW. Details on film preparation
are reported in the Method section and the Supporting Information. All films were prepared on custom chips (see
Figure S1 and S2 in the Supporting Information). This enabled, for the SC films, the direct measurement of all
thermoelectric parameters (S, g, and k/) on the same film (see Figure 1). For geometrical reasons, o of the LCW
films has been measured on nominally identical samples as those prepared for the investigation of S and k/, but
with the films rotated by 90° with respect to the chips (see the Methods section for further details). A schematic
representation of the fabrication process of all investigated films is reported in Figure S3.
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Figure 1. Schematic representation of the LCW technique used to fabricate the PEDOT: PSS films on the TE chips for thermoelectric
characterization. The left light blue circle illustrates the chemical structure of the investigated materials, i.e., PEDOT:PSS and DMSO.
The solution of PEDOT:PSS (with DMSO when used) is dropped onto the TE chip surface. A PDMS mold with sub-micro protrusions is
used to pattern the solution onto the TE chip, creating localized nanometer-thick confined spaces due to the capillary forces acting
on the solution. This confinement modifies the molecular diffusivity, leading to a controlled and more orderly crystallization process.
By restricting the spatial extent available for nucleation and slowing down the solvent evaporation rate, the crystalline order of the
polymer is enhanced, resulting in fewer but larger nucleation sites and crystallites. The top right red circle closes up on the
micro/nanoscale confinement induced by the mold protrusions, highlighting the localized film thickness and structured surface. The
bottom right green circle shows a cross-section of the chip with the in-plane TE measurement geometry, indicating the modulated
film prepared on a suspended membrane equipped with a central line heater generating an in-plane thermal gradient (red-blue
arrow).

The morphology of the prepared films was investigated by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Representative SEM images of a pristine LCW film are shown In Figure S4 in the Supporting
Information, alongside low-magnification optical microscope micrographs showing good film lateral homogeneity.
High magnification scanning electron micrograph in Figure S4 d show the presence of sub-micrometer parallel
stripes at film surface, as a consequence of the LCW film fabrication process. More details about film morphology
are obtained from AFM analysis. Representative AFM images of the Post-SC and Post-LCW films are shown in
Figures 2 a, b, and 2 ¢, d, respectively. AFM images for the other samples are provided in the Supporting
Information (Figure S5). The P-SC film (Figures S5a and e) displays a smooth surface with rough mean square
roughness of 1.2 nm, increasing to 1.9 for the Pre-SC and 2.5 nm for the Post-SC samples due to PSS removal
promoted by DMSO, which is more efficient for the post-treated film (Figure 2 a,b). AFM analysis shows a decrease
in thickness for the pre-treated and even more for the post-treated films, attributed to efficient PSS removal by
DMSO0.3® A high-magnification AFM image of the P-SC film (Figure S5e) reveals the typical morphology of the core-
shell structure where the conductive PEDOT chains are expected to be surrounded by an insulating PSS shell. In
contrast, the Pre-SC film (Figures S5 b and f) shows an interconnected fibrous network of elongated PEDOT grains
due to the DMSO’s strong affinity toward PSS, in agreement with previous work.3” Moving from the globular core-
shell structure in the pristine sample to the fibrous network of elongated grains, observed for the pre- and post-
treated samples, was reported to strongly increase o, promoting the inter-chain transport and improving the
percolation paths.363832

In contrast, LCW-prepared samples exhibit periodic and well-oriented parallel stripes (Figure 2c, Figures S5 c and
d), reproducing the stamp features arising from the capillary forces acting on the PEDOT:PSS solution in contact
with the mold protrusions, which replicate the mold patterns in the film during precipitation and crystallization.*°
In the Post-LCW film (Figure 2c), surface modulation with 12 nm-thick and 850 nm-wide parallel stripes spaced
650 nm apart is observed. AFM analysis reveals a few nm-thick continuous film beneath the uppermost stripes, at
the substrate interface. The thickness of the surface modulation depends on the force applied to the stamp (Figure



S6 in the Supporting Information). As observed for the SC films, the thickness decreases for the Pre-LCW and
decreases further for the Post-LCW sample due to the efficient PSS removal by DMSO bath, facilitated by the
prolonged interaction time. Thickness values of the prepared films determined by AFM are reported in Table SI.
High-magnification AFM images of the patterned films are reported in Figs. 1d and S5g,h, highlighting different
grain sizes and morphologies between LCW and SC films, suggesting distinct charge transport contributions.
Notably, the high magnification AFM image of the Post-LCW film (Figure 2d) exhibits enlarged grains (lateral size
up to ~ 50 nm).

Considering the nanostructured nature of the LCW-prepared films and the vertical confinement imposed by the
mold during crystallization, the "equivalent thickness" is defined to facilitate comparisons with the uniform films
produced by SC. This parameter represents the thickness of an isotropic film that would exhibit the same cross-
sectional area as the patterned films (refer to Supporting Information for details). This measure clearly points out
that the LCW technique vyields thinner films; for instance, the equivalent thickness decreases from 62 nm for the
Post-SC film to 14 nm for the Post-LCW film. Additional data on the measured film thicknesses can be found in
Table S1 of the Supporting Information.

The effect of the locally controlled confinement on the polymer packing was investigated by Grazing Incidence
Wide Angle X-ray Scattering (GIWAXS) measurements. Representative 2D GIWAXS patterns of the Post-SC and
Post-LCW films are reported in Figures 2e and 2f, respectively. GIWAXS images for the other investigated films are
shown in Figure S7 in the Supporting Information. The scattering intensities integrated along the out-of-plane (g,)
and in-plane (gx) directions, i.e., along the direction perpendicular and parallel to the sample surface, are reported
in Figures 1 g and h, respectively.

SC films show low intensity and broad reflections, consistent with the expected low sample crystallinity. DMSO
introduction enhances PSS segregation, promoting PEDOT bridging.*%?4 This effect is clearly observed in the
scattering integrated intensity curves for Pre-SC and Post-SC films (Figures 2g and 2h). These curves reveal a PSS
halo at gxy = 1.20 A™! (dpss = 5.2 A), which reflects the packing of free PSS. Additionally, the PEDOT n—t stacking
shifts from quy=1.77 A" (do1o = 3.55 A) in P-SC to qx,=1.82 A" (do10 = 3.45 A) in Post-SC. The intensity ratio between
the PEDOT n—nt reflection and the PSS halo increases from P-SC to Pre-SC and Post-SC films, a signature of the
improved m—t stacking order and partial PSS removal. Moreover, the decrease in the m—n stacking distance (see
Figure S8) highlights a more compact packing and, therefore, a higher overlapping of delocalized states, which is
essential for improved charge mobility transport.

LCW films show stronger GIWAXS signals, with more visible halos and spots despite the very low film thickness
down to 14 nm (see Table Sl in the Supporting Information). This points out the strong increases in crystalline
order and the appearance of grain texturing imposed by the film growth in the local confinement under the mold
protrusions. As evidenced by the AFM images, GIWAXS analysis corroborates notable changes in the packing of
PEDOT. The arrangement of PEDOT is influenced by the preparation methods, which can induce polymorphism—
namely, the coexistence of crystal grains that exhibit varied polymer aggregations.**42

All LCW films exhibit a weak peak at gy=0.34 A™! (d = 18.5 A) associated with the PEDOT lamellar stacking
intercalated by PSS chains in edge-on configuration, referred to as Type 1 PEDOT crystal structure - (100)ypg;.%°052
This reflection is observed in-plane for all LCW films, and also out-of-plane for the pre-treated sample and more
intensely for the post-treated one. These characteristics indicate that the P-LCW film contains PEDOT grains with
a Type 1 structure oriented face-on, whereas in the Pre-LCW film, these grains are distributed randomly.

A second structure is detected in P-LCW and Pre-LCW films, with a strong peak at q,=0.55 A™! (d=11.4 A) in the
out-of-plane direction. This reflection can be attributed to the Type 2 PEDOT crystal structure, where the PEDOT
lamellar stacking is intercalated by fewer PSS chains in a face-on configuration or without PSS intercalation
justifying the reduced interchain distance.***® PEDOT in Type 2 configuration is arranged in an edge-on
configuration, the most favorable for improving charge transport (Figure S9).
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Figure 2. Atomic force microscopy images of (a-b) the Post-SC film and (c-d) the Post-LCW film prepared by applying to the PEDOT:PSS
solution a force of 2 x 103 N with the mold. (e) and (f) Logscale 2D-GIWAXS patterns for the Post-SC and Post-LCW films, respectively.
The corresponding integrated intensity profiles along the gy, and g, directions are reported in (g) and (h), respectively.

Interestingly, the GIWAXS signal of the Post-LCW film features the (100)r,pe 1 reflection and a peak ascribed to an
unknown crystal structure. Indeed, a strong peak at q,=0.81 A~ (d = 7.8 A) is observed in the place of the (100)rype2,
which can be attributed to a even more compact lamellar stacking of the PEDOT chains, identified as the Type 3
PEDOT crystal structure. This interplanar distance, much smaller than the interlamellar spacing between two side-
by-side PEDOT lamellae without PSS intercalation,5255 and shorter than the PEDOT lamella size (= 9 A), suggests
two possible configurations: i) interdigitation between two lamellae and ii) a lamella tilt with respect to the
substrate surface. The first one can be ruled out due to steric effects that would increase the m—m distance.
Therefore, to match the small digg, the PEDOT lamellae must be tilted by approximately 24° relative to the
substrate surface normal. PEDOT grains with Type 3 structure are oriented in an edge-on configuration, as
indicated by the (100) rype 3 Bragg spot observed along the out-of-plane direction. In contrast, PEDOT grains with
the Type 1 structure are randomly oriented. Moreover, the stronger PSS halo and the peak shifts from gy, ~ 1.21
A1 (d=5.2A)t01.27 A2 (d = 4.9 A) for the Post-LCW film, indicating that LCW also promotes more ordered and
compact PSS packing. The m—nt PEDOT reflection (010) appears mostly out-of-plane in P-LCW and Pre-LCW films,
and it becomes stronger and narrower in-plane direction for Post-LCW film, indicating higher crystalline order and
texturing and larger coherent domains, i.e., higher number of packed PEDOT chains in the nanocrystal. As
observed for the SC films, the DMSO introduction leads to the decrease of the m—m distance (Figure S8).

These findings reveal that: i) P-LCW film features grains with Type 1 and Type 2 PEDOT crystal structures oriented
in face-on and edge-on configuration, respectively; ii) Pre-LCW film features grains with Type 1 PEDOT crystal
structures disoriented and grains with Type 2 with higher crystallinity in edge-on configuration; iii) Post-LCW film
shows the coexistence of randomly oriented grains with Type 1 PEDOT crystal structures and grains with the
strongest compact Type 3 PEDOT crystal structure in edge-one configuration.

The very compact Type 3 PEDOT structure, with a previously unobserved configuration, suggests high
crystallization efficiency with short lamellar distance under a confined environment and further DMSO post-
treatment. While no clear signal is visible for the P-SC and Pre-SC films, the corresponding films prepared by LCW
exhibit the coexistence of less compact Type 1 and more compact Type 2 crystal structures. For the post-treated
samples, the Post-SC film mainly exhibits low- Type 1 packing with higher n—m stacking order with shorter spacing
but lower efficient packing along the lamellar direction, which agrees with previous work.*> Whereas the synergic



combination of LCW fabrication with DMSO post-treatment leads to the formation of a very compact structure
(Type 3 crystal structure is ~ 3 times more compact than Type 1 one) with high ni—rt stacking order. This highlights
that the DMSO post-treatment transforms Type 2 packing, characterizing the P-LCW films, into Type 3 by inducing
PEDOT chains tilt and reducing the interchain distance out-of-plane. The proposed stacking structures of the
prepared films along the 100 direction are shown in the Supporting information in Figure S9. Additional details for
interpreting the Type 3 structure are provided in Figures S10 and S11.

The impact of PEDOT packing on the film thermoelectric properties is clearly visible in Figure 3, which presents o,
S, and k/, of all investigated samples. Notably, each set of three values was measured on the same film for the SC
samples and on nominally identical films subjected to the same treatments for the LCW films, in order to ensure
high-quality data and reliable correlations. The LCW method significantly enhances crystallinity, reducing grain-to-
grain barriers and resulting in a markedly increased o as compared to the SC counterparts. The Post-LCW film
achieves a high maximum value of 0 = 4640 S cm™ (more than twice the value obtained for the Post-SC film with
o = 2080 S cm™?), which is comparable to H,SO, treated®® and plasma treated®” SC films and ranks among the
highest reported values for solution-processed PEDOT:PSS, with the exception of solution and solvent sheared>®
films. In particular, in SC films, charge transport is dominated by low-ordered n-it interactions, which increases
with the DMSO treatment due to the removal of insulating PSS. This effect is especially pronounced in Post-SC,
where the longer contact time between the solvent and the film enhances this process. Conversely, using the LCW
method, the controlled local crystallization introduces an ordered and oriented compact lamellar stacking,
incrementing charge hopping within the crystal grain and percolation between grains. These latter tend to be
aligned along the stripes’ direction (the direction where o was measured), as proved by AFM images, further
improving percolation.

The improved crystallization of PEDOT:PSS films via DMSO treatment and crystallization in the confined
environment does not affect the film work function,® resulting for all investigated samples in a nearly constant
value of S~ 20 pV K* (Figure 3b). For all samples, S is positive, pointing out the typically observed p-type behavior
in PEDOT:PSS films. Figure 3c shows the PF for the films investigated in this study. Since S is nearly constant for all
films, the PF follows the same trend observed for g, reaching a maximum value of 201 pW m* K2 for the Post-
LCW sample.

Most organic materials exhibit low thermal conductivity (k < 1 W m™* K1), although metal-like thermal transport
has been also reported in ultra-high molecular weight, and nanostructured polyethylene films (k > 50 W m'! K-
1).8961 Measuring k in thin films is challenging due to thermal radiation losses, substrate dissipation, and thermal
contact resistance. Additionally, techniques requiring deposition of dielectric (e.g., SiNx or Al,Os3) or conductive
(e.g., Al) layers on top of PEDOT can introduce structural defects that might act as scattering centers for phonons,
reducing k. Techniques such as 3w and time domain thermoreflectance (TDTR) have been used to measure the
out-of-plane component of the thermal conductivity k, in PEDOT:PSS and other organic materials. However,
estimating the k; from k, by assuming a constant thermal anisotropy factor (n = k// / k,) can lead to substantial
errors. This is because n for conjugated polymers varies considerably depending on the fabrication and
measurement technique employed; for instance, in the case of PEDOT:PSS values of n ranging from 1.4 to 10.1
have been reported.3#%? To accurately determine k/, several approaches have been developed. These include
fabricating films on suspended membranes, which can be characterized using either stationary methods®3 or the
3w method.?® Additionally, membrane-free suspended microdevices,®® and a modified bidirectional 3w method,
which avoids harsh chemicals and reduces the risk of film damage before the thermal analysis, have been used.®?
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Figure 3. TE transport properties of the investigated films as a function of the fabrication technique and treatment. (a) o, with a semi-log plot shown
in the inset, (b) S, (c) PF, (d) k/, (e) zT, where the right axis corresponds to the zT value calculated for the P-SC sample. The percentages indicate the
increase in zT for LCW films compared to the corresponding SC films. The error bars represent the average standard deviation.

In this work, we exploit suspended membranes equipped with a central line Pt thermometer to determine k// using
a stationary approach. Measurements of all three TE parameters were collected simultaneously just after film
deposition, post-treatment with DMSO if required, and annealing, without any additional fabrication step. Figure
3d shows that k/, follows the same trend observed for g, increasing from pristine to pre-treated and post-treated
films and further increasing for LCW samples compared to SC counterparts. The increase in k/ is attributed to
enhanced PEDOT chain packing, which boosts the electronic component k. of the total thermal conductivity. k/
ranges from 2.0 W m* KX for the P-SC film to 3.2 W m* K for the Post-LCW film, higher than the typically reported

values for PEDOT films.64¢5¢8 However, k/, values for PEDOT films vary widely in the literature from 0.2 to 2.9 W
m—l K-1‘62,64,66

Besides the measurement challenge, as mentioned before, the widespread value of k; found in the literature can
be attributed to thickness-dependent film crystallinity. Thicker PEDOT films were find to exhibit lower crystallinity
and order, reducing k.%° Early studies reported k< 1 W m™ K for thick films prepared by multiple spin-coating or
multiple drop-casting,3*7° while recent reports indicate k/; up to ~ 2.0 W m™* K1 for suspended®® and drop-casted’*
films. Very recently, an even larger value of k; as high as 2.9 W m™ K has been reported for a thin SC film
exploiting a bidirectional 3w method that preserves the film’s thermal transport properties.®? Without additional
processing steps after film post-treatment, the k, values measured in the present work well align with recent
literature.

zT, calculated combining the three thermoelectric parameters, is shown in Figure 3e. zT follows the same trend
observed for o since the modest increase in kj is strongly outweighed by the much stronger increase in o. In
particular, for the SC (LCW) films zT increases with 5% DMSO film pre-treatment from an initial value of the pristine
sample of 6.8 x 10 (1.6 x 107°) to 3.3 x 1073 (1.2 x 10?) driven by the strong increase in o in agreement with
previous work.>* An even larger increase in zT is observed upon film post-treatment, resulting in zT values of 8.9 x
103 and 1.9 x 102 for the SC and LCW films, respectively. Importantly, for the LCW films zT increases in the range
110-260 % as compared to the SC counterparts, highlighting the effectiveness and versatility of the LCW technique
across various film treatments. Despite this excellent improvement, the maximum zT for the Post-LCW film is only
0.019, which is more than one order of magnitude smaller than the best reported zT values for PEDOT thin
films.3%>8 This low zT is attributed to the large measured values of k/, which are about one order of magnitude
larger than those estimated in previous studies.3*#® However, these previous works determined o and k on



different samples subjected to various fabrication steps, potentially leading to an underestimation of k, as
discussed in detail in Ref.5¢

To gain further insight into the improved zT in the films crystallized under confinement, the dependence of kon o
is investigated for both the SC and LCW films, in analogy to the analysis carried out by Weathers and al.®® The
evolution of k with o in PEDOT films is not univocally determined in the literature due to varying fabrication
methods and measurement techniques, as mentioned before. Previous studies have shown that k/, in SC PEDOT
films can follow the Wiedemann-Franz law with the theoretical Sommerfeld value Lo = 1?/3 for the Lorenz number,
applicable to a degenerate Fermi gas (e.g., electrons in a metal).®” However, both larger®® and smaller®®7273 Lorenz
numbers have also been observed.
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Figure 4. Room temperature k;, as a function of o for the SC (full violet) and LCW (full yellow) samples. The violet and yellow solid lines are linear fits
to the experimental data for the SC and LCW samples, respectively. The black dashed line shows the evolution of k for the case of L=Lo. Data from
literature with open symbols are reported for comparison: (<, Ref.??) 70 nm-thick films where ky, is characterized by 2D-3w method and o extracted
from Refs.34using the same film fabrication procedure; (s, Ref.5¢) 130-230 nm-thick suspended films; (O, Ref.6”) 20 um-thick film characterized by in-
plane TDTR; (X, Ref.®8) multiple drop casting, characterized as suspended films with thickness above 10 um; (o, Ref.”) pellet, k determined from
through-plane thermal diffusivity; (>, Ref.34) 2um-thick SC film investigated by 3w method, 0 measured on few tens of nms film; (X, Ref.”#) 100 um-
thick film, Harman method; (<, Ref.”?) TDTR, k;; from k. assuming n = 1.4; (A, Ref.”®) 10 um-thick film, k from diffusivity; (O, Ref.”” TDTR, k/; from k.
assuming n = 3; (o, Ref58) TDTR, ky = ky, (+, Ref.3%) k/, from literature; (V, Ref.”?) TDTR, k/; from k. assuming n = 1.4-3. The colored regions highlight
the data from the literature determined using a bidirectional 3w method (dark green) suspended films (blue), standard 3wmethod (light green), films
for which k is determined from the thermal diffusivity (light blue), the Hartman method (brown), in-plane TDTR (orange) and standard TDTR by
assuming a thermal conduction anisotropy factor in the range 1-3 (pink).

Figure 4 shows k//versus o for SC (violet palette circles) and LCW (yellow palette circles) films subjected to different
treatments, along with literature data for PEDOT thin films. The dependence of k;, on o varies with the
measurement technique. Suspended films and those investigated by in-plane TDTR show a strong dependence
(blue and orange areas), while standard TDTR shows nearly independent k, on o (pink area). This highlights the
need for measurement techniques that do not require post-processing of the film and do not derive k/, from k,
due to the large uncertainity on n.

For both SC and LCW films, k/, versus o follows a linear relationship, as typically reported. A linear fit to the data
gives for the SC films a Lorenz number L5¢=0.61 x Lo, consistent with some previous studies,®® 7273 and for the LCW
films a much smaller value L'*W= 0.27 x Lo ~ L5¢/2. The intercept of the fitat k= 1.9+ 0.1 W m*K'(2.2+02Wm"
1 K1) for the SC (LCW) films is attributed to the lattice contribution k; of the thermal conductivity dominating the
thermal transport at low o. Despite the expectation that the higher crystalline order in patterned films would
increase ki, the extensive air/film interfaces and the nano-modulated surface greatly enhance phonon surface



scattering. This scattering reduces the phonon mean free path, which could account for the observed minimal
increase in k.

The weaker dependence of k on o for the LCW films is attributed to the increased carrier localization length, as
suggested by improved PEDOT packing and larger grain size, as revealed by GIWAXS and AFM analyses. These
features potentially enhance both o and k in a different manner, without affecting 5.”®7° This non-linear scaling
between o and k leads to a lower Lorenz factor at higher localization lengths and large g,”® consistent with our
observations. The synergistic interaction of the surface phonon scattering and the larger carrier localization
lengths results in a reduced Lorenz number and a significant improvement in zT for all LCW films.

To address the marked thickness discrepancy between LCW and SC films, two control samples were prepared
using SC at a high setpoint speed of 5000 RPM, as described in the referenced study.®° These included a 55 nm-
thick pristine film and a 40 nm-thick film post-treated with DMSO. The k;; measured were 2.3 W m™ K* for the
pristine and 3.3 W m™ K for the DMSO post-treated film, while o were recorded at 1.1 S cm™ and 2010 S cm™,
respectively.

A linear fit to these data showed a kj; vs. o slope that closely matches the one of with SC films processed at lower
speeds, confirming the Lorentz number's consistency across SC films. This observation underscores that the
superior thermoelectric performance of LCW films is not primarily due to their reduced thickness. Rather, it arises
from the unique film morphology and structural enhancements only achievable through crystallization within
confined environment.

It is worth noting that the unexpectedly high k of PEDOT measured in this study impedes achieving the
extraordinarily high zT that could be possible with the theoretical k value of PEDOT (< 1 W m™* K1). This observation
highlights two key points: 1) the effectiveness of the LCW technique for organic TE applications and, more broadly,
the control of crystallization under local confinement, and 2) the importance of measuring the in-plane k value
alongside other TE parameters without introducing additional fabrication steps. The accurate measurement of
these values is essential for unlocking the full potential of organic materials in thermoelectric applications.

Further performance improvements in the LCW process could be achieved by modifying the force applied to the
mold, which would enhance the thickness ratio between the highly conductive patterned film and the bottom
continuous layer and reduce the confined space. Additionally, reducing the lateral size of the surface stripes to a
few hundreds or tens of nanometers, either by using a diluted solution3* or by scaling down the mold features,
may enhance phonon scattering and create a quasi-1D density of states, potentially reducing k while improving S
for higher zT.

These results emphatically underscore the great potential for improving the TE performance of solution-
processable organic semiconductors through confined crystallization. The LCW process is compatible with both
pre- and post-treatments, offering a promising method applicable to various organic TE materials and treatments
to enhance zT for practical applications. This additive approach is simple, low-cost, environmentally friendly,
versatile, compatible with flexible substrates, and suitable for large-area patterning. Furthermore, it reduces the
consumption of active materials by a factor of ~ 10 as compared to SC film counterparts drastically reducing
material waste. The control of the crystallization in a confined environment by LCW has the potential to markedly
affect waste heat recovery, power generation, and solid-state refrigeration by organic solution-processable
materials. The simultaneous increase in o and k in PEDOT films prepared by LCW is also relevant for electronic and
photonic applications simultaneously requiring both high o and k (e.g. hole transport or transparent electrode in
organic and perovskite solar cells) to improve device efficiency and reliability.

Conclusions

This study highlights the substantial enhancement of thermoelectric performance in solution-processable organic
materials through locally controlled confined crystallization at the nanoscale using the LCW technique. The efficacy
of the methodology has been proved on a prototypical polymer like PEDOT, showcasing its versatility when
combined with other property enhancement techniques, such as secondary doping with DMSO. Controlled
crystallization produced more compact PEDOT structures, which increased charge carrier transport and,



consequently, 0. The method resulted in nanoscale modulation that enhanced phonon scattering, thereby
mitigating the rise in k typically associated with increased o. Specifically, the combination of the LCW technique
with subsequent DMSO treatment facilitated the emergence of an exceptionally dense PEDOT structure, achieving
a very short interlamellar distance of 7.8 A, which effectively prevents PSS intercalation, short i-it distance, and
predominantly aligned the grains. As a result, there was a substantial increase in the PF up to fourfold and an
impressive enhancement of up to 260% in zT compared to identically treated SC films. These improvements are
attributed to an enhanced carrier localization length and stronger phonon boundary scattering promoted by the
synthesis of modulated films with very small thicknesses of a few tens of nanometers. These advancements
highlight the potential of LCW as a low-cost, scalable method to enhance the thermoelectric performance of
organic materials. Improving PEDOT packing and morphology through confined crystallization contributes to the
development of high-performance organic thermoelectric devices, which play a crucial role in sustainable energy
solutions and flexible electronics.

Methods
Fabrication of the TE chips

All films were deposited on a custom chip with 200 nm-thick SiO,/SiN,/SiO, suspended membranes equipped with
a central line Pt resistance heater and thermometer for measuring the Seebeck coefficient S and the in-plane
thermal conductivity k//, similar to what was previously reported,® and four parallel electrodes for 0 measurement
(see Figure S1 and S2 in the Supporting Information). The manufacturing process started with a 300 um thick
silicon wafer onto which a stack of dielectric films was deposited, consisting of three layers of SiO,, SizN4, and SiO..
Subsequently, using a lift-off process, platinum paths were created. These mentalizations serve as both heaters in
the suspended membrane area and as electrodes to transmit signals to the readout electronics. A passivation layer
was then applied over the metal through Low Pressure Chemical Vapor Deposition (LPCVD), in order to avoid
electrical shortcircuits during the measurement routine, followed by patterning with HF wet etching process to
open the pad areas and remove SiO; from the membranes in the regions where the metal lines are not present. A
final masking process on the backside defines the suspended areas of the membrane, which were created through
partial anisotropic etching using Deep Reactive lon Etching (DRIE) and completed using Tetramethylammonium
hydroxide (TMAH). The Pt connections, heater, thermometer, Seebeck contacts and pads are all 150 nm-thick.
This value is larger than the thickest film investigated in our study, and guarantees that the entire thickness of the
films under study is involved in the electrical and thermal transport.

Fabrication of PEDOT:PSS thin films

PEDOT:PSS PH1000 was purchased by Clevios and was used as-received for preparing the pristine and post-treated
films. For the pre-treated films, 5% vol. DMSO was added to PEDOT:PSS, and the solution was mixed for 5 minutes
before use. The same PH1000 solution taken from the same PEDOT:PSS bottle was used for the SC and LCW
samples, without change in the PEDOT concentration not to introduce additional variables that might affect the
film crystallization and eventually the charge and phonon transport. Before film deposition, the TE chips were
treated for 3 minutes with an air plasma at 100 W for better film adhesion. Importantly, the plasma treatment did
not introduce any change in the thermal transport properties of the suspended membranes, as determined by
measuring the thermal resistance of two membranes before and after the plasma treatment. For films prepared
by SC, 40 pl of the solution are spun for 2 minutes at 2000 rpm. For film fabrication by LCW a PDMS stamp about
1 cm x 1 cm with 850 nm-wide parallel protrusions spaced 650 nm each other was placed in contact with the
PEDOT:PSS or PEDOT:PSS + 5%DMSO solution deposited on the TE chip by drop casting, and the solvent (H,0) was
let dry overnight. PDMS is selected as mold material due to its unique properties of low interfacial free energy and
chemical inertness, which allows excellent conformal contact with surfaces and reversible adhesion.®! For all
samples prepared using LCW, 3 ul of solution is drop-casted onto the substrate (either a TE chip or SiO,/Si). This
process ensures the formation of a continuous and uniformly patterned film across the entire TE chip membrane,



while minimizing excess solution. In all experiments reported in the manuscript, except for those exploring the
effect of applied force on film morphology, as reported in the Supportnig Information, the force exerted by the
mold onto the PEDOT solution is kept to a minimal 2x10-3 N. This minimal force is deliberately chosen to reduce
adhesion and avoid potential damage to the thin SiO,/SiN,/SiO, suspended membranes in the chips, which are
highly susceptible to breakage under higher pressures. To improve the survival rate of the suspended membranes
during the PDMS stamp's peel-off from the film, the stamps were pre-treated with Trichloro(1H, 1H, 2H, 2H-
perfluoro-octyl)silane vapors for two minutes before the film was patterned. For this process, about 10 ul of
Trichloro(1H, 1H, 2H, 2H-perfluoro-octyl)silane was placed inside a desiccator in a Petri dish about 10 cm away
from the stamps with the protrusions upside. The desiccator was pumped for 1 minute, and the stamps were left
in the desiccator for 1 more minute. This process dramatically improved the membranes’ survival rate upon the
LCW process by decreasing the adhesion force between the stamp and the film. With this additional fabrication
step the survival rate of the membranes improves from an initial ~ 10% to > 80%. After fabrication, all films were
annealed in air at 120 °C for 10 minutes before the electrical and thermal characterization. Film post-treatment
was performed by immersing the prepared and annealed samples in a DMSO bath at room temperature for 1 h
before a second annealing in air at 120 °C for 10 minutes. When not in use, PEDOT:PSS was kept refrigerated at 5
°C. Before electrical and thermoelectrical characterization, the part of the film lying on the metal contacts at chip
edges was wiped off using a wet cotton stick. A schematic representation of the fabrication process for the three
different sets of samples investigated in this study is reported in Figure S3.

Atomic force microscopy (AFM) characterization

The surface morphology of the prepared films was investigated by AFM operated in tapping mode using a Bruker
system equipped with an SNL-10 tip. To avoid the interaction of possible silane residues, a dedicated set of LCW
samples not treated with Trichloro(1H, 1H, 2H, 2H-perfluoro-octyl)silane vapors was prepared for AFM analysis.

Grazing incidence wide angle X-ray scattering (GIWAXS) analysis

GIWAXS analysis was carried out to provide insights into the film structure and orientation. Twinned samples were
prepared on Si substrates covered by 300 nm-thick thermal SiO, to gain insights into the film structure and
orientation. 2D GIWAXS images were collected at the XRD1 beamline of ELETTRA synchrotron in Trieste by using
an X-ray beam with a wavelength of 1 A and an incident angle of 0.15°, which is above the critical angle of the
polymer, to gather information from the entire film thickness. 2D Pilatus 2M detector was fixed at 400mm and
350mm from the sample. Due to the low scattering factor of polymers and the thinness of the LCW films, the
incident angle was not varied to distinguish contributions from the top and the bottom of the film. For the LCW
samples, GIWAXS images were collected by aligning the X-ray beam direction parallel and perpendicular to the
stripes direction to check for structural anisotropy, which was not observed.

Electrical characterization

All films were characterized immediately after annealing. o for both spin-coated and LCW films was determined
by four-probe analysis to exclude the effect of contact resistance. In order to properly determine o for the
patterned films, extended contacts 1500 um long separated by 450 um were exploited, as shown in Figure Sla.
For the patterned films, o was determined on nominally identical samples prepared on the same chips but rotated
by 90° with respect to the samples prepared for the determination of k;; and o, in order to perpendicularly
intersect the four Pt probes with the parallel stripes at film surface. For the determination of o and k;; in the LCW
films, an equivalent film thickness teq was considered, which corresponds to the thickness of a not modulated thin
film having the same cross-sectional area of the LCW film under investigation. From AFM analysis, we obtained teq
= thiim+0.64*tripes, Where tsim is the thickness of the underneath continuous film at the substrate interface and
tstripes the average thickness of the uppermost parallel stripes. For the spin-coated films, teq was equivalent to the
film thickness determined by AFM.

For each measurement of each TE parameter (o, k//, S), the standard deviation is calculated. The average standard
deviation o presented in Figures 3 and 4 is calculated as the root sum square of the average uncertainity on the



single measurement and the calculated standard deviation. For k;; and S at least two measurements are carried
out on different membranes of the same chip. For o, three different samples are measured

Thermal measurements

Immediately after annealing, the chips were placed in a vacuum chamber and electrically bonded for in-situ
measurements. Both k;; and S were determined at a pressure <5 x 10 mbar, where the thermal dispersion of the
membrane by convection is small. To enhance the system sensitivity for the determination of k, the thermal
resistance of each membrane is determined before and after film deposition, and the film thermal conductivity is
determined by subtracting the contribution of the bare membrane from that of the film/membrane stack
measured at the same chamber pressure. To determine k;, and S, a current of up to 500 pA is flown in the Pt
heater on the suspended membranes, which is also used as a thermometer to assess the temperature increase in
the membrane or in the film/membrane stack. Depending on the presence of the film and its fabrication
conditions, the imposed current resulted in an increase in the temperature of the membrane AT in the range of 4
- 15 °C. A single thermometer going through the center of each membrane is used to determine AT, as the
temperature at the membrane edge is considered the same as the neighboring bulk Si, as confirmed by finite
element simulation using COMSOL. The temperature coefficient of resistance (TCR) of Pt was obtained in advance
by measuring the change in resistance with temperature for a metallic line in an empty TE chip in the temperature
range of 20 - 40 °C, with a step of 5 °C. The TCR obtained to determine k, and S is 3.3 10-3 ppm/°C.

Supporting Information

Supporting Information Available: Details on the fabrication of the chips for TE characterization, description of
the synthesis of PEDOT:PSS thin films, AFM and GIWAXS analysis of pristine and pre-treated PEDOT:PSS films,
PEDOT:PSS crystal structures sketches and detailed analysis on structure Type 3, details on the electrical and TE
characterization of PEDOT:PSS films
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