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ABSTRACT

We report a comprehensive spectroscopic investigation of poly[3,4-ethylenedioxythiophene] (PEDOT) thin films, including both
those synthesized from solution in the doped state and from commercial PEDOT:PSS (poly(styrene sulfonate)) formulations.
Variable-angle spectroscopic ellipsometry is combined with transmittance and reflectance measurements spanning the UV to
mid-infrared spectral range. Data from the different techniques are consistently analyzed within a unified framework based on the
complex dielectric function of each film. Uniaxial optical modeling assuming an edge-on molecular orientation reveals a markedly
anisotropic response, with the ordinary (in-plane) component exhibiting significantly higher conductivity than the out-of-plane
dielectric component. Notably, the synthesized PEDOT films show enhanced in-plane optical conductivity, in agreement with
sheet resistance measurements. The molecular structure and anisotropy of PEDOT are further corroborated by grazing-incidence
wide-angle X-ray scattering (GIWAXS), which reveals an intra-lamellar structure characterized by 77— stacking of PEDOT chains
at a distance of approximately 3.9 A and an interlamellar periodicity of about 15.7 A. Overall, these results represent a significant
step toward a deeper understanding of the electronic and optical properties of this distinctive class of macromolecules and their
potential use in photonics and optical metamaterials.

1 | Introduction significant challenge. To date, elastomeric systems have been

predominantly employed to impart flexibility or tunability to

Over the past years, organic nanophotonics—i.e., the subfield
of photonics in which light is manipulated and processed using
organic semiconductors and devices—has revealed unexpected
properties that are unattainable with conventional inorganic
materials, such as flexibility, shape adaptability, and stretchability
[1-7]. Optical waveguides [8-10], optical cavities [11-18], filters
[19, 20], lasers [21-27], thermal shields [28, 29] photonic crystals
[17, 30, 31]. and metamaterials [32-34] validate the interest
fostered by organic photonics. Focusing on lithography-processed
metamaterials, selecting suitable organic materials remains a

devices [35, 36], whereas only a limited number of studies have
explored the use of functional active polymers as meta-atoms for
constructing metamaterial architectures [7, 37-41].

From a materials perspective, the development of metamaterials
primarily relies on two approaches: the use of materials with
very high refractive index (typically exceeding 2) or materials
exhibiting metallic character. The former are particularly difficult
to identify among macromolecular commodity systems, due to
stringent constraints on synthesis and processing. As a result,
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FIGURE 1 | Scheme of the synthesis process used in the preparation of PEDOT UPO samples.

current research in the field has largely shifted toward hybrid
nanocomposites, conjugated systems, and inorganic polymers,
such as inverse-vulcanized ones [42, 43]. As an alternative to
metallic structures, conducting polymers represent an up-and-
coming option. Among them, PEDOT and its derivatives and
formulations are especially attractive, as their synthesis is not
energy-intensive, can be carried out at low temperatures, and
yields materials that are readily processable from solutions using
simple techniques. PEDOT-based materials have therefore been
widely introduced as transparent electrodes in organic electronics
[41, 44]. Beyond its use as a transparent electrode, PEDOT has
found widespread application in bioelectronics [45], biosensing
[46], and thermoelectric devices [47].

For nanophotonic applications, the use of any material—
including PEDOT—requires a deep and detailed understanding
of its optical response (i.e., the complex refractive index 77 = n +
ik, or complex dielectric constant (£ = ¢, + ig,). This, in turn, is
governed by film morphology, which depends on the adopted
synthetic strategy, processing conditions, and the counter-ions
used [44, 45, 48, 49]. Notably, the morphology may induce
anisotropy in the electrical conductivity [50], thereby indicating
a corresponding anisotropy in the electronic structure, which
should also be reflected in the optical response.

Within this field, this paper reports on the preparation of self-
doped PEDOT thin films, as obtained via oxidative chemical
polymerization in the liquid phase. These samples were obtained
using Vanadium pentoxide (V,0s) as an oxidant and following
a procedure adapted from the work of Chen et al. [51] and
described in the Experimental Section. As the properties of

PEDOT prepared by this unusual synthetic procedure have
been rarely investigated, we performed a detailed ellipsometric
analysis, combined with broadband optical characterization and
extended electrical analysis, which allowed us to unambiguously
determine the uniaxial anisotropy of the refractive index, in full
agreement with preliminary GIWAXS investigations. The results
obtained for PEDOT are then compared with corresponding
optical data for commercial PEDOT:PSS formulations, indicating
that anisotropy in both the optical and electrical responses is a
common characteristic of PEDOT thin films. The results reported
here provide the foundation for nanostructuring these films to
achieve metamaterial properties.

2 | Results and Discussion

Three different PEDOT thin film series were prepared on different
substrates, namely high-grade quartz glass, amorphous glass,
and intrinsic Silicon slides. The first two sample series were
obtained by spin coating starting from commercial PEDOT:PSS
formulations (hereafter named SA and OS, after the Sigma-
Aldrich and Ossila Ltd providers, respectively). The third sample
series, named UPO, was obtained through a liquid-phase oxida-
tive chemical polymerisation process using vanadium pentoxide
(V,05) as the oxidant (see Experimental section/Methods section
for details).

The synthetic process is illustrated in Figure 1. First, an oxidant
solution is deposited by spin-coating onto the treated substrate.
Then, without stopping the rotation, a monomer solution is
deposited onto the oxidant-covered substrate, and spin coating is
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TABLE 1 | Synthetic details for the preparation of UPO PEDOT thin films.

Spin-coating Oxidant solution Oxidant solution Film thickness by optical
Sample Set velocity [rpm] concentration [M] casting time [s] profilometry [nm]
S1 3000 0,4 6 380
S2 3000 0,2 6 110
S3 3000 0,3 6 200
S4 3000 0,2 7 100

2V, 05 dissolved in a mixture 3:1v/v of MSA and concentrated sulphuric acid.

TABLE 2 | Thin film growth, structural, and optical parameters (T, @p, =D/ 3oy, for a typical sample of three PEDOT series, whose dielectric
functions are reported in Figure 3, both for in-plane and out-of-plane components. Comparison of equivalent values from literature references is also

reported.
Static optical
conductivity o Out-of-plane
(w=0) In-plane response response
Spin Film
Sample coating thickness in- out-of- 4PP sheet
series speed by SE plane plane o&"/c°* conductivity w} r P /B W r xP/xtet
o> o’
[rps] [nm] S/m] S/m] [103S/m] (eV?) (eV) (eV?) (eV)
SA 60 142 1.47 0.141 10,5 0.3 0,73 1.06 0.46 0.33 497 0.35
oS 60 162 2.26 0.047 48 0.2 0,85 0.80 0.69 0.14 6.22 0.03
UPO 50 108 14.8 1.04 14 33.7 5,52 0.80 0.93 0.36 0.75 0.41
Ref. [60]* 180 700 32 22 670
Ref. [64] 10 1

*See also Reference values in Table S1

continued for a further 4 s. Under these conditions, polymerisa-
tion occurs almost instantaneously, as evidenced by the sample’s
rapid colour change from yellow (the colour of the oxidising
solution) to dark blue (the colour of PEDOT film, Figure 1)
immediately after the monomer is added. The oxidant solution
consists of V,0; dissolved in methanesulfonic acid (MSA), to
which a weak base (pyridine) is added to prevent unwanted acidic
side reactions [52]. Two solutions are prepared with different con-
centrations of V,0s in MSA: 0.2 and 0.3 M. Unfortunately, V,O;
dissolves very slowly in MSA, taking approximately three months
to reach a concentration of 0.3 M. A third, more concentrated,
solution (0.4 M) was obtained by dissolving V,0s in a 3:1 (by
volume) mixture of MSA and concentrated sulphuric acid [53].
The monomer solution is made up of 30% v/v EDOT dissolved in
acetonitrile. Starting from the three oxidant solutions and varying
the process times, four sample sets were prepared, with thickness
values ranging from 100 to 380 nm, as reported in Table 1.

Film thickness values were determined by step-height anal-
ysis using an optical profilometer equipped with a confocal
microscope (Figure S1) and compared with those derived by
spectroscopic ellipsometry (Table 2, vide infra Table S1 and
corresponding comments). Surface roughness was determined
both by confocal optical profilometry (Figure S2) and Atomic
Force Microscopy (AFM) analysis (Figure S3). The first one
indicates a rms roughness value of about 4 nm, while AFM

provides 1.7 nm. The thickness of the resulting films is primarily
related to the concentration of the oxidant solution used, with the
higher concentration resulting in thicker films when the spinning
velocity is kept fixed.

Variable-angle spectroscopic ellipsometry (SE) joined to Trans-
mittance/Reflectance dispersive spectroscopy at near-normal
incidence was used to characterize the dielectric response in
the UV-vis-NIR spectral range. Polarized Fourier Transform
Infrared spectroscopy in the medium infrared range (up to
0.1 eV) at variable angles of incidence provided further infor-
mation about birefringence in the optical conduction response.
In the static limit, this last allows the comparison to electrical
sheet conductivity values obtained by four-Point Probe (4PP)
characterization. Finally, Grazing Incidence Wide-Angle X-ray
Scattering (GIWAXS) pattern on the UPO series material was
used to correlate the optical birefringent model and the molecular
backbone orientation within a lamellar ordering.

2.1 | Optical Spectroscopies: Dielectric and
Conduction Response

2.1.1 | UV-Vis-NIR Spectroscopic Ellipsometry STUDY

Spectroscopic ellipsometry (SE) is the method of choice to
determine the dielectric function dispersion of a material. Upon
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reflection at a plane surface, linearly polarised radiation gener-
ally becomes elliptically polarised. The measured ellipsometric
parameters, tan¥ and cosA are the relative amplitude ratio
and relative phase shift, respectively, of the complex Fresnel
reflection coefficients r, and r;, related to the p- and s-polarised
electric field components in the plane of incidence [54]. SE then
provides polarisation degree and phase as well as the amplitude
information of the optical response within a single experiment;
moreover, by collecting spectra at different angles of incidence,
the optical modelling, simulation, and quantitative interpretation
are improved [55, 56].

SE is used to investigate the relative role of the PEDOT dielectric
response (from bound charges), with respect to the conductive
one (by quasi-free charge carriers), and to assess the in-plane and
out-of-plane thin film anisotropy. To this end, the semiclassical
dielectric response modelling from Lorentz (Equation 1) and
Drude (Equation 2) oscillators has been adopted [57]:

A
@) =g+ ), —————— ey
! <w§’j - w2> —ilw
w,’

E(w)=¢y — PR 2

where ¢, is the residual dielectric function, A;, w; and I; are
the oscillator strength, the energy resonance and broadening,
respectively, of any interband transition or vibrational mode; w,
and T are the plasma frequency and energy broadening of the
collective charge carrier plasma, respectively. The overall Drude-
Lorentz dielectric function model provides accurate insights into
the dielectric properties €, (w), €,(w) of the material, including
o(w), DC conductivity, and anisotropic mobility. In fact, the
optical conductivity is defined as:

2 2
Fcop w

—— = §—= =0
@2 +T20-0°T bc

0 (@) = we, (w) = 3
which for w = 0 coincides with the static electrical conductivity
value. The in-plane static conductivity component should be of
interest compared to the sheet-conductivity value derived from
the 4PP measurements. These have been derived from the exper-
imental 4PP sheet resistivity o, and the film thickness ¢ derived
from ellipsometry, through the usually adopted expression o =

1/(ps ) [58].

In the best-fit analysis to SE spectra, we adopted a three-phase
optical system model: ambient (air), thin film, and substrate.
Reference samples of quartz glass, amorphous glass, and silicon
substrates were characterized by SE before thin film investigation,
and their derived dielectric functions are then adopted in the
above model. We underline that no need for a roughness overlayer
correction is noticed for the samples investigated, according to the
good film surface flatness (see Figures S2 and S3, as well as the
comment in Section 2). SE spectra are then complex functions of
the angles of incidence, the film dielectric function £ = ¢, + i¢, =
& & = g,/%, and its thickness (d).

The material complex dielectric function has been modelled with
a set of physical oscillators, with variable lineshape depending
on the optical resonance type, that guarantee Kramers-Kronig

consistency. Free-variable parameters of the fit are then the
amplitude, the resonance energy, and the linewidth for the
Lorentzian oscillators, the plasma frequency and broadening,
beyond film thickness. Then, the simulated SE, R, and T spectra
were best fit to the corresponding experimental ones through
minimization of the reduced root }? figure of merit.

As a starting point, we describe the UV-vis-NIR PEDOT:PSS film
response, comparing the results with those previously reported
where the effect of the doping on the electronic structure has been
mentioned [59, 60]. As it often appears in conjugated polymers,
optical anisotropy has to be considered due to the intrinsic
electronic anisotropy of 7 electrons delocalized over polymer
backbones. However, a few reliable attempts to investigate the
anisotropy of the optical response of conjugated polymer thin
films and polymer nanostructures have been reported [55, 61-66].
To this end, we first described the thin film as a uniaxial system
in the plane of incidence frame of reference, with parametrized
in-plane (ordinary) and out-of-plane (extraordinary) optical func-
tions.

In Figure 2 we report the complex refractive index dispersion
(7 = n + ik) assessed by the best-fit to the experimental spectra
for the two commercial SA and OS PEDOT:PSS thin film series.
In both cases, in-plane refractive index dispersion is stronger than
the out-of-plane one toward the low energy region, indicating a
metallic-like behaviour. A slight refractive index anisotropy 4n of
about 0.027 and 0.038 for SA and OS, respectively, is observed at
the central visible frequencies (@2.254 eV = 550 nm). The refrac-
tive index behaviour reflects the dispersion of the corresponding
extinction coefficient, and the conductive response is clearly
confirmed in the lower energies in-plane data sets, with a stronger
response for low energies. In addition, the investigated films are
spin-coated from solution, and the evidence from these data is
that the incorporated polymer chain backbone (x axis in Figure 5
scheme) and 7 stacking direction (y axis in the Figure 5 scheme)—
where electronic conduction preferentially takes place—align in
the substrate plane.

Similar considerations can be drawn for PEDOT of UPO series:
its refractive index dispersion is reported for comparison in Figure
S4. Note the conductive contribution is stronger (see the n, k scale
change); this behavior is deeply discussed in the next subSection.

The SE spectra best-fit also enables the determination of film
thickness, which value was compared with that obtained by
optical profilometry (Table S1). We observed excellent agreement
between the two techniques, with discrepancies in the values
obtained of less than 15%. Nevertheless, we consider the SE results
to be more reliable for determining local thickness values. Optical
profilometry, in fact, provides an average value over the whole
film surface of the film, which is affected by minor thickness
inhomogeneities (slight colour variations on the film surface,
see Figure S1). This is due to the complicated film formation
process, in which polymerisation occurs very quickly during the
spin coating process.

On the other hand, thickness and optical functions obtained by
spectroscopic ellipsometry are measured over a spot of 200-300
microns in diameter (depending on the incidence angle). Then,
SE is probing a more uniform film surface area. For this reason,
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FIGURE 2 | In-planeand out-of-plane components of the complex refractive index—real (1, upper panels) and imaginary (k, lower panels) part—for

SA (a, left) and OS (b, right) thin films.

we consider more reliable the SE results for the local thickness
values.

2.1.2 | Full Spectroscopic Analysis

The spectroscopic response of conjugated polymers in the visible
spectral range is dominated by 7—-7* transitions due to delocalized
electrons. However, several additional transitions can be observed
at higher energies as due to both localized and delocalized states,
as well as to chain terminals [65, 67-70]. Therefore, extension
of the spectral range to the UV spectral region is desirable. On
the other hand, the low energy region of near- and mid-infrared
becomes essential to analyse the quasi-free carrier dielectric
response, playing a major role in conducting PEDOT. To this end,
for all three series—SA, OS, UPO PEDOT samples—we extended
the SE data by near-normal reflectance/transmittance spectra up
to 6.5 eV, and with FTIR polarized reflectance and transmittance
spectra (0.1-1 eV) at different angles of incidence from near-
normal to 80 degrees (see Experimental section/Methods section
for details). In Figure S5 we report the typical SE, R, and T
spectra for the UPO thin film, 108 nm in thickness, which are
simultaneously best fit from the dielectric modelling through
the WVASE software. The overall dielectric functions for all the
sample series are summarized in Figure 3.

We underline that for each material series, we investigated a
high number of sample repetitions, this statistic giving us the
possibility to validate the optical model adopted. In fact, in
Table S1 we report the results of UPO multi-sample analysis by
increasing the spin coating deposition velocities, then assessing
different film thickness values.

Moreover, in Figure S6 we report the overall ¢ and ¢, spec-
tra for all sample series—with their in-plane and out-of-plane
components—as compared to their Drude-like contribution only
(from Equation 2 with €= 0). In fact, an additional interesting
parameter derivable from ¢, is the sum rule for solids X in
Equation 4 [57], i.e. a measure of the e.m. energy absorption in
the material at all the investigated frequencies.

Y= /wm’dx we, (w) dw 4)

@min

We evaluated this quantity for both the dielectric response
component—in-plane and out-of-plane—with two modalities:
integrating over all the imaginary part ¢, of the dielectric func-
tion (resulting value is named =™T) or on the ¢, Drude-like
contribution only (hereafter named ZP).

Then, in Table 2 we report a summary of significant parameter
values of the sample series, e.g. the static optical conductivity, its
anisotropy, the 4PP sheet conductivity, the in-plane and out-of-
plane Drude parameters, and the =P / Z*! ratio. Similar data from
the literature references are also reported.

As for the SA and OS series (Figure 3, panels a), we note that the
MIR extended data clearly confirm the birefringent behaviour, as
previously observed in the SE data only. The Drude-like oscillator
contribution inserted in the best-fit modelling of the overall
data allows us to more accurately assess the plasma frequency
w, and the relative energy broadening T, correlated to quasi-
free carrier scattering mechanisms. As for the UPO PEDOT,
the UV-vis dielectric response is similar to the commercial
series, while the electronic conduction contribution is huge and
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components of their real (¢;) and imaginary (,) parts. Please note the different scale values used in panels (b).

dominates the in-plane dielectric response (Figure 3, panel (b),
note the increased scale values). A clear in-plane vs out-of-plane
conduction anisotropy is observed, the UPO PEDOT is about
10 times more conductive than commercial PEDOT:PSS formu-
lations. From the XP/ X! ratio, the Drude contribution to the
in-plane response is about 90% for the UPO PEDOT, while lower
values (even though meaningful) are observed for commercial
PEDOT:PSS thin films. For the out-of-plane components, lower
and scattered Drude contributions are verified.

For the different sets of UPO samples introduced in Table 1,
the in-plane and out-of-plane static optical conductivity val-
ues, estimated from the best-fit, are reported in Table S1. We
observe that despite their different thicknesses, samples S2-
S4 exhibit very similar conductivity values, whereas sample S1
shows significantly lower one. This difference is attributed to
the presence of water in the oxidising solution. Specifically,
to achieve a higher Vanadium concentration for this sample,
the oxidizing solution was prepared using a mixture of MSA
and concentrated H,SO, as the solvent. Since sulphuric acid
contains residual water, traces of it remain in the final solution. In
oxidative chemical polymerization, the amount of water present
during polymerization is a critical parameter. Its presence is
essential during the reaction because it acts as a proton scavenger.
However, excessive quantities might have a detrimental effect on
the film’s characteristics [71]. In fact, a relevant water content
has been correlated with increased efficiency in the initiation of

the polymerization, while resulting in the formation of a higher
number of polymer chains with lower molecular weights and,
consequently, lower crystallinity [72].

We note the 4PP-derived sheet conductivity is typically higher in
value than the optical in-plane one. This often happens in the
comparison between the two different quantities, as it is due to
the physical effects involved, the dipole coupling in e.m. radiation-
film interaction and the four-point contact to the thin film,
respectively. Nonetheless, we confirm that the increasing trend
from S1 to S3, and to S2-S4 is confirmed in the two experiments.

In addition, we tentatively adopt thermal and solvent annealing
post-growth of SA thin films and observe that pristine con-
ductivity should be enhanced by a factor of 3 with thermal
annealing at 100°C for 1 h duration and a factor of 100 by
DMSO solvent annealing [73]. We underline that with the UPO
PEDOT we were able to reach conductivities of the order of
30 kS/m, with no need of post-growth processing. In Table 2,
similar data from the literature are also reported. This result
should be assigned to the remarkable difference between com-
mercial PEDOT:PSS samples and UPO PEDOTs. In commercial
PEDOT:PSS suspensions, short PEDOT chains are attached to
insulating PSS chains via coulombic interaction. This causes the
spontaneous formation of a morphology comprised of conductive
PEDOT-rich cores surrounded by PSS-rich shells, due to their
difference in water solubility. The PSS shell—if not removed
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FIGURE 4 | (a) False color GTWAXS map of a PEDOT UPO S4 sample. (b) In-plane and out-of-plane profiles extracted by integrating the signal
over the angle comprised between the red dashed line (in-plane) and black dashed line (out-of-plane), respectively. The relevant peaks are labeled with
the position in reciprocal Iql coordinate and the corresponding real space interplanar distances.

by post-deposition treatments—limits film conductivity. The
absence of insulating PSS in the UPO PEDOT samples and the
use of a mesylated counterion with a low molecular weight,
which allows for the formation of a more crystalline structure,
promoting intermolecular interactions, and therefore increasing
the macroscopic conductivity and anisotropy of the electronic
properties.

Finally, a specific comment is deserved for the medium infrared
spectral region where vibrational resonances are overlapped to
the quasi-free carrier contribution, and a clear difference between
commercial formulations and UPO PEDOT is observed.

For SA and OS series, the MIR response is ascribable to free-
carrier contribution only, as the vibrational contribution below
3000 cm™ is from the quartz glass substrate (Figure S7a,b).
We conclude that the vibrational contribution of thin films is
negligible to the overall optical response. For UPO series the
vibrational fingerprints are clearly observed for both in-plane and
out-of-plane dielectric functions, which deserve a future specific
investigation. Here, we preliminarily note that the vibrational
signal in UPO samples is much more intense with respect to
PEDOT:PSS samples, even though thickness values are compa-
rable. This suggests an enhancement of the IR signal occurs,
presumably due to interaction with quasi-free charges similar
to what appears in Surface Enhanced InfraRed Spectra [74].
Moreover, notice that the IR spectrum of UPO samples (Figure
S7c) seems to be characterized by Fano-like anti-resonances,
which deeply modify the typical dispersive lineshape associated
with the vibrational modes. In conjugated polymers the same
effect appears when localized excited states are spectrally over-
lapped with broad polaronic bands [75]. In the present case, the
high doping-induced charge density of UPO series modifies the
MIR spectrum of the undoped system generating intense IRAV
modes (infrared activated vibrations) overlapped to the broad
free-carrier absorption background [74].

2.2 | GIWAXS Analysis on PEDOT Films

To get additional insights into the molecular arrangement of our
PEDOT films, and to accomplish the uniaxial optical modelling
adopted in the SE analyses, we performed GIWAXS experiments
(details in the Experimental section) on a typical UPO S4 sample.
The GIWAXS map (Figure 4a) and the in-plane and out-of-
plane profiles extracted (Figure 4b) show an isotropic broad peak
centered at about q = 1.6 A, together with a narrower peak
in the out-of-plane direction centered at q = 0.4 A~!, followed
by a weak satellite at about 0.8 A~'. The broad peak can be
assigned to 7—7 stacking, with an average molecular distance of
3.9 A. Its broadening is indicative of some disorder occurring
in the stacking. The narrow and intense peak at 0.4 A is
assigned to a family of reflections corresponding to an ordered
lamellar structure perpendicular to both the PEDOT backbone
and the PEDOT plane direction (out-of-plane with respect to the
substrate) with periodicity d = 15.7 A. Moreover, the weak satellite
peak, due to its position and intensity, is assigned to the second
order of the same plane reflections. All these findings are in
full agreement with previous reports, which are summarized in
Table 3 [76-83].

The GIWAXS characterization suggests that a second-level
anisotropy should be considered, reflecting the PEDOT mate-
rial microstructure. Semicrystalline rigid polymers often exhibit
rigid-rod-like orientation behavior; in our case they are likely
to adopt a stacked lamellar structure in ordered regions, which
is tentatively sketched in Figure 5. However, from our data
we cannot exclude vertical inhomogeneities or stratifications
occurring during growth, as evidenced from similar literature
references [78-80].

In the ellipsometric-based modelling, a more complex anisotropic
response should be reproduced by a biaxial dielectric function,
depending on the set of Euler angles (6, 3, ¢) that allows for the
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TABLE 3 | GIWAXS parameter values obtained on a typical UPO
PEDOT sample and from the literature references.

Interlamellar

Sample/Ref. structure 7 stacking structure

A  dAd) q@M d(A)
UPO PEDOT 0.4 15.7 1.6 39
Ref. [81] 0.4 15.7
Ref. [82] 0.44 14.3
Ref. [77] 1.55-1.82  3.45-4.05
Ref. [83] 0.45 14 1.77 3.54
Ref. [79] 0.44 14.3 1.86 3.4
Ref. [80] 13.9 3.4

z-axis

x-axis

y-axis

FIGURE 5 | Sketch of the PEDOT lamellar crystallite (left) and its
random assembly (right). Polarizability and charge transport in-plane are
favored over the corresponding out-of-plane response.

precise location of the thin film optical axis of the thin films. Here,
we preliminarily tried this approach by adopting the following
configuration:

a. for the azimuthal position (i.e. ¢) of the sample during data
acquisition, we align the sample with the plane of incidence
on a radial direction of spin-coating deposition;

b. for the surface orientation of the PEDOT microstructure,
we consider the polar angle 6 and the azimuth ¥ values as
free-variable parameters of the best fit to experimental UPO
spectra. We remind that the polarized nature of SE, coupled
to the extended interval of angles of incidence (from 20° to
75°), allows for observing the microstructure inclination with
enhanced accuracy.

The dielectric function best-fit results for the biaxial film mod-
elling of UPO films point to a very small value of 6 (typically <
1deg) and 1 values of about 45 deg. We underline that for very low
0 values the azimuth angle ¢ and 3 rotation become equivalent.
Moreover, the dielectric function components in the backbone
chain (x direction in our frame of reference) and along 7 stacking
(our y direction) are very similar in values (see Figure S8, where
vibrational contribution is omitted), equally contributing to the
conduction process, providing an overall Drude weight of about
93% of the total response; the out-of-plane X component is instead
composed of ~40% Drude and ~60% dielectric (see Table 2).

The biaxial tentative analysis is in good agreement with GIWAXS
results, and the observed anisotropy can be interpreted by a
preferential molecular orientation of the lamella lying almost
parallel to the normal direction of the substrate plane.

3 | Conclusions

The multidisciplinary investigation of the optical properties of
PEDOT thin films polymerized in the liquid phase during spin-
coating reveals a pronounced uniaxial anisotropy of the complex
refractive index, in full agreement with grazing-incidence wide-
angle X-ray scattering data and electrical resistivity measure-
ments. A similar but lower optical anisotropy is also observed
in commercial PEDOT:PSS formulations, indicating both this
behavior as a general feature of PEDOT-based conducting poly-
mers prepared via oxidative chemical polymerization, as well
as the power of ellipsometry to analyze in detail the optical
response of complex uniaxial materials. Results here reported
constitute a fundamental preliminary step toward engineering
photonic crystal structures and metamaterials patterning PEDOT
films via nanosphere lithography. Indeed, the performance of
such nanostructures critically depends on the optical path of
light within the material, which in turn requires detailed and
reliable knowledge of the optical functions, particularly in the
presence of anisotropy. As optical data for PEDOT, and more
generally for anisotropic conjugated polymer thin films, are rarely
reported and are strongly dependent on film preparation and
processing conditions, our holistic work combining an extended
spectroscopic analysis with electrical resistivity and structural
characterization represents a significant advance toward a deeper
understanding of the electronic and photonic properties of this
distinctive class of macromolecules.

4 | Experimental Section/Methods
4.1 | Materials

3,4-ethylenedioxythiophene (EDOT), vanadium pentoxide
(V,05), pyridine (Py), methanesulfonic acid (MSA), acetonitrile
(MeCN), sulphuric acid (H,SO,, 96 wt.%) and hydrogenperoxide
(H,0,, 30 wt.%) were purchased from Sigma-Aldrich. All
reagents were used as received without purification.

4.2 | Thin Film Preparation

Three series of thin films were obtained on different reference
substrates (QX quartz glass by Hellma, glass substrates, obtained
by cutting 15 X 15 mm pieces from Corning microscope slides,
and Silicon slides about 2x2 cm). Before deposition, the substrates
were cleaned and conditioned by immersion in a piranha solution
at 80°C for 40 min, then rinsed thoroughly with Milli-Q water and
dried with nitrogen flow at room temperature.

First, commercial PEDOT:PSS aqueous dispersion from different
companies has been used as received to prepare thin films: in
particular, Ossila Ltd HTL Solar (CAS Number 155090-83-8) with
concentration 1.0-1.3 wt.% and Sigma-Aldrich product number
655201 sold as “high-conductivity grade” with concentration 3.0-
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4.0 wt%. PEDOT:PSS solutions were first filtered through a
0.45 um PTFE syringe filter and then spin-coated at 60, 80, or
100 rps for 60 s on glass substrates to tune the thickness. The
films were then annealed on a hot plate at room atmosphere
at 120°C for 20 min and then were immersed in methanol for
10 min. Then, films were dried at 120°C for 5 min. This treatment
partially removes the insulating PSS component, increasing the
ratio of conductive PEDOT and facilitating the formation of a
more compact layer.

A sequential solution polymerization method [51] was used to
synthesize UPO PEDOT thin films, with Vanadium pentoxide
(V,05) serving as the oxidant. In details, three oxidant precursor
solutions were prepared, with different concentrations of V,0s.
In particular, 0.2 and 0.3 M solutions were obtained by adding
0.45 and 0.65 g of V,05 respectively to 12 mL of MSA. 0.4 M
solution was obtained by adding 0.87 g of V,05 to 12 mL of a
3:1 (by volume) mixture of MSA and H,SO,. Adding H,SO, to
the solvent mixture results in the presence of approximately 1.2
wt.% water in the oxidizing solution. The obtained suspensions
were placed in vials, shaken for 24 h, and then stored for three
months to allow for the complete solubilization of the V,0Os.
Since solubilization of V,0s is an exothermic process, the vials
were stored at constant room temperature because an increase
in temperature would hinder the process. [53, 84] Prior to use,
the concentration of V,0; was determined by potentiometric
titration using a standard iron (II) solution, in accordance with
the procedure described elsewhere. [75] The oxidant solutions
were then prepared by adding 420 uL of pyridine to 900 pL of the
appropriate oxidant precursor solution. The monomer solution
was prepared by diluting EDOT in acetonitrile at 30% v/v.

The PEDOT films were prepared as follows: the oxidant solution
was deposited onto the treated substrates by spin-coating at
3000 rpm for different times (Table 1). Then, without stopping the
rotation, 200 ul of monomer solution was spin-cast for a further 4
s on the same substrate.

Immediately after adding the monomer, the oxidant solution’s
yellow color rapidly turned dark blue, indicating polymerization
of EDOT and formation of PEDOT films. Under these conditions,
the polymerization process occurred almost instantaneously.
After the films had formed, the samples were washed with
methanol to remove any residual monomer and then annealed
at 80°C for 10 min to improve film stability.

Optical profilometry images were obtained using Sensofar S Neox
optical profiler with a confocal microscope equipped with a 20x
objective, NA = 0.4. AFM microscopy images were obtained
by Cypher ES microscope by Oxford Instruments, operating in
tapping mode.

4.3 | Optical Spectroscopy and Ellipsometry

Spectroscopic ellipsometry measurements were performed using
a VASE instrument (J. A. Woollam Co., Lincoln, NE, USA) in the
range 0.5-5 eV (in step of 10 meV) at different angles of incidence
from 20 to 75° on thin films deposited on different substrates. A
focusing probe adapter was used, providing a 200-300 microns
diameter wide spot (depending on the incidence angle). A double-

beam Varian Cary 6000i dispersive spectrophotometer in the
spectral range of 190-1800 nm (in step of 1 nm) was used
to measure both reflectance and transmittance at near-normal
incidence. Quartz glass, amorphous glass, and Silicon reference
substrates (about 20x20 mm size) were characterized before
sample investigations.

Adopting a simultaneous best-fit procedure to the SE, R and
T spectra, the thin film complex refractive index dispersion
was evaluated using the WVASE32 software (J. A. Woollam
Co.) and adopting physical oscillator models that guarantee
Kramers—Kronig consistency (see text for detailed dielectric
modelling).

4.4 | Infrared Spectroscopy and Surface
Conductivity

IR s- and p-polarized reflectance spectra were recorded with a step
scan Bruker FTIR 66S Fourier transform infrared spectrometer
equipped with HgCdTe detector to cover a broad spectral range
(500-6000 cm™). All measurements were performed at room
temperature and at different angles of incidence. Sheet resistance
measurements were performed by Ossila four-point probe system
with probe spacing 1.27 mm. System calibration is performed on
the reference 100 nm ITO-coated glass substrate (20x15 mm in
size). From IR spectra, no clear evidence of residual catalyst has
been found.

4.5 | GIWAXS Maps

The measurements have been performed under the following
experimental conditions: integration time 2 s, photon energy
12 keV corresponding to a wavelength 0f1.033 A, beam size 20 um,
incident angle 0.4°, with the detector placed at 4208 mm far from
the sample.

Acknowledgements

This research was carried out in the frame of the PRIN2020 project Poly-
mer mETamateriALs for nanophotonicS—PETALS—code 2020TS9LXS
funded by the Italian Ministry of University and Research (MUR).
The authors kindly acknowledge Junior Arch. Roberta Comoretto for
technical assistance in the manuscript preparation.

Open access publishing facilitated by Universita di Pavia, as part of the
Wiley - CRUI-CARE agreement.

Funding

This research was funded by the Italian Ministry of University and
Research (MUR) through the PRIN2020 project Polymer mETamateriALs
for nanophotonicS - PETALS - code 2020TS9LXS.

Conflicts of Interest

The author declares no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Macromolecular Rapid Communications, 2026

90f12

@5U901 SUOLLIWIOD BAITERID) 3|qed!(dde 8y} Ad peusaAob 8.6 SSILE YO 88N J0 SN 10} AReiq1T BUNUO AB]IM O (SUONIPUOD-PUE-SWLBYWIOD"AB| 1M A.q1BUIUO//SAIY) SUORIPLOD PUE SWLB 1 aU) 885 *[9202/70/82] U0 Afeiq1 1 8ulluo A3]1M * 9BIUBLIO dlUouBd PA AISBAIN - JeuRdS elie AQ S96005202 OMeW/Z00T OT/I0p/00™ A5 1M ATe1d | [puI|Uo//'SY Woi) papeojumoa ‘0 ‘LZ6ETZST



References

1. Y. S. Zhao, ed., Organic Nanophotonics: Fundamentals and Applica-
tions, ISBN 978-3-662-45081-9 (Springer, 2015).

2. R. Chandrasekar, “Organic Photonics: Prospective Nano/Micro Scale
Passive Organic Optical Waveguides Obtained From 7-Conjugated Ligand
Molecules,” Physical Chemistry Chemical Physics 16 (2014): 7173-7183,
https://doi.org/10.1039/C3CP54994A.

3. D. Venkatakrishnarao, E. A. Mamonov, T. V. Murzina, and R.
Chandrasekar, “Advanced Organic and Polymer Whispering-Gallery-
Mode Microresonators for Enhanced Nonlinear Optical Light,” Advanced
Optical Materials 6 (2018): 1800343, https://doi.org/10.1002/adom.
201800343.

4. M. Catacchio, M. Caputo, L. Sarcina, et al., “Spiers Memorial Lecture:
Challenges and Prospects in Organic Photonics and Electronics,” Faraday
Discussions 250 (2024): 9-42, https://doi.org/10.1039/D3FD00152K.

5. M. Martusciello, A. Lanfranchi, M. Castellano, M. Patrini, P. Lova,
and D. Comoretto, “Stretchable Distributed Bragg Reflectors as Strain-
Responsive Mechanochromic Sensors,” ACS Applied Materials & Inter-
faces 16 (2024): 51384-51396, https://doi.org/10.1021/acsami.4c13447.

6. Y. Ren, X. Liu, X. Pei, et al., “Programmable Polarization and Structural
Color in a Stretchable Luminescent Chiral Liquid Crystal Elastomer,”
Responsive Materials 3 (2025): 70030, https://doi.org/10.1002/rpm2.70030.

7. W. Li, Y. Li, Z. Song, Y. Wang, and W. Hu, “PEDOT-Based Stretch-
able Optoelectronic Materials and Devices for Bioelectronic Interfaces,”
Chemical Society Reviews 53 (2024): 10575-10603, https://doi.org/10.1039/
D4CS00541D.

8.Y. Zhang, Q. Liao, X. G. Wang, J. N. A. Yao, and H. B. Fu, “Lattice-
Matched Epitaxial Growth of Organic Heterostructures for Integrated
Optoelectronic Application,” Angewandte Chemie International Edition
56 (2017): 3616-3620, https://doi.org/10.1002/anie.201700447.

9. M. P. Zhuo, J. J. Wu, X. D. Wang, Y. C. Tao, Y. Yuan, and L. S. Liao,
“Hierarchical Self-Assembly of Organic Heterostructure Nanowires,”
Nature Communications 10 (2019): 3831, https://doi.org/10.1038/s41467-
019-11731-7.

10. M. Annadhasan, S. Basak, N. Chandrasekhar, and R. Chandrasekar,
“Next-Generation Organic Photonics: The Emergence of Flexible Crystal
Optical Waveguides,” Advanced Optical Materials 8 (2020): 2000959,
https://doi.org/10.1002/adom.202000959.

11. Y. C. Tao, X. D. Wang, and L. S. Liao, “Active Whispering-Gallery-Mode
Optical Microcavity Based on Self-Assembled Organic Microspheres,”
Journal of Materials Chemistry C 7 (2019): 3443-3446, https://doi.org/10.
1039/C9TC00866G.

12. V. V. Pradeep, N. Mitetelo, M. Annadhasan, E. Mamonov, T. V.
Murzina, and R. Chandrasekar, “Ambient Pressure Sublimation Tech-
nique Provides Polymorph-Selective Perylene Nonlinear Optical Micro-
cavities,” Advanced Optical Materials 8 (2020): 1901317, https://doi.org/10.
1002/adom.201901317.

13. R. Vattikunta, M. Annadhasan, R. Jada, et al., “Multifunctional Chiral
m-Conjugated Polymer Microspheres: Production and Confinement of
NLO signal, Detection of Circularly Polarized Light, and Display of Laser-
Triggered NLO Emission Shifts,” Advanced Optical Materials 8 (2020):
2000431, https://doi.org/10.1002/adom.202000431.

14. M. Annadhasan, U. Venkataramudu, C. Sahoo, et al., “High Optical
Energy Storage and Two-Photon Luminescence From Solution-Processed
Perovskite-Polystyrene Composite Microresonators,” ACS Applied Energy
Materials 2 (2019): 428-435, https://doi.org/10.1021/acsaem.8b01459.

15. H. Megahd, M. Villarreal Brito, A. Lanfranchi, P. Stagnaro, P. Lova,
and D. Comoretto, “Control of Near-Infrared Dye Fluorescence Lifetime
in All-Polymer Microcavities,” Materials Chemistry Frontiers 6 (2022):
2413-2421, https://doi.org/10.1039/D2QMO00313A.

16. H. Megahd, P. Lova, S. Sardar, et al., “All-Polymer Microcavities for
the Fluorescence Radiative Rate Modification of a Diketopyrrolopyrrole

Derivative,” ACS Omega 7 (2022): 15499-15506, https://doi.org/10.1021/
acsomega.2c00167.

17. P. Lova, G. Manfredi, and D. Comoretto, “Advances in Functional
Solution Processed Planar 1D Photonic Crystals,” Advanced Optical
Materials 6 (2018): 1800730, https://doi.org/10.1002/adom.201800730.

18. L. Magnasco, M. Martusciello, A. Escher, et al., “Polymer Planar
Microcavities With CdSe-ZnS Core-Shell Quantum Dots for Label-Free
Vapor Sensing,” Responsive Materials 3 (2025): 70017, https://doi.org/10.
1002/rpmz2.70017.

19. N. Chandrasekhar, S. Basak, M. A. Mohiddon, and R.
Chandrasekar, “Planar Active Organic Waveguide and Wavelength
Filter:  Self-Assembled meso -Tetratolylporphyrin =~ Hexagonal
Nanosheet,” ACS Applied Materials & Interfaces 6 (2014): 1488-1494,
https://doi.org/10.1021/am4039163.

20. E. Benvenuti, A. Lanfranchi, S. Moschetto, et al., “On-Chip Organic
Optoelectronic System for Fluorescence Detection,” Journal of Materials
Chemistry C 12 (2024): 4243-4252, https://doi.org/10.1039/D3TC04321E.

21. C.-L. Sun, J. Li, J. Ye, et al., “Mechanochromic Organic Micro-Laser,”
Angewandte Chemie International Edition 64 (2025): 202420003, https://
doi.org/10.1002/anie.202420003.

22. H.-L. Zhang, et al., “Closed-Loop AI Enables Organic Continuous-
Wave Laser,” Physical Sciences (2026), https://doi.org/10.21203/rs.3.15-
6802885/V1.

23. K. Yoshida, J. Gong, A. L. Kanibolotsky, P. J. Skabara, G. A. Turnbull,
and D. W. Samuel, “Electrically Driven Organic Laser Using Integrated
OLED Pumping,” Nature 621 (2023): 746-752, https://doi.org/10.1038/
$41586-023-06488-5.

24. A. J. C. Kuehne and M. C. Gather, “Organic Lasers: Recent Devel-
opments on Materials, Device Geometries, and Fabrication Techniques,”
Chemical Reviews 116 (2016): 12823-12864, https://doi.org/10.1021/acs.
chemrev.6b00172.

25. D. Venkatakrishnarao, Y. S. L. V. Narayana, M. A. Mohaiddon,
et al., “Two-Photon Luminescence and Second-Harmonic Generation
in Organic Nonlinear Surface Comprised of Self-Assembled Frustum
Shaped Organic Microlasers,” Advanced Materials 29 (2017): 1605260,
https://doi.org/10.1002/adma.201605260.

26. G. Canazza, F. Scotognella, G. Lanzani, S. De Silvestri, M. Zavelani-
Rossi, and D. Comoretto, “Lasing From all-Polymer Microcavities,” Laser
Physics Letters 11 (2014): 035804, https://doi.org/10.1088/1612-2011/11/3/
035804.

27. G. Manfredi, P. Lova, F. Di Stasio, P. Rastogi, R. Krahne, and D.
Comoretto, “Lasing From dot-in-Rod Nanocrystals in Planar Polymer
Microcavities,” RSC Advances 8 (2018): 13026-13033, https://doi.org/10.
1039/C8RA01282B.

28. A. Lanfranchi, H. Megahd, P. Lova, and D. Comoretto, “Multilayer
Polymer Photonic Aegises Against Near-Infrared Solar Irradiation Heat-
ing,” ACS Applied Materials & Interfaces 14 (2022): 14550-14560, https://
doi.org/10.1021/acsami.1c25037.

29. A. Lanfranchi, H. Megahd, P. Lova, and D. Comoretto, “Engineering
all-Polymer Planar Photonic Crystals as Aegises Against Sunlight Over-
heating,” Chemical Engineering Science 283 (2024): 119377, https://doi.org/
10.1016/j.ces.2023.119377.

30. D. Comoretto, ed., Organic and Hybrid Photonic Crystals (Springer,
2015), https://doi.org/10.1007/978-3-319-16580-6.

31. S. Furumi, “Self-Assembled Organic and Polymer Photonic Crystals
for Laser Applications,” Polymer Journal 45 (2013): 579-593, https://doi.
0rg/10.1038/pj.2012.181.

32.X. Colin Tong, ed., Functional Metamaterials and Metadevices,
ISBN 978-3-319-66043-1 (Springer, 2018), https://doi.org/10.1007/978-3-
319-66044-8.

33. K. Sakoda, ed., Electromagnetic Metamaterials, ISBN 978-981-13-8648-0
(Springer, 2019), https://doi.org/10.1007/978-981-13-8649-7.

10 of 12

Macromolecular Rapid Communications, 2026

@5U901 SUOLLIWIOD BAITERID) 3|qed!(dde 8y} Ad peusaAob 8.6 SSILE YO 88N J0 SN 10} AReiq1T BUNUO AB]IM O (SUONIPUOD-PUE-SWLBYWIOD"AB| 1M A.q1BUIUO//SAIY) SUORIPLOD PUE SWLB 1 aU) 885 *[9202/70/82] U0 Afeiq1 1 8ulluo A3]1M * 9BIUBLIO dlUouBd PA AISBAIN - JeuRdS elie AQ S96005202 OMeW/Z00T OT/I0p/00™ A5 1M ATe1d | [puI|Uo//'SY Woi) papeojumoa ‘0 ‘LZ6ETZST


https://doi.org/10.1039/C3CP54994A
https://doi.org/10.1002/adom.201800343
https://doi.org/10.1039/D3FD00152K
https://doi.org/10.1021/acsami.4c13447
https://doi.org/10.1002/rpm2.70030
https://doi.org/10.1039/D4CS00541D
https://doi.org/10.1002/anie.201700447
https://doi.org/10.1038/s41467-019-11731-7
https://doi.org/10.1002/adom.202000959
https://doi.org/10.1039/C9TC00866G
https://doi.org/10.1002/adom.201901317
https://doi.org/10.1002/adom.202000431
https://doi.org/10.1021/acsaem.8b01459
https://doi.org/10.1039/D2QM00313A
https://doi.org/10.1021/acsomega.2c00167
https://doi.org/10.1002/adom.201800730
https://doi.org/10.1002/rpm2.70017
https://doi.org/10.1021/am4039163
https://doi.org/10.1039/D3TC04321E
https://doi.org/10.1002/anie.202420003
https://doi.org/10.21203/rs.3.rs-6802885/v1
https://doi.org/10.1038/s41586-023-06488-5
https://doi.org/10.1021/acs.chemrev.6b00172
https://doi.org/10.1002/adma.201605260
https://doi.org/10.1088/1612-2011/11/3/035804
https://doi.org/10.1039/C8RA01282B
https://doi.org/10.1021/acsami.1c25037
https://doi.org/10.1016/j.ces.2023.119377
https://doi.org/10.1007/978-3-319-16580-6
https://doi.org/10.1038/pj.2012.181
https://doi.org/10.1007/978-3-319-66044-8
https://doi.org/10.1007/978-981-13-8649-7

34.R. Zheng, Y. Wei, Z.-C. Zhang, et al., “Stimuli-responsive active
materials for dynamic control of light field,” Responsive Mater 1 (2023):
20230017, https://doi.org/10.1002/rpm.20230017.

35.S. Salvatore, A. Demetriadou, S. Vignolini, et al., “Tunable 3D
Extended Self-Assembled Gold Metamaterials With Enhanced Light
Transmission,” Advanced Materials 25 (2013): 2713-2716, https://doi.org/
10.1002/adma.201300193.

36. S. Walia, C. M. Shah, P. Gutruf, et al., “Flexible Metasurfaces and
Metamaterials: A Review of Materials and Fabrication Processes at Micro-
and Nano-Scales,” Applied Physics Reviews 2 (2015): 011303, https://doi.
0rg/10.1063/1.4913751.

37.S. Chen, E. S. H. Kang, M. Shiran Chaharsoughi, et al., “Conductive
Polymer Nanoantennas for Dynamic Organic Plasmonics,” Nature Nan-
otechnology 15 (2020): 35-40, https://doi.org/10.1038/s41565-019-0583-
y.

38. A. Karki, G. Cincotti, S. Chen, et al., “Electrical Tuning of Plasmonic
Conducting Polymer Nanoantennas,” Advanced Materials 34 (2022):
2107172, https://doi.org/10.1002/adma.202107172.

39. A. Karki, Y. Yamashita, S. Chen, et al., “Doped Semiconducting Poly-
mer Nanoantennas for Tunable Organic Plasmonics,” Communications
Materials 3 (2022): 48, https://doi.org/10.1038/s43246-022-00268-w.

40. R. P. Chaudhary, B. Das, S.I. Oh, and D. Sim, “Efficient Control of THz
Transmission of PEDOT:PSS With Resonant Nano-Metamaterials,” Sci-
entific Reports 9 (2019): 17681, https://doi.org/10.1038/s41598-019-54189-
9.

41. S. Chen, L. Liang, Y. Zhang, et al., “PEDOT: PSS-Based Electronic
Materials: Preparation, Performance Tuning, Processing, Applications,
and Future Prospect,” Progress in Polymer Science 166 (2025): 101990,
https://doi.org/10.1016/j.progpolymsci.2025.101990.

42.]. Jia, Y. Chai, X. Xun, et al., “Dynamic Covalent Sulfur-Selenium
Rich Polymers via Inverse Vulcanization for High Refractive Index,
High Transmittance, and UV Shielding Materials,” Macromolecular
Rapid Communications 46 (2025): 2400998, https://doi.org/10.1002/marc.
202400998.

43. C. Tavella, G. Luciano, P. Lova, et al., “2,5-Diisopropenylthiophene by
Suzuki-Miyaura Cross-Coupling Reaction and its Exploitation in Inverse
Vulcanization: A Case Study,” RSC Advances 12 (2022): 8924-8935, https://
doi.org/10.1039/d2ra00654e.

44.Y. Wang, S. Jiac, and Z. Zhang, “PEDOT and PEDOT:PSS Thin-
Film Electrodes: Patterning, Modification and Application In Stretchable
Organic Optoelectronic Devices,” Journal of Materials Chemistry C 11
(2023): 10435-10454, https://doi.org/10.1039/d3tc01579c.

45.M. Zhou, L. Zhu, and S. An, “Conducting Polymer PEDOTs for
Biomedical Application,” Synthetic Metals 307 (2024): 117700, https://doi.
0rg/10.1016/j.synthmet.2024.117700.

46. S. Yeon Park, S. Yeong Son, I. Lee, et al., “Highly Sensitive Biosensors
Based on all-PEDOT:PSS Organic Electrochemical Transistors With
Laser-Induced Micropatterning,” ACS Applied Materials & Interfaces 16
(2024): 46664-46676, https://doi.org/10.1021/acsami.4c05791.

47. R. Mulla, “What’s new in PEDOT:PSS Thermoelectrics?,” Chem-
ical Communications 61 (2025): 10878-10897, https://doi.org/10.1039/
D5CC02163D.

48. L. Lu, G. Cao, Y. Huang, et al., “Citric Acid and Polyvinyl Alco-
hol Induced PEDOT: PSS With Enhanced Electrical Conductivity and
Stretchability for Eco-Friendly, Self-Healable, Wearable Organic Thermo-
electrics,” Macromolecular Rapid Communications 45 (2024): 2400394,
https://doi.org/10.1002/marc.202400394.

49. M. Fabretto, M. Miiller, K. Zuber, and P. Murphy, “Influence of PEG-
ran -PPG Surfactant on Vapour Phase Polymerised PEDOT Thin Films,”
Macromolecular Rapid Communications 30 (2009): 1846-1851, https://doi.
0rg/10.1002/marc.200900371.

50. M. N. Gueyea, A. Carellaa, J. Faure-Vincentc, R. Demadrillec, and J.
Simonato, “Progress in Understanding Structure And Transport Proper-

ties of PEDOT-Based Materials: A Critical Review,” Progress in Materials
Science 108 (2020): 100616, https://doi.org/10.1016/j.pmatsci.2019.100616.

51. R. Chen, K. Sun, Q. Zhang, et al., “Sequential Solution Polymerization
of Poly(3,4-ethylenedioxythiophene) Using V,05 as Oxidant for Flexible
Touch Sensors,” Iscience 12 (2019): 66-75, https://doi.org/10.1016/j.isci.
2019.01.003.

52. B. Winther-Jensen and K. West, “Vapor-PHASE Polymerization of 3,4-
Ethylenedioxythiophene: A Route to Highly Conducting Polymer Surface
Layers,” Macromolecules 37 (2004): 4538-4543, https://doi.org/10.1021/
ma0498641.

53. S. Peng, N.-F. Wang, X.-J. Wu, et al., “Vanadium Species in CH3SO;H
and H,SO,4 Mixed Acid as the Supporting Electrolyte for Vanadium Redox
Flow Battery,” International Journal of Electrochemical Science 7 (2012):
643-649, https://doi.org/10.1016/S1452-3981(23)13365-7.

54. M. Patrini and G. Guizzetti, “Optical Properties of Materials,” Ency-
clopedia of Condensed Matter Physics (Second Edition) 5 (2024): 150-166,
https://doi.org/10.1016/B978-0-323-90800-9.00034-2.

55.M. Campoy Quiles, M. 1. Alonso, D. D. C. Bradley, and L. J.
Richter, “Advanced Ellipsometric Characterization of Conjugated Poly-
mer Films,” Advanced Functional Materials 24 (2014): 2116-2134, https://
doi.org/10.1002/adfm.201303060.

56. S. Z. Bhutia, S. K. Sukumaran, and D. K. Satapathy, “Determining the
Characteristics of Ultrathin Polymer Films: A Spectroscopic Ellipsometry
Approach,” Langmuir 40 (2024): 1415314165, https://doi.org/10.1021/acs.
langmuir.4c01761.

57. F. Wooten, Optical Properties of Solids, Academic Press Inc., (New York
1972).

58. I. Miccoli, F. Edler, H. Pfnur, and C. Tegenkamp, “The 100th Anniver-
sary of the Four-Point Probe Technique: The Role of Probe Geometries in
Isotropic and Anisotropic Systems,” Journal of Physics: Condensed Matter
27 (2015): 223201, https://doi.org/10.1088/0953-8984/27/22/223201.

59. L. A. A. Pettersson, F. Carlsson, O. Inganas, and H. Arwin, “Spectro-
scopic ellipsometry studies of the optical properties of doped poly(3,4-
ethylenedioxythiophene): An anisotropic metal,” Thin Solid Films 313-314
(1998): 356-361, https://doi.org/10.1016/S0040-6090(97)00846-8.

60. S. Chen, P. Kiihne, V. Stanisheyv, et al., “On the Anomalous Optical
Conductivity Dispersion of Electrically Conducting Polymers: Ultra-Wide
Spectral Range Ellipsometry Combined With a Drude-Lorentz Model,”
Journal of Materials Chemistry C 7 (2019): 4350-4362, https://doi.org/10.
1039/C8TC06302H.

61. M. Campoy-Quiles, P. G. Etchegoin, and D. D. C. Bradley, “On the
Optical Anisotropy of Conjugated Polymer Thin Films,” Physical Review
B 72 (2005): 045209, https://doi.org/10.1103/PhysRevB.72.045209.

62. M. Losurdo, G. Bruno, and E. A. Irene, “Anisotropy of Optical Prop-
erties of Conjugated Polymer Thin Films by Spectroscopic Ellipsometry,”
Journal of Applied Physics 94 (2003): 4923-4929, https://doi.org/10.1063/1.
1610236.

63. C. M. Ramsdale and N. C. Greenham, “Ellipsometric Determination
of Anisotropic Optical Constants in Electroluminescent Conjugated Poly-
mers,” Advanced Materials 14 (2002): 212-215, https://doi.org/10.1002/
1521-4095(20020205)14:3(212::AID-ADMA212)3.0.CO;2-V.

64.Y. Duan, A. Rahmanudin, S. Chen, et al., “Tuneable Anisotropic
Plasmonics With Shape-Symmetric Conducting Polymer Nanoantennas,”
Advanced Materials 35 (2023): 2303949, https://doi.org/10.1002/adma.
202303949.

65. D. Comoretto, G. Dellepiane, F. Marabelli, et al., “Optical Constants
of Highly Stretch-Oriented poly( p -Phenylene-Vinylene): A Joint Experi-
mental and Theoretical Study,” Physical Review B 62 (2000): 10173-10184,
https://doi.org/10.1103/PhysRevB.62.10173.

66. T. Manouras, A. Vagias, E. Koufakis, S. H. Anastasiadis, P.
Miiller-Buschbaum, and M. Vamvakaki, “Microphase Separation of
Poly(2-(Dimethylamino)Ethyl Methacrylate)- b -Poly(Tetrahydropyranyl
Methacrylate) Diblock Copolymer Thin Films,” Macromolecular Rapid

Macromolecular Rapid Communications, 2026

11 of 12

@5U901 SUOLLIWIOD BAITERID) 3|qed!(dde 8y} Ad peusaAob 8.6 SSILE YO 88N J0 SN 10} AReiq1T BUNUO AB]IM O (SUONIPUOD-PUE-SWLBYWIOD"AB| 1M A.q1BUIUO//SAIY) SUORIPLOD PUE SWLB 1 aU) 885 *[9202/70/82] U0 Afeiq1 1 8ulluo A3]1M * 9BIUBLIO dlUouBd PA AISBAIN - JeuRdS elie AQ S96005202 OMeW/Z00T OT/I0p/00™ A5 1M ATe1d | [puI|Uo//'SY Woi) papeojumoa ‘0 ‘LZ6ETZST


https://doi.org/10.1002/rpm.20230017
https://doi.org/10.1002/adma.201300193
https://doi.org/10.1063/1.4913751
https://doi.org/10.1038/s41565-019-0583-y
https://doi.org/10.1002/adma.202107172
https://doi.org/10.1038/s43246-022-00268-w
https://doi.org/10.1038/s41598-019-54189-9
https://doi.org/10.1016/j.progpolymsci.2025.101990
https://doi.org/10.1002/marc.202400998
https://doi.org/10.1039/d2ra00654e
https://doi.org/10.1039/d3tc01579c
https://doi.org/10.1016/j.synthmet.2024.117700
https://doi.org/10.1021/acsami.4c05791
https://doi.org/10.1039/D5CC02163D
https://doi.org/10.1002/marc.202400394
https://doi.org/10.1002/marc.200900371
https://doi.org/10.1016/j.pmatsci.2019.100616
https://doi.org/10.1016/j.isci.2019.01.003
https://doi.org/10.1021/ma049864l
https://doi.org/10.1016/S1452-3981(23)13365-7
https://doi.org/10.1016/B978-0-323-90800-9.00034-2
https://doi.org/10.1002/adfm.201303060
https://doi.org/10.1021/acs.langmuir.4c01761
https://doi.org/10.1088/0953-8984/27/22/223201
https://doi.org/10.1016/S0040-6090(97)00846-8
https://doi.org/10.1039/C8TC06302H
https://doi.org/10.1103/PhysRevB.72.045209
https://doi.org/10.1063/1.1610236
https://doi.org/10.1002/1521-4095(20020205)14:3%3C212::AID-ADMA212%3E3.0.CO;2-V
https://doi.org/10.1002/adma.202303949
https://doi.org/10.1103/PhysRevB.62.10173

Communications 46 (2025): 2500138, https://doi.org/10.1002/marc.
202500138.

67. D. Comoretto, G. Dellepiane, D. Moses, J. Cornil, D. A. dos Santos, and
J. L. Brédas, “Polarized Reflectivity Spectra of Stretch-Oriented poly(p-
Phenylene-Vinylene),” Chemical Physics Letters 289 (1998): 1-7, https://
doi.org/10.1016/S0009-2614(98)00319-4.

68. A. Lenz, H. Kariis, A. Pohl, P. Persson, and L. Ojamie, “The Elec-
tronic Structure and Reflectivity of PEDOT:PSS From Density Functional
Theory,” Chemical Physics 384 (2011): 44-51, https://doi.org/10.1016/].
chemphys.2011.05.003.

69. W. Barford, Electronic and Optical Properties of Conjugated Polymers
(Oxford U. Press, 2005), https://doi.org/10.1093/0s0/9780198526803.001.
0001.

70. W. A. Muioz, X. Crispin, M. Fahlman, and 1. V. Zozoulenko,
“Understanding the Impact of Film Disorder and Local Surface Potential
in Ultraviolet Photoelectron Spectroscopy of PEDOT,” Macromolecular
Rapid Communications 39 (2017): 1700533, https://doi.org/10.1002/marc.
201700533.

71. A. Schultheiss, A. Carella, S. Pouget, et al., “Water content Control
During Solution-Based Polymerization: A Key to Reach Extremely High
Conductivity in PEDOT Thin Films,” Journal of Materials Chemistry C 8
(2020): 17254-17260, https://doi.org/10.1039/DOTC04899B.

72. P. Hojati-Talemi, C. Bichler, M. Fabretto, P. Murphy, and D. Evans,
“Ultrathin Polymer Films for Transparent Electrode Applications Pre-
pared by Controlled Nucleation,” ACS Applied Materials & Interfaces 5
(2013): 11654, https://doi.org/10.1021/am403135p.

73. P. Vitulo, M. Martusciello, D. Comoretto, et al., “Mechanical Energy
Harvesting from Electrostrictive Polymeric Nanocomposites,” manuscript
in preparation (2026) University of Pavia.

74.Y. H. Kim and A. J. Heeger, “Infrared-Active Vibrational Modes of
Heavily Doped “Metallic” Polyacetylene,” Physical Review B 40 (1989):
8393-8398, https://doi.org/10.1103/PhysRevB.40.8393.

75. D. Comoretto, C. Cuniberti, G. F. Musso, et al., “Optical Properties
and Long-Lived Charged Photoexcitations in Polydiacetylenes,” Physical
Review B 49 (1994): 8059-8066, https://doi.org/10.1103/PhysRevB.49.8059.

76. Z. Shuali, E. Zojer, G. Leising, and J. L. Brédas, “Momentum Dependent
Excitation Processes in Organic Materials,” Synthetic Metals 101 (1999):
337-338, https://doi.org/10.1016/S0379-6779(98)01348- 4.

77. C. M. Palumbiny, F. Liu, T. P. Russell, A. Hexemer, C. Wang, and
P. Miiller-Buschbaum, “The Crystallization of PEDOT:PSS Polymeric
Electrodes Probed in situ DURING PRINTING,” Advanced Materials 27
(2015): 3391-3397, https://doi.org/10.1002/adma.201500315.

78. K. van de Ruit, I. Katsouras, D. Bollen, et al., “The Curious Out-of-
Plane Conductivity of PEDOT:PSS,” Advanced Functional Materials 23
(2013): 5787-5793, https://doi.org/10.1002/adfm.201301175.

79. S. Chen, L. Petsagkourakis, N. Spampinato, et al., “Unraveling Vertical
Inhomogeneity in Vapour Phase Polymerized PEDOT:Tos Films,” Journal
of Materials Chemistry A 8 (2020): 18726-18734, https://doi.org/10.1039/
d0ta06031c.

80. A. Sharma, G. Andersson, J. Rivnay, et al., “Insights Into the Oxi-
dant/Polymer Interfacial Growth of Vapor Phase Polymerized PEDOT
Thin Films,” Advanced Materials Interfaces 5 (2018): 1800594, https://doi.
org/10.1002/admi.201800594.

81. D.J. Herman, J. E. Goldberger, S. Chao, D. T. Martin, and S. L. Stupp,
“Orienting Periodic Organic—Inorganic Nanoscale Domains Through
One-Step Electrodeposition,” ACS Nano 5 (2011): 565-573, https://doi.org/
10.1021/nn102697r.

82.J. F. Franco-Gonzalez, E. Pavlopoulou, E. Stavrinidou, et al., “Mor-
phology of a Self-Doped Conducting Oligomer for Green Energy
Applications,” Nanoscale 9 (2017): 13717-13724, https://doi.org/10.1039/
c7nr04617k.

83.R. Brooke, J. F. Franco-Gonzalez, K. Wijeratne, et al,
“Vapor Phase Synthesized  poly(3,4-ethylenedioxythiophene)-

Trifluoromethanesulfonate as a Transparent Conductor Material,”
Journal of Materials Chemistry A 6 (2018): 21304-21312, https://doi.org/
10.1039/C8TA04744H.

84. K. Umetsu, H. Itabashi, K. Satoh, and T. Kawashima, “Effect of
Ligands on the Redox Reaction of Metal Ions and the use of a Ligand
Buffer for Improving the end-Point Detection in the Potentiometric
Titration of Vanadium(V) With Iron(Il),” Analytical Sciences 7 (1991):
115-118, https://doi.org/10.2116/analsci.7.115.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File: marc70271-sup-0001-SuppMat.docx.

12 of 12

Macromolecular Rapid Communications, 2026

@5U901 SUOLLIWIOD BAITERID) 3|qed!(dde 8y} Ad peusaAob 8.6 SSILE YO 88N J0 SN 10} AReiq1T BUNUO AB]IM O (SUONIPUOD-PUE-SWLBYWIOD"AB| 1M A.q1BUIUO//SAIY) SUORIPLOD PUE SWLB 1 aU) 885 *[9202/70/82] U0 Afeiq1 1 8ulluo A3]1M * 9BIUBLIO dlUouBd PA AISBAIN - JeuRdS elie AQ S96005202 OMeW/Z00T OT/I0p/00™ A5 1M ATe1d | [puI|Uo//'SY Woi) papeojumoa ‘0 ‘LZ6ETZST


https://doi.org/10.1002/marc.202500138
https://doi.org/10.1016/S0009-2614(98)00319-4
https://doi.org/10.1016/j.chemphys.2011.05.003
https://doi.org/10.1093/oso/9780198526803.001.0001
https://doi.org/10.1002/marc.201700533
https://doi.org/10.1039/D0TC04899B
https://doi.org/10.1021/am403135p
https://doi.org/10.1103/PhysRevB.40.8393
https://doi.org/10.1103/PhysRevB.49.8059
https://doi.org/10.1016/S0379-6779(98)01348-4
https://doi.org/10.1002/adma.201500315
https://doi.org/10.1002/adfm.201301175
https://doi.org/10.1039/d0ta06031c
https://doi.org/10.1002/admi.201800594
https://doi.org/10.1021/nn102697r
https://doi.org/10.1039/c7nr04617k
https://doi.org/10.1039/C8TA04744H
https://doi.org/10.2116/analsci.7.115

	Spectroscopic Ellipsometry of Conducting Anisotropic Pedot thin Films
	1 | Introduction
	2 | Results and Discussion
	2.1 | Optical Spectroscopies: Dielectric and Conduction Response
	2.1.1 | UV-Vis-NIR Spectroscopic Ellipsometry STUDY
	2.1.2 | Full Spectroscopic Analysis

	2.2 | GIWAXS Analysis on PEDOT Films

	3 | Conclusions
	4 | Experimental Section/Methods
	4.1 | Materials
	4.2 | Thin Film Preparation
	4.3 | Optical Spectroscopy and Ellipsometry
	4.4 | Infrared Spectroscopy and Surface Conductivity
	4.5 | GIWAXS Maps

	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


