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materials with high zT values are avail-
able, solid-state waste heat recovery 
schemes become practically attractive for 
increasing system energy efficiencies.[1] 
Organic conductors and semiconductors 
are compelling systems for near-ambient 
thermoelectric applications because of 
their intrinsically low thermal conductivity, 
elemental ubiquity, and scalable, low-tem-
perature processing, rendering organic 
electronics commercially viable despite 
reduced efficiencies relative to their inor-
ganic counterparts.[2] The physical robust-
ness of polymer materials expands their 
markets to flexible applications and curved 

surfaces for which the cost of custom design of rigid thermo-
electric devices would exceed their value. Additionally, conduc-
tive polymer-based materials exhibit weaker coupling between S, 
κ, and σ than inorganic materials, mainly due to two factors: 1) 
the relatively low carrier concentrations and mobilities result in 
a weak correlation between the thermal and electrical conductivi-
ties; and 2) the non-band-like nature of the density of states leads 
to nontraditional relationships between the Seebeck coefficient 
and electrical conductivity.[2,3] These relaxed interdependencies 
bound a vast design space for synthesis, processing, and doping 
of organic materials to increase their overall figure of merit. 
This optimization process is focused on improving the electrical 
transport properties of organic materials, which have historically 
limited their performance in thermoelectric energy conversion.

To increase the thermoelectric viability of conductive poly-
mers, research efforts have focused on increasing the electrical 
conductivity and Seebeck coefficient of polymer material sys-
tems, such as poly(3,4-ethylenedioxythiophene):poly(styrenes
ulfonate) (PEDOT:PSS). PEDOT:PSS consists of a conjugated 
hydrophobic polymer (PEDOT) within an insulating hydrophilic 
matrix (PSS), which dopes PEDOT to increase the conductivity 
and helps to disperse any excess PEDOT in water. However, 
the insulating PSS that remains in deposited films does not 
contribute to electrical conduction and prevents the PEDOT 
phase from ordering with a consequently higher conductivity. 
The electrical conductivity of this formulation can be improved 
through pre- and postdeposition treatments, involving various 
acids (camphorsulfonic acid,[4] dichloroacetic acid,[5] H2SO4,[6,7] 
and p-toluenesulfonic acid[8]), solvents (dimethyl sulfoxide,[9] 
ethylene glycol (EG), diethylene glycol, methanol (MeOH),[10] 
and formamide[11]), and surfactants.[12,13] These methods have 
produced electrical conductivities of nearly 5000 S cm−1 and 
simultaneous enhancements of the Seebeck coefficient through 

Polymer-based materials hold great potential for use in thermoelectric 
applications but are limited by their poor electrical properties. Through 
a combination of solution-shearing deposition and directionally applied 
solvent treatments, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) thin films with metallic-like conductivities can be obtained 
with high power factors in excess of 800 µW m−1 K−2. X-ray scattering and 
absorption data indicate that structural alignment of PEDOT chains and 
larger-sized domains are responsible for the enhanced electrical conductivity. 
It is expected that further enhancements to the power factor can be obtained 
through device geometry and postdeposition solvent shearing optimization.

Dr. A. C. Hinckley, Dr. S. C. Andrews, S. Schneider, Prof. Z. Bao
Department of Chemical Engineering
Stanford University
Stanford, CA 94305, USA
E-mail: zbao@stanford.edu
Dr. M. T. Dunham, Dr. M. T. Barako, Prof. K. E. Goodson
Department of Mechanical Engineering
Stanford University
Stanford, CA 94305, USA
Dr. A. Sood
Stanford Institute for Materials and Energy Sciences
SLAC National Accelerator Laboratory
Menlo Park, CA 94025, USA
Prof. M. F. Toney
Stanford Synchrotron Radiation Laboratory
Menlo Park, CA 94025, USA
Prof. M. F. Toney
Department of Chemical and Biological Engineering
University of Colorado Boulder
Boulder, CO 80309, USA

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aelm.202001190.

1. Introduction

The growing market of wearable technologies has pushed sci-
entific and industrial efforts in extending battery life through 
utilization of other power sources, including movement, pres-
sure, and heat. The last of these can be accomplished through 
the use of thermoelectric devices, which directly convert heat to 
electricity. The efficiency of this solid-state conversion relates to 
the material-specific figure of merit zT TS= σ

κ
2

, where S, σ, κ, 
and T are the Seebeck coefficient, electrical conductivity, thermal 
conductivity, and mean absolute temperature, respectively. If 
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increased carrier mobility and improved molecular ordering.[6,14] 
Seebeck coefficient can be further tuned by treating PEDOT:PSS 
films with n-type dopants to tune the oxidation level and car-
rier concentration.[3,15–17] Solvent treatment in PEDOT:PSS films 
both pre- and postdeposition resulted in a record for solution- 
processable, organic zT of 0.42.[18] While polymer materials can 
be deposited via different techniques, the chosen method can 
have a significant effect on the film morphology and the resulting 
properties of the deposited material due to molecular alignment 
and the conversion from solution phase to solid phase.

Recently, an electrical conductivity of ≈6200 S cm−1 in a PEDOT 
system was achieved through improvement of the morphology 
and doping level of the polymer using oxidative chemical vapor 
deposition.[19] Similar improvements to conductivity have been 
reported for solution-deposition techniques that manipulate the 
polymer morphology. More specifically, it has been shown that 
PEDOT:PSS films deposited by solution shearing exhibit sub-
stantially higher electrical conductivity values than films depos-
ited via spin casting.[20] The directional nature of solution shear 
deposition promotes anisotropic structuring within the thin film, 
leading to higher conductivity along the direction of deposition. 
By applying this principle to postdeposition treatments, this 
study uses anisotropic application of various solvent-and-solvent 
combinations on solution-sheared PEDOT:PSS films to further 
enhance electrical properties.[21] Compared to traditional post-
deposition treatments, wherein solvent is applied by dropping 
on the film or by fully immersing the sample in a solvent for a 
long duration (minutes), application of solvents using a shearing 
blade (Figure 1A) could be fully integrated into a roll-to-roll pro-
cess proceeding deposition. This methodology, defined here as 
solvent shearing, leads to record-high electrical conductivity 
(8500 ± 400 S cm−1) and power factor (≈800 µW m−1 K−2) values 
measured in the shearing direction.

2. Results and Discussion

2.1. Optimization of Postdeposition Solvent Shearing

Based on our previous shearing work with PEDOT:PSS,[20] 
we hypothesized that using the same method for the post-
deposition solvent treatment could further induce PEDOT-
rich domain ordering through the structural rearrangement 
and relaxation caused by postdeposition PSS solvation and 
removal.[10,22,23] A schematic for the film deposition and sub-
sequent solvent treatment is depicted in Figure 1A,B. Over 100 
films were created, resulting in various levels of conductivity 
depending on the solution-shearing conditions as well as the 
solvent-treatment conditions. Some of those conditions, shown 
in Figure 1C, exhibit the effect of solvent shearing on electrical 
conductivity of solution-sheared PEDOT:PSS thin films at room 
temperature. All films were prepared by solution shearing 
(90 °C, 1.5 mm s−1) and subsequently treated with a specified 
solvent by either the drop or shear method (see “Experimental 
Section” for full description). When either MeOH or ethanol 
(EtOH) was applied via solvent shearing, electrical conductivity 
in the direction of shearing was observed to improve by 44% 
or 91%, respectively, when compared to application via the 
drop method. However, there was no observable difference 
between methods when EG was used. Solvent treatments can 
affect film conductivity through selective removal of noncon-
ducting PSS; in the solution-sheared films, subsequent solvent 
shearing results in a reduction of film thickness by as much 
as 60%. On average, across both shear and drop methods, 
however, EG-treated films exhibited a thickness reduction 
of only 35%, whereas MeOH- and EtOH-treated films were 
reduced by 52% and 56%, respectively. The short duration of 
either of these solvent treatment methods relative to previous 

Figure 1. Optimization of postdeposition solvent shearing. A) Schematic of sheared deposition of PEDOT:PSS and B) postdeposition sheared solvent treat-
ment. C) Typical conductivities of sheared PEDOT:PSS films with postdeposition treatments with different solvents by drop (black) and shear (red) methods. 
MeOH/EtOH shear films achieved 8500 ± 400 S cm−1 measured from five representative samples. D) Temperature dependence of the conductivity of individual 
PEDOT:PSS films deposited by different methods and subjected to different solvent treatments. EG: ethylene glycol, MeOH: methanol, and EtOH: ethanol.
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studies may limit the ability of the EG to selectively solvate 
PSS. As previously demonstrated with polystyrene, the local 
segmental chain dynamics are strongly affected by solvent vis-
cosity.[24] Thus, the high viscosity of EG may limit solvation at 
the time scale of these treatment methods. The highest con-
ductivities within a given treatment method were obtained 
using a 1:1 ratio of MeOH/EtOH. We hypothesized that these 
solvents might combine synergistically. MeOH effectively seg-
regates PSS from PEDOT but evaporates too quickly to have 
maximum effect when deposited via solvent shearing. EtOH is 
less effective than MeOH at segregating PSS from PEDOT, but 
its higher boiling point sustains a longer retention time with 
the film. The combined solvent system appears to leverage 
the positive aspects of each solvent to produce a larger con-
ductivity increase than achieved with either solvent employed 
independently. This solvent combination, when applied via sol-
vent shearing, yields PEDOT:PSS thin films with the highest 
electrical conductivity of 8500  ±  400 S cm−1 (standard devia-
tion) from five representative samples measured in the direc-
tion of shearing at room temperature. Further differences in 
these films are demonstrated in the temperature-dependent 
electrical conductivity of the various prepared PEDOT:PSS thin 
films (Figure  1D). While most PEDOT:PSS samples exhibit 
classical semiconducting behavior as determined by nega-
tive temperature coefficients of resistance (TCR), PEDOT:PSS 
thin films that achieve the highest conductivity values show 
metallic-type behavior (positive TCR). This dependency has 
been observed before in highly doped, crystalline PEDOT:PSS, 
and other high conductivity PEDOT derivatives.[3,25,26]

2.2. Shearing-Induced Anisotropy in PEDOT:PSS

The anisotropy of both deposition and solvent treatments results 
in highly anisotropic electrical conductivities and Seebeck coef-
ficients. This electrical anisotropy is shown in Figure 2A, which 
compares the electrical conductivities, Seebeck coefficients, 

and resulting power factors of solution-sheared samples fur-
ther solvent-treated via the shear and drop methods relative to 
the shearing direction. The most conductive direction for both 
preparations is 0° offset to the shearing direction, i.e., parallel 
to the direction of deposition and treatment. As the angle of 
the electrodes is increased relative to the shearing direction, the 
conductivity decreases significantly for both treatment types, 
with the lowest value occurring completely perpendicular to the 
direction of shearing, while the Seebeck coefficient increases. 
The ratio of parallel-to-perpendicular electrical conductivity 
for the solvent-shearing treatment (4.2) is only slightly higher 
than the drop method (3.6), indicating that the solution shear 
deposition induces most of the anisotropy responsible for this 
behavior. Additional anisotropic application of the solvents 
modestly enhances the conductivity anisotropy. The electrical 
conductivity values measured at 90° are in the range of what 
can be obtained through spin coating and subsequent solvent 
treatments, indicating that the structural ordering in the parallel 
direction does not induce similar structuring in the perpendic-
ular direction. As shown in the bottom section of Figure  2A, 
the power factor of the resulting films is maximized at an angle 
of 45° relative to the shearing direction, suggesting that higher 
thermoelectric efficiencies could be attained through further 
angle-dependent geometric optimization. Structural differences 
between solvent-treatment conditions are also evident in the 
polarized UV–vis spectroscopy of solution-sheared films. Drop 
and shear post-treatment spectra were taken and referenced to 
drop-cast films with drop post-treatment (Figure 2B). All films 
showed similarly broad absorption in the perpendicular direc-
tion (top), but differences can be observed parallel to the direc-
tion of shearing (bottom). The solvent-sheared films exhibit 
new weak optical transitions in the visible region at 605 and 
660 nm in addition to the broad absorption background. Peaks 
at ≈600  nm are attributed to neutral PEDOT chains obtained 
through loss of oxidizing PSS.[27] The presence of these peaks 
in the direction of shearing indicates anisotropic alignment of 
PEDOT-rich domains in the direction of shearing.

Figure 2. Shearing-induced anisotropy in PEDOT:PSS. A) Average electrical conductivity (black, top), Seebeck coefficient (red, top), and power factor 
(black, bottom) of shear (solid) and drop (dotted) treated films as a function of angle away from the direction of shearing, measured on at least four 
films per condition. B) Normalized, polarized UV–vis spectra for drop-cast, MeOH drop films (blue); solution-sheared, MeOH drop films (red); and 
solution-sheared, MeOH/EtOH sheared films (black, dotted).
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2.3. X-Ray Characterization of PEDOT:PSS Films

Evidence of structural and/or dopant position changes is 
observed in the extended X-ray absorption fine structure 
(EXAFS) plots derived from sulfur-edge EXAFS spectra 
(Figure  3A) on solution-sheared PEDOT:PSS samples relative 
to spin-cast PEDOT:PSS (top). The spectra of solution-sheared 
PEDOT:PSS samples are replicated below to allow for easy 
comparison with solution-sheared films further treated via 
solvent shearing. The two spectra (Figure  3A, bottom) show 
similar first-shell interactions (1 Å peak, *), presumably from 
adjacent carbons.[28] Another scattering peak appears around 
3 Å (#), though it is slightly shifted to smaller radial distance in 
the solvent-sheared sample. The peak at 4 Å ( · ) only appears 
in the solvent-sheared sample. Although the qualitative com-
parison of the spectra reveals meaningful differences, the 
complexity of the PEDOT:PSS system and the lack of a suit-
able PEDOT standard make structural precise modeling of this 
system for specific structures futile. However, the extra feature 
at 4 Å may indicate tighter sulfonate coupling with the PEDOT 
backbone, closer proximity of the thiophene to the remaining 
PSS, or smaller PEDOT–PEDOT distance. Any of these struc-
tural changes could manifest in higher carrier concentrations 
and metallic behavior.

Additional X-ray studies were performed to determine 
whether any structural or morphological anisotropy could be 
observed in the sheared PEDOT:PSS films. Significant changes 
in the domain morphology are observed in the grazing-
incidence small-angle X-ray scattering (GISAXS) spectra 
(Figure  3B) for the sheared and spin-cast PEDOT:PSS films. 
The characteristic domain length (Rg, radius of gyration) was fit 
at low q at 0° and 90° angles with respect to shearing direction 
by orienting the sample relative to incoming X-ray beam (see 
the “Experimental Section”). As seen in Figure  3B, the spin-
cast PEDOT:PSS film shows nearly identical lengths (≈15 nm) 
of the domains in all directions, which is expected given the 
slightly radial deposition nature of spin-cast films. However, 

strong domain length anisotropy is observed in films deposited 
via solution shearing, specifically an elongation of the domains 
in the direction of shearing (Table 1). Furthermore, the Porod 
region at higher q shows a lower scaling for both directions of 
the solvent-sheared sample, indicating more distinct bounda-
ries between PEDOT and the remaining PSS.[29] The above 
characteristics suggest that the solvent treatment via shearing 
enhances the elongation, increasing the ratio of measured 
domain length from 1.3 to over 1.5 (Figure  3C). The highest 
direction of electrical conduction coincides with the direction 
of elongation.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) 
patterns shown in Figure 4A further illustrate the dependence 
of morphology and composition on deposition technique and 
subsequent solvent treatment. The prominent peaks occurring 
at 1.2 Å−1 (0.52  nm) and 1.8 Å−1 (0.35  nm) correspond to PSS 
halo and π–π stacking in PEDOT, respectively.[30] The integrated 
intensities near the horizon (0°–20° for edge-on PEDOT 
stacking), when the X-ray beam is aligned along the direction 
of shearing (parallel) and 90° rotated from the direction of 
shearing (perpendicular), across various samples are shown 
in Figure  4B and the ratios of the normalized peak heights 
plotted in Figure  4C. The two as-deposited samples have the 
lowest PEDOT/PSS ratios, with the shear deposition resulting 
in a slightly larger PEDOT/PSS ratio than the spin-cast sample. 
Even before solvent treatments, a slight anisotropy induced 
from the shear deposition is observed in comparison with the 
isotropic spin-cast sample.

Figure 3. X-ray investigation of domain-scale structural changes in PEDOT:PSS films. A) EXAFS spectra of the sulfur edge of spin-cast and sheared 
PEDOT:PSS films (top) and sheared PEDOT:PSS films with and without solvent shear treatment (bottom). B) Comparison of the GISAXS spectra of 
solution- and solvent-sheared films and drop-cast films along different axes. For the sheared sample, the angle is defined relative to the direction of 
shearing. C) Schematic depicting the shearing-induced domain elongation; dark blue circles represent PEDOT-rich domains.

Table 1. Average radius of gyration (Rg) in PEDOT:PSS films with dif-
ferent treatments relative to direction of shearing determined by GISAXS.

Film treatment 0°Rg [nm] 90°Rg [nm] Rg ratio

Spin/Drop 6.9 7.2 0.96

Shear/Drop 13.1 9.2 1.4

Shear/Shear 18.8 12.0 1.6
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After solvent treatment, the PEDOT/PSS ratio for all samples 
increases due to the partial removal of PSS and improved PEDOT 
π–π stacking, the latter evidenced by the narrowing of the full 
width at half maximum of the PEDOT π–π peak. The isotropic 
application of solvent maintains the isotropic structure of the 
PEDOT in the spin/drop sample, while both drop and shear appli-
cations of solvent treatment yield large differences in PEDOT/
PSS ratio between directions, with the latter being the largest. 
The amount of aligned PEDOT first induced by the deposition 
and, second, increased by the solvent shearing create conductive 
domains preferentially oriented in the direction of shearing.

These data indicate that structural alignment and increased 
dopant effectiveness are responsible for the large gains in elec-
trical conductivity achieved in solvent-sheared PEDOT:PSS 
films. Additionally, elongated PEDOT domains may have more 

contact area between them, thereby increasing the number of 
percolation paths and lowering the resistive barrier to transport 
of charge carriers along them. Increasing conduction across 
domains has been shown to increase the electrical conductivity 
of PEDOT:PSS.[31]

2.4. Thermoelectric Performance of Sheared PEDOT:PSS

Measured Seebeck coefficients, electrical conductivities, and 
power factor values of individual films are shown in Figure 5A. 
As observed with other PEDOT derivatives,[3,14] the Seebeck 
coefficient initially increases with increasing electrical con-
ductivity. The initial increase in S with σ   is attributed to 
improvement to the transport coefficient, 0Eσ , by increasing 

Figure 4. X-ray characterization of chain-scale structural changes in PEDOT:PSS films. A) 2D GIWAXS plots of solution- and solvent-sheared (Shear/
Shear) films oriented parallel (top) and perpendicular (bottom) to the direction of shearing. B) Integrated intensities at the horizon (0°–20○) for parallel 
and perpendicular samples subject to different treatment conditions. C) PSS (Q ≈ 1.2 Å) and PEDOT (Q ≈ 1.8 Å) peak height ratios for films subjected 
to different treatment conditions, aligned parallel (red) and perpendicular (black) to the direction of the treatment.

Figure 5. Thermoelectric performance of sheared PEDOT:PSS films. A) Seebeck coefficient and B) power factor versus electrical conductivity of sheared 
PEDOT:PSS films subjected to different postdeposition solvent treatments. Each data point represents an individual sample with error bars calculated 
from repeated measurements on each.
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the connectivity of PEDOT-rich domains and enlarging the 
percolating network.[32] With mixed solvent shearing, transport 
is no longer percolation-dominated, and the traditional 
inverse relation between S and σ   is observed. The resulting 
power factor values peaked at the optimized point before the 
PEDOT:PSS films become metallically conductive (Figure 5B). 
The highest value obtained in this work is 823  µW  m−1 K−2, 
nearly double previously reported values for solution-processed 
PEDOT:PSS.[33]

2.5. Cross-Plane Thermal Conductivity of Sheared PEDOT:PSS

Full evaluation of the thermoelectric performance of these highly 
conductive PEDOT:PSS thin films requires measurement of the 
thermal conductivity of the films. The 3ω technique was used 
to measure the properties of a drop-cast thick-film PEDOT:PSS 
sample, which yielded isotropic, bulk thermal conductivity 
κ = 0.44 W m−1 K−1, and a heat capacity, Cv = 2.2 × 106 J m−3 K−1. 
This establishes a baseline for comparison to thin-film pro-
cessing of the same polymer. Cross-plane thermal conductivity 
(κz) was measured via time-domain thermoreflectance (TDTR). 
A plot showing representative TDTR data and best fit, along 
with ±10% perturbations in κz about the best fit value, is shown 
in Figure  6. Solution-sheared PEDOT:PSS thin films exhibit 
κz = 0.31 ± 0.03 W m−1 K−1 and Cv = (1.9 ± 0.3) × 106 J m−3 K−1. 
These extracted values are in good agreement with reports for 
PEDOT:PSS films in literature.[34] Using this value for the thermal 
conductivity results in an upper bound for the room temperature 
zT of 0.81 for the thin films; however, given the highly aniso-
tropic electrical transport, we expect a higher in-plane thermal 
conductivity than the value used here.[35] Although PEDOT:PSS 
systems have not exhibited the same interdependence between 
electrical and thermal conductivities as PEDOT:tosylate, the 
unprecedented electrical conductivity of these PEDOT:PSS thin 
films merits further study of their anisotropic thermal trans-
port.[36] Nevertheless, the nearly twofold improvement in power 

factor over previously reported PEDOT:PSS films establishes 
a new standard for thermoelectric performance of scalable, 
solution-processable organics. We expect this work to stimulate 
further refinement of processing techniques for improving the 
conductivity and Seebeck coefficient of organic material systems.

3. Conclusion

We report a scalable solvent-shearing technique to improve 
the alignment and relative percentage of conductive PEDOT 
domains in thin films of PEDOT:PSS. The key feature of this 
processing technique is its ability to achieve high power factor 
and high throughput; the shearing deposition and solvent 
treatment are readily integrable into a high-throughput roll-to-
roll process. The sheared films exhibit anisotropically aligned 
PEDOT-rich domains in the direction of shearing, resulting 
in a record-high room temperature electrical conductivity of 
8500 ± 400 S cm−1 and a power factor of over 800 µW m−1 K−2.

4. Experimental Section

4.1. Preparation of Films

PH1000 PEDOT:PSS was purchased from Heraeus. All other 
chemicals were purchased from Sigma–Aldrich and used as 
received. Some batch-to-batch variation of the PH1000 was 
observed. It is critical for film performance to store PH1000 at 
5–10  °C when not in use. Solution shearing and solvent treat-
ment: PEDOT:PSS films were deposited onto SiO2-covered 
(300 nm) silicon and glass substrates. Substrates were washed 
with acetone and isopropyl alcohol and exposed to O2 plasma 
at 150 W for at least 2 min. The shearing blade consisted of a 
rectangular piece of silicon, functionalized on the blade surface 
and blade edge with a monolayer of octadecyltrichlorosilane. 
The monolayer quality and cleanliness of the blade are critical 
for film performance. Films were deposited at various substrate 
temperatures, ranging from 85 to 90  °C at a blade height of 
≈100 mm relative to the substrate. Coating speeds ranged from 
0.5 to 4  mm s−1, producing films between 20 and 200  nm in 
thickness. Samples were kept on a hot plate at 130  °C in air 
until treated with solvent. Solvent treatments were consisted 
of two types: 1) “drop” wherein solvent was directly drop-coated 
via pipette onto the sample, and 2) “shear” wherein solvent was 
applied to the samples via the shearing blade. The conditions for 
solvent treatments, unless otherwise noted, are listed in Table 2. 
Each sample was submerged in MeOH and gently swirled for 
at least 10 s directly following solvent treatment. Samples were 
stored in a dry environment when not in active use.

4.2. Morphological and Chemical Characterization

UV–vis spectra were obtained with a Cary 6000i spectropho-
tometer through an aperture of 1.3 × 0.4 cm on films prepared 
as described above on quartz substrates. Film thickness and 
topology were measured with tapping-mode atomic force micros-
copy (AFM) from Nanoscope III (Digital Instruments/Veeco 

Figure 6. Plot of representative time-domain thermoreflectance data, 
best fit to the 3D diffusion model, and ± 10% perturbations in the cross-
plane conductivity, κz, about the best fit for a solvent-sheared film of 
PEDOT:PSS. The data are the ratio of the in-phase (Vin) and out-of-phase 
(Vout) voltage signals associated with temporal changes in the reflectivity 
of the thin Al transducer film deposited on top of the sample in response 
to absorption of the laser pump pulses and subsequent thermal decay.
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Metrology Group) and with an interferometer (Filmetric F 20IR). 
All thickness values were the average of at least three measure-
ments in different areas of the film. IR absorbance measure-
ments were taken with a Nicolet iS50 FT/IR spectrometer using 
an attenuated total reflectance (ATR) accessory.

Both GISAXS and GIWAXS were performed at the Stan-
ford Synchrotron Radiation Lightsource (SSRL) of the SLAC 
National Accelerator Laboratory on beamlines 1–5 and 11–3, 
respectively. The sample-to-detector distance was calibrated 
using lanthanum hexaboride (LaB6) polycrystalline standard 
at beamline 11–3, while silver behenate standard was used at 
beamline 1–5. The grazing incidence angle was 0.12°. Numer-
ical analysis of the scattering peak areas was performed with 
the software WxDiff for GIWAXS and the Irena package[37] for 
GISAXS. The 2D GISAXS data were integrated along intensity 
stripes in the lateral direction, creating a 1D scattering curve 
presented as a function of qxy. The local environment of sulfur 
species was analyzed with S K-edge EXAFS at beam line 4–3 at 
SSRL in fluorescence mode using a Vortex detector. Samples 
within the chamber were kept under constant He flow, and an 
in-line thiosulfate standard was used for energy calibration. The 
EXAFS data were analyzed in Athena within the Demeter suite 
of tools. XAS data were recorded to k  = 12 for all spectra and 
normalized (order 2), and all R-space data were weighted k2.

4.3. Electrical Characterization

Electrodes (2/50  nm Ni/Au) with a channel length-to-width 
ratio of 20 were patterned onto thin-film samples by e-beam 
evaporation through a shadow mask. Nickel was used as a 
contact layer instead of the more typical Ti or Cr because of 
its deeper-lying work function. Samples prepared with Cr/
Au or Au via thermal evaporation yielded 30% lower electrical 
conductivities. Samples were heated on a hot plate at 130 °C in 
air prior to all measurements to drive off absorbed moisture. 
In-plane electrical conductivity was measured via four-point 
contacts in air. An in-plane surface probe technique was used 
to measure the Seebeck coefficient of prepared thin films in 
air. The film was suspended across two thermal masses, one 
warmer than the other. The top-deposited electrodes were used 
as local thermometers, where the resistance of the metal was 
used to calculate the surface temperature of the film at the con-
tact. The open-circuit voltage across the two electrodes was then 
used to calculate the Seebeck coefficient. For cross-reference, 

a thermocouple tip and an electrical probe were coincidentally 
placed on the material surface in two spots to measure both the 
local temperature and electric potential. These two methods 
yielded results within 15% of each other. The temperature dif-
ferential was increased, and data were recorded over a range of 
temperature differentials from 0 to 8 K near room temperature. 
This approach yielded Seebeck coefficients between +10 and 
+60 µV K−1 for all samples, showing p-type characteristics.

4.4. Thermal Measurements

The cross-plane thermal conductivity and specific heat of 
PEDOT:PSS thin films were measured using TDTR, an optical 
pump–probe technique.[38] The measurements were con-
ducted with ≈9  ps pulses emitted from a 1064  nm Nd:YVO4 
mode-locked laser source. These pulses were split into pump 
and probe beams; the pump beam was frequency-doubled to 
532 nm using a second harmonic generator, and amplitude was 
modulated at a frequency of 4 MHz for lock-in detection. The 
sample was coated with a thin metal transducer film (77 nm of 
Al), which absorbed the pump pulses and heated up. Thermal 
diffusion into the film of interest, and the resulting tempera-
ture decay in the Al film, was probed by measuring the tem-
poral changes in the reflectivity of the transducer. A mechanical 
delay stage varied the pump–probe delay time from 0 to 3.5 ns. 
The root mean square (rms) diameter of the laser spot was 
3.2 µm, and the average pump and probe powers were ≈14 and 
≈3 mW, respectively. The steady-state temperature rise induced 
by laser heating was ≈10 K. The experimental data consisted of 
a time-series of in-phase (Vin) and out-of-phase (Vout) voltage 
signals measured by the lock-in amplifier tuned to the modula-
tion frequency. The ratio −Vin/Vout was fit to a 3D heat diffu-
sion model to extract the two unknown quantities, namely the 
cross-plane thermal conductivity (κz) and specific heat (Cv) of 
the PEDOT:PSS film. The thicknesses of Al and PEDOT:PSS 
were measured by AFM to be 77 ± 1 and 38 ± 4 nm, respectively. 
The thermal conductivity and specific heat of Si, and specific 
heat of Al were taken from literature. The thermal conductivity 
of Al was measured via four-probe electrical measurements and 
using the Wiedemann–Franz law, κAl = 160 W m−1 K−1.[39] The 
thermal boundary conductance at the Al–PEDOT:PSS interface 
was fixed at 100 MW m−2 K−1. Note that although the PEDOT 
is expected to be anisotropic with a different thermal conduc-
tivity in- and cross-plane, the TDTR measurement is insensi-
tive to the in-plane value as the thermal penetration depth (at 
4  MHz, ≈100  nm) is significantly smaller than the laser spot 
size. This leaves the cross-plane conductivity and volumetric 
specific heat of PEDOT:PSS as the only unknown parameters, 
which are extracted through a simultaneous fit of the model 
to the data. Error bars in the reported data were calculated by 
propagating uncertainties in the fixed parameters, namely Al 
thickness (±1  nm), PEDOT:PSS thickness (±4  nm), and rms 
spot size (±3%), and adding them up in quadrature along with 
the uncertainty due to spot-to-spot measurement variability on 
the sample (which was ≈3% for κz and ≈8% for Cv). The accu-
racy of this setup and measurement procedure was validated by 
performing experiments on a 300 nm SiO2/Si witness sample 
that had undergone Al evaporation alongside the PEDOT:PSS 

Table 2. Conditions for postdeposition solvent treatments for 
PEDOT:PSS films.

Treatment Solvent Temperature [°C]

Drop Methanol (MeOH) 130

Drop Ethanol (EtOH) 130

Drop Ethylene glycol (EG) 140

Shear MeOH 90

Shear EtOH 100

Shear EG 130

Shear 1:1 MeOH:EtOH 90
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samples. This sample gave a thermal conductivity for SiO2 of 
1.4 ± 0.1 W m−1 K−1, which was in agreement with literature.

The cross-plane, bulk thermal conductivity of the 
PEDOT:PSS samples was measured by the 3ω method. The 3ω 
method is a frequency-domain electrothermal measurement 
technique used to characterize the thermal properties of thin 
films and bulk materials.[40,41] In brief, the 3ω method utilizes 
a single-patterned metal line driven by a current source at fre-
quency ω to provide Joule heating and subsequent temperature 
oscillations at frequency 2ω. Due to the temperature coefficient 
of resistance of the metal, the resistance of the line is also per-
turbed at frequency 2ω, leading to an overall voltage oscillation 
at frequency 3ω, which is detected using a lock-in amplifier. 
PEDOT:PSS films were deposited onto microfabricated sub-
strates that contained electrically isolated metal heater/ther-
mometer lines. Under periodic heating, the temperature oscil-
lations in the metal line are proportional to the thermal proper-
ties in the surrounding materials. The thermal conductivity and 
heat capacity of the polymer were then extracted by fitting the 
thermal frequency response to the heat conduction equation.
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