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Most plasmonic materials use metallic nanoparticles (NPs) of gold or silver. Plasmonic behaviors are also
possible to achieve in several organic materials such as carbon dots or conductive polymers (CPs). Here,
we report the synthesis of poly(3,4-ethylenedioyothiophene) (PEDOT) arrays of NPs well organized on a
surface by the combined use of e-beam lithography and electropolymerization. The as-grown NPs show
plasmonic behavior, with small variations in localized surface plasmon resonance (LSPR) between 1200
and 1300 nm related to the differences in their diameters (90 nm, 120 nm, and 150 nm). The properties of
the arrays were chemically tuned by treatment with acetic acid to enhance their conductivity, leading to a
tremendous 300 nm blue shift of their optical extinction. The PEDOT NP array after this secondary doping
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Introduction

Plasmonics is a branch of photonics which uses nanostructured
materials that support surface plasmons for the confinement and
manipulation of light in matter at the subwavelength scale.?
Metallic (gold, silver and copper) nanoparticles (NPs) are the
materials and nanostructures most used. They exhibit confined
oscillations of their quasi-free electrons in the conduction bands.
When the characteristic frequency of these oscillations coincides
with that of the light excitation, a strong absorption occurs. This
phenomenon is called localized surface plasmon resonance
(LSPR) and for many metals it is observed in the visible and
near-infrared range. This resonance induces a strong exaltation of
the electromagnetic field"* very close to the NP structures and has
been used in many enhanced spectroscopic techniques, in parti-
cular in the development of surface-enhanced Raman spectro-
scopy (SERS)*® and in nanosensors.>* Moreover, LSPR can occur
at frequencies corresponding to typical electronic excitations of
molecules which can lead to strong interactions between localized
surface plasmons (LSPs) and molecular systems.>® This allows
one to manipulate the other and makes it possible to develop
active molecular plasmonic devices’™® and plasmon-induced
chemistry.">**> Plasmonic materials can also yield various meta-
materials with negative refractive indices, materials leading to
imaging below the diffraction limits,"* chiral metamaterials,"*"
or even cloaks of invisibility for the most futurist projects.'®"”
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shows an unprecedented LSPR maximum at 960 nm, close to the visible range.

While plasmonics mostly use metallic materials, several mate-
rials with free charge-carriers are capable of supporting SPR.
Hence, LSPR has also been observed in other materials such as
inorganic semiconductors,'®'® 2D materials such as graphene
and organic materials.***> Regarding the latter class, it has been
demonstrated that the two key attributes of plasmonics, field
enhancement and subwavelength field confinement, may be
achieved following two different strategies, using either free
charge-carriers as in doped conducting polymers,* >’ or by
exploitation of surface polaritons, arising from organic excitonic
materials exhibiting strong absorption band resonance.’®™
Hence, organic plasmonic materials offer an innovative alterna-
tive to control light at the nanoscale and present the advantages
of being cheap and easily tunable in terms of optoelectronic
and structural properties. The specific properties of organic
plasmonic materials could also potentially be used to create
tunable metamaterials,>**?%*27* or even new spectroscopic
enhancement® or detection schemes®® thanks to specific
chemical bonds between a plasmonic organic material and a
chemical target.

In this work, we use a conductive polymer (CP) as a plas-
monic material supporting LSPR by creating arrays of well-
organized CP NPs of various sizes. To do so, we used e-beam
lithography combined with electropolymerization. We demon-
strate that the LSPR of the CP NPs can be tuned and be pushed
towards the visible range by manipulating their properties.

Results and discussion

We have used poly(3,4-ethylenedioxythiophene) (PEDOT) as a
conjugated polymer, as it can be easily p-doped in air, to
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achieve high conductivities,>” and it has already been used to
evidence LSPR in CPs.”>>*

The real part of the dielectric constant of PEDOT is known to
be negative (which is a requirement for supporting LSPR*®) for
light irradiation around or above 1 eV.***"**> We have nano-
structured this material into NPs of various sizes in order to
confine the oscillations of the quasi-free carriers. To do so, we
used e-beam lithography combined with electropolymerization.

Lithography was used to create nanoholes of various dia-
meters in an electron-sensitive polymethacrylate (PMMA) layer
(100 nm-thick) deposited on an ITO substrate. These steps were
fully described in previous papers.'"** Characterization of the
PMMA holes by SEM and AFM is shown in Fig. S1 (ESIt). We
then deposited PEDOT in the nanoholes by electropolymeriza-
tion in aqueous sodium dodecylsulfate (SDS) solutions at low
potential,** in order to control PEDOT growth, and to avoid
filling the holes and losing the patterns of the template. DS
counter-ions are similar to the commonly used polystyrene
sulfonate (PSS) ions but several advantages of using DS have
been pointed out.**** PEDOT/DS is more conductive and more
stable than PEDOT/PSS.

Electrodeposition of PEDOT/DS using cyclic voltammetry is
shown in Fig. S2 (ESIT) where experimental conditions are fully

(c)

Fig. 1
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explained (aqueous solution of 0.1 M LiClO,, 5 mM EDOT and
0.07 M SDS). The onset of EDOT oxidation occurs around 0.9 V
versus SCE. It can be seen that the CVs do not show ultrami-
croelectrode behavior.**™® In fact, PMMA was not deposited on
the entire ITO surface, so the current recorded was not that
from the PMMA holes only but also comes from the uncovered
part of the ITO electrode. After PEDOT/DS electrodeposition in
the nanoholes, PMMA was removed from the surface by soak-
ing in a 40 °C acetone bath for 30 min.

Fig. 1 and Fig. S3 (ESIt) show the SEM images of an array of
PEDOT NPs obtained using this process. Various sizes and
shapes of PEDOT/DS NPs are obtained. In Fig. 1a, nanodisks as
small as 90 nm in diameter are obtained. They are organized in
a regular square array with a center-to-center distance of
360 nm. Fig. 1b also shows the Raman spectra of the various
PEDOT arrays. They are very close to those observed for a thin
film of a similar thickness and those published in the
literature.” The C=C stretch vibration signal at 1422 cm ™"
does not shift upon nanostructuration which clearly indicates
that the oxidation level of the PEDOT/SDS NPs does not change
with the NP size.”® Another interesting observation is a small
exaltation of the C—C stretch vibration signals between 1400
and 1600 cm™ ' as a consequence of the nanostructuration.
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(a) SEM of PEDOT/DS NP disks with an average diameter of 90 nm. (b) Raman spectra of PEDOT/DS NPs and thin-film PEDOT/DS obtained with

laser irradiation of 633 nm and an acquisition time of 3 x 10 s. The baseline was corrected using a polynomial fit. (c) AFM image of PEDOT/DS NP disks

with an average diameter of 150 nm. (d) Height profile of PEDOT NPs.
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The cylindrical PEDOT NP arrays have also been characterized
by AFM. Fig. 1c shows the topography obtained in the tapping
mode while Fig. 1d shows a profile of the surface above 5
adjacent NPs. The NPs have almost the same diameter (here
150 nm) and their heights are between 60 and 70 nm (average
value 63 nm). AFM reveals that the NPs are not perfect disks but
have a volcano-shape (Fig. S4, ESIT). The growth of PEDOT/DS
seems to be slightly favored near the PMMA/solution interface.
Such a behavior has already been observed using PS beads in
experiments combining nanosphere lithography and PEDOT
electropolymerization.®®>"

These results demonstrate that the shapes of the PEDOT NPs
and their organization can be finely tuned thanks to the com-
bined use of e-beam lithography and electropolymerization.

Fig. 2 and Fig. S5 (ESIt) show the visible-near infrared spectra
of the nano-disks with different diameters (90, 120 and 150 nm)
and a comparison with those of a thin film of PEDOT/DS
deposited under the same electrochemical conditions. The
spectrum of the thin PEDOT film does not present a maximum
and is similar to those reported in the literature with a broad
band, attributed to a bipolaron, starting at 800 nm and covering
the whole wavelength range up to 1650 nm. The clear shoulder at
800 nm has been attributed to a polaronic band.”*™>’

In contrast, the three spectra of the PEDOT arrays bearing
NPs with diameters of 150, 120 and 90 nm show clear maxima
at 1330, 1210 and 1180 nm, respectively. Despite a quite large
full-width at half-maximum (FWHM), we clearly observe that
decreasing the diameter of the PEDOT NP leads to a blue shift
of the absorption wavelength. This effect is widely known with
metallic NPs for which a strong blue shift is observed when
their size decreases.*®*® Moreover, the blue shift observed with
PEDOT NPs is also in accordance with previous experimental
results and theoretical calculations.*>** Table 1 compares the
maximum wavelengths for PEDOT NPs reported in this work
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Fig. 2 Normalized extinction spectra of nano-disks of PEDOT/DS for
different diameters (90 nm-red curve, 120 nm-yellow curve and 150

nm-green curve) and of a thin film (black curve) of electropolymerized
PEDOT/DS under the same conditions.
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Table 1 Maximum extinctions of PEDOT NPs reported in the literature
according to their characteristics

Material Diameter (nm) Height (nm)  Amax (Nnm)  Source
PEDOT/sulf 145 65 1500 20
PEDOT/sulf 145 93 1270 22
PEDOT/DS 150 60 1330 This work
PEDOT/DS 120 60 1210 This work
PEDOT/DS 90 60 1180 This work

with those observed by Jonsson for PEDOT nano-disks of
similar or larger thicknesses deposited by vapor phase deposi-
tion and nanostructured by colloidal lithography.>*

The maximum wavelength of PEDOT/DS NPs with 150 nm
diameter is closer to the visible range than that of PEDOT/sulf NPs
with a similar diameter and height.>* This difference demon-
strates that the counter-anion (sulf versus DS) and the differences
in the fabrication procedure (vapor phase deposition versus
electropolymerization) have a great effect on the PEDOT NP LSPR
wavelength. Indeed, counter-ions are known to change the con-
ductive properties of PEDOT.**> Moreover, PEDOT/DS deposited by
electropolymerization is most probably better organized, with DS
micelles guiding the growth of PEDOT wires.**

The FWHM has also been used to characterize LSPR peaks.
It is around 0.75 eV (1000 nm) for PEDOT/DS NPs (Fig. 2). This
value can be compared to that of gold NPs absorbing at high
wavelength centered at 725 nm or 745 nm (Fig. S6, ESIt)
(i.e. gold NPs with diameters of 210 and 240 nm) for which
the FWHM is between 0.35 eV (140 nm) and 0.45 eV (200 nm).
The larger FWHM of PEDOT is not due to the lack of control
of the sizes but suggests that the plasmons in PEDOT have a
shorter lifetime. The lifetime of plasmons is related to the
electrical conduction relaxation time called (z) in this article. t
of PEDOT/PSS was reported to be 7 fs*° while that of copper is
27 fs and that of gold is 9.2 fs.”® The lower electrical conduction
relaxation time of PEDOT/DS compared to that of gold results
in more losses in the plasmonic NPs, so the lifetime of LSPR is
shortened and the FWHM enlarged.®>®"

It is well known that the removal of PSS from PEDOT/PSS
chains and their replacement by smaller anions lead to an
enhancement of the conductivity. Many methods, called sec-
ondary doping, have been used for this purpose.*® We have
thus used similar methods to enhance PEDOT/DS conductivity.
Unfortunately, the adhesion of electropolymerized PEDOT to
ITO is poor and, consequently, any attempt to perform a
secondary doping of the pristine PEDOT CP arrays, generated
by simple PEDOT electropolymerization in aqueous SDS,
results in the destruction of the arrays. A small layer of
oligothiophenes, 5 nm-thick, was therefore first grafted by
diazonium electroreduction in the nanoholes, and PEDOT
was then electropolymerized following an already published
procedure.®>®® This two-step process considerably increases
PEDOT adhesion to the substrate, and secondary doping
proved then to be possible without damaging the PEDOT NP
arrays (see Fig. S7, ESIT). Among the many available secondary
doping processes, we have used acid treatment to remove DS in
order to improve the conductivity of the material (this method
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is known to improve the conductivity by a factor of 1000).°” A
droplet of 10 M acetic acid was placed on the NPs and heated at
180 °C for 5 min. Thermal activation facilitates the exchange of
acetate and DS anions. These smaller anions replace DS and
change the supramolecular structures of the polymer, leading
to better inter-chain charge transfer, by analogy with the
process already described for PEDOT/PSS.%®

The SEM images of the NPs before and after acid treatment are
shown in Fig. S7 (ESIT). The NPs did not show changes of geometry
and their diameters remain the same. The extinction spectrum,
however, showed a tremendous blue shift of almost 300 nm
(Fig. 3a). A new maximum peak at 960 nm was recorded and is
associated with a FWHM of 0.6 eV (i.e. closer to that of gold NPs
with LSPR at the same wavelength). The blue-shift of the plasmo-
nic band maximum was reproducibly observed using arrays of NPs
of different sizes (diameters of 120 nm and 240 nm and a height of
40 nm) as shown in Fig. S8 (ESIf). These giant shifts can be
attributed to the change of the material properties with permittiv-
ity and conductivity changes directly impacting the plasmon
resonance.*®”° Note that the Raman spectra did not change upon
secondary doping (Fig. S9, ESIt) which indicates that the oxidation
level of PEDOT does not change significantly. An important result
is that secondary doping of electropolymerized PEDOT films is
demonstrated to be a novel approach to generate redox-tunable
conducting polymer nanoantennas for visible light.

Previous studies demonstrated that optical constants and
charge transport properties of CP, including PEDOT can be
approximately described, at high frequencies, by the Drude
model whereas the localized modified Drude model or other
corrected Drude type models need to be used in the low
frequency regime.>*?439741,6976
Within the Drude model, the plasma frequency wy, is given by:

,  4nne?
w? =

P ggeem

where n is the carrier concentration, 2} is the effective mass of
charge carriers, and ¢.. and ¢, represent the dielectric constants
of the medium and free space, while the electrical conductivity
in this model is given by:

ne*(t)

me

g =

=enpt

where (1) is the mean value of the electrical conduction relaxa-
tion time, i.e. the mean value of the time between two successive
collisions, and p is the charge-carrier mobility. Hence from these
two equations we have:

and one can note that, within this simplified model w, is
proportional to /i, with n being the charge density and t being
proportional to u, the charge mobility (in doing so we keep
constant the effective mass of charge carriers m which could
also vary with PEDOT wire orientation).*'

The plasmonic peaks for a cylindrical particle of radius
r and height 2 can then be simulated using the following
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Fig. 3 (a) Normalized extinction spectra of PEDOT NPs (diameter 90 nm,
height 65 nm) before (black curve) and after (red curve) acid treatment. (b)
Simulation of the effect of plasma frequency, i.e. the density of charge-
carriers, on the LSPR wavelength calculated using the Drude model and
using w,, values from 2 eV to 2.8 eV.
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equations:**3%77

€pedot — €air

o= 2mrth
3cair + 3L(Epedot - 6air)

With: €pedot = €real + i6ima given by the plasma equations:

2.2 2
wpr ) (/Jp‘L'

€real = 1 — 1+ o2e2 €ima = w(l T wzrz)

where the form factor L depends on the NP diameter over the
height ratio (the calculation of L is shown in the ESI files and its
variation with d/h is depicted in Fig. S10, ESIt).

This journal is © The Royal Society of Chemistry 2024
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The coefficients of absorbance, diffusion and extinction can
then be calculated using:

Caps = kKIm(o)
Cext = Csca T Caps

With these assumptions, we can simulate the extinction
spectra of cylindrical PEDOT NPs and tune r, 4, wp, and 7 to
simulate a material with more or less conductivity.

The effects of r and % on the LSPR are shown in Fig. S11 and
S12 (ESIt), where a blueshift of the plasmonic peak maximum
with decreasing NP radius (at constant height) or with increas-
ing NP height (at constant radius) can be seen because of the
change of the form factor L. These observations are in good
agreement with previous studies and with the results shown in
Fig. 2 and Fig. S8 (ESIt).

Simulation of the LSPR peak shown in Fig. 3 at 1240 nm
leads to w, = 1.95 eV and © = 0.75 fs. These values can be
compared to those reported for PEDOT films by Girtan et al.:
o, = 1.8 eV and t = 7.9 fs* and are consistent with values
already published for PEDOT using ellipsometry or charge
transport measurements.*®”" One must note that even if the
simple Drude model, used in this study, can describe well the
spectroscopic optical data, the interpretation of the model
parameters cannot be rigorous but phenomenological. In other
words, due to the variations in the model parameters in a series
of samples, it is meaningful to monitor relative changes but
their absolute values are less significant. The high w, and low ¢
values obtained here may thus indicate that the simple Drude
model over-estimates w,, and under-estimates 7.*>’" However,
the small discrepancy for w, and t can also be due to the
underlying oligothiophene BTB adhesion layer, covalently
bonded to the electrode or to some disparity in the physical
properties of each PEDOT NP. Indeed, the SEM image (Fig. 1a)
shows that some NPs appear lighter than others. Such contrast
on the SEM image can be attributed to variations of conductiv-
ity of PEDOT NPs leading to higher FWHM and thus to an
underestimation of t and an overestimation of wy,.

Fig. 513 (ESIt) shows the effect of changing  (at constant wp).
Increasing 7 leads to a strong decrease in the FWHM associated
with a minimal blue shift and cannot explain the modification of
the spectra upon secondary doping. In contrast, the effect of an
increase in plasma frequency on the LSPR (at constant 7), depicted
in Fig. S14 (ESIt) and in Fig. 3b, leads to a large blue shift and is
very similar to the change in LSPR observed experimentally.

These simulations thus provide precious insights into the
changes in the shape of the spectra of PEDOT NPs upon
secondary doping. Overall, the blue shift of the LSPR band
and the lower FWHM are coherent, and indicate, a higher
charge density and a small increase of the mobility of the
charge after secondary doping. With this Drude model, a blue

This journal is © The Royal Society of Chemistry 2024
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shift of 300 nm starting at 1200 nm is observed when w, is
increased by a factor of 1.4, meaning that n is increased by a
factor of 1.96. This value has to be compared with those
reported in the literature.®® Secondary doping of PEDOT has
been associated with better mobility but also with higher
charge-carrier density®®”®®° by a factor of 5 in the best-case
scenario. We can conclude that the 300 nm blue shift observed
is fully coherent with previous publications and that measuring
and understanding the LSPR spectra of PEDOT NPs is a way of
obtaining new information about the density and the mobility
of the charge carriers and the conductivity of PEDOT NPs after
secondary doping.

Conclusions

This work highlights the emerging field of organic plasmonics
using conductive polymers. We show that, like metallic plas-
monic NPs, the confinement of charges in PEDOT NPs leads to
a strong modification of their extinction spectra with a LSPR in
the near infrared region. We also show that the LSPR maximum
wavelength shifts according to the diameter of the NPs. It is
also closely related to the charge-carrier density while its
FWHM is a measure of the charge-carrier lifetime. Conse-
quently, this resonance can be tuned by manipulating the
shapes of the NPs with lithography and the deposition method.
The important finding of this work is that the LSPR can also be
tuned by an acid treatment which leads to an impressive blue
shift of 300 nm and brings PEDOT LSPR closer to the visible
range. From a more general point of view, measuring the LSPR
properties of PEDOT NPs is a new means of studying the
secondary doping of conducting polymers and can help to
better understand such phenomena which are widely used in
the quest for replacing ITO with organic electrodes in many
applications.

Organic plasmonics is still in its infancy and can potentially
offer brand new properties thanks to the various conductive
polymers available. It opens the gate for new sensors with more
specificity and possibly new detection schemes, new active
plasmonic devices with tunable metasurfaces, and challenges
different concepts in plasmonics and conductive polymers.
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