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A
large variety of nanometer-scale

devices have been investigated in
recent years because of the con-

tinuously increasing demand for ultimate
miniaturization of electronic and photonic
systems. Molecular electronics and plas-
monic devices could overcome the physi-
cal and economic limitations of current
semiconductor devices and are seen as al-
ternative technologies because of their very
great potential in writing, reading, storing,
and processing information at the
nanoscale.

Conducting polymers or oligomers are
proposed and used as basic building blocks
in molecular electronics.1–3 Conducting-
polymer electrochemical switching has
been demonstrated to be an easy means
of controlling the electronic structure and
thus the properties of grafted molecules.4

NPs can be considered, to some extent, as
a special class of molecules and thus
conducting-polymer electrochemical
switching could also be used to control the
properties of grafted or embedded NPs of
various types on/in such materials.

Among emerging branches in photon-
ics, plasmonics uses nanostructured materi-

als and substrates that support surface plas-

mons. Filters,5 waveguides,5,6 polarizers,7

and nanoscopic light source8 have been re-

ported. In this field, metal nanoparticles

(mainly gold, silver, and copper) are widely

used since they exhibit strong absorption in

the visible and near-infrared spectral range

due to the excitation of localized surface

plasmons (LSP). The LSP frequency depends

mainly on the size and shape of the par-

ticle, on the substrate and surrounding me-

dium dielectric functions, and on the par-

ticle spacing.

Active plasmonic devices, such as

switches and modulators, are the subject

of important research efforts. Indeed, such

active systems are needed to achieve func-

tional SP circuits. Switching SP devices us-

ing electrical input to build electro-optical

devices is therefore an important issue.

Chapman and Mulvaney have reported

electrochemically driven plasmon shifts in

Ag NP films and a moderate change of ca.

25% of the optical density at the wave-

length of the resonance maximum.9 Wang

and Chumanov10 have used tungsten ox-

ide, WO3, as a matrix for the Ag NP arrays,

for the electrochemical modulation of the

intensity and the frequency of the coopera-

tive plasmon resonance in a faster way

than the Chapman systems.9 We reported

recently that conducting-polymer electro-

chemical switching appears to be an easy

means of designing electroactive plasmonic

devices.11 Indeed, using oblate gold NP ar-

rays, deposited by e-beam and overcoated

by a submicrometer-thick polyaniline (PANI)

layer, reversible modulation and even total

switch-off of the LSP resonance have been

achieved.11 Similar results were obtained

from colloidal gold solution in a PANI/gold-

*Address correspondence to
lacroix@univ-paris-diderot.fr.

Received for review December 21, 2007
and accepted March 17, 2008.

Published online April 5, 2008.
10.1021/nn700438a CCC: $40.75

© 2008 American Chemical Society

ABSTRACT Control of the optical properties of oblate metallic nanoparticles (NP) is realized using an

electrochemical switch consisting of a thin layer of conducting polymer (CP). Reversible modulation, moderate

damping, and almost total quenching of the localized surface plasmon (LSP) resonance is achieved as a function

of the thickness of the CP layer and the potential applied to the electrochemical systems, that is, the charge carrier

density injected into the CP layer. These experimental results can be qualitatively reproduced using the single-

particle model in the electrostatic approximation. We believe that combining an electroactive conducting polymer

and NP will prove to be a general strategy for controlling the properties of various types of NP (fluorescent,

magnetic, semiconducting) in many fields.
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NP/PANI sandwich structure,12 and a
water-soluble gold NP/PANI compos-
ite showing the absence of the LSPR
has also been recently reported.13

In this work, we show that LSPR
modulation and quenching of NP ar-
rays can be tuned by the thickness
of the PANI film and by the charge
carrier density injected into the PANI
layer.

RESULTS AND DISCUSSION
We have used PANI as the conducting polymer be-

cause thin films (20 to 100 nm) can be easily deposited

on ITO and gold,14 and because such films are known to

exhibit an ultrafast switching (in the microsecond

range) between their reduced nonconductive state

and their oxidized conductive state.15 Furthermore,

PANI switching can be easily performed more than 105

times without any degradation of the electrochemical

signal. PANI was deposited under galvanostatic condi-

tions while the total deposition charge was monitored.

Experimental conditions have been reported

elsewhere.14,15 Thicknesses of the generated films are

calculated using the hypothesis that electrochemical

growth is uniform over the whole substrate surfaces.

Figure 1 gives the general scheme of the oblate

gold nanoparticle arrays used in this study. They are

produced by electron beam lithography (EBL) per-

formed on a modified scanning electron microscope

(SEM). Experimental conditions for generating such

substrates have been reported elsewhere.16

We have first used a gold nanoparticle array depos-

ited on an ITO substrate consisting of oblate spheroı̈ds,

with length d � 140 nm, and height h � 40 nm, with

grating constant �X � 225 nm and �Y � 250 nm (ar-

ray A). Using this array A induces a small local anisot-

ropy through far-field coupling.17,18 As a consequence,

when the extinction spectra are recorded in air, the

maximum wavelength of the LSP peak is different when

light is polarized along the X axis or the Y axis of par-

ticle. Indeed, surface plasmon resonance is observed in

air at 645 nm along the X axis of the particles whereas it

appears at 606 nm along the Y axis. Results observed

with both polarizations are here similar, we will show

only those recorded along the X axis.

Figure 2 shows the extinction spectra of the gold

NP array A under X-polarized light in air and after the

deposition of a 50 nm PANI film polarized at �500 mV

(PANI reduced state) and at �500 mV (PANI oxidized

state). On going from air to reduced PANI, a strong red

shift is observed from �LSP � 645 to �LSP � 682 nm but,

when PANI is electrochemically switched from its re-

duced to its oxidized state, a blue shift (from �LSP� 682

to �LSP� 665 nm) is observed and is associated with a

decrease in the surface plasmon optical extinction.

These effects are reversible and have been observed re-

peatedly during more than 500 cycles between �500

and �500 mV versus a Ag/AgCl reference electrode.

In core�shell systems, gold nanoparticle LSPR is

known to be highly dependent on the shell

thickness.19,20 Furthermore, PANI electrochemical

growth is most probably not uniform on such a nano-

structured electrode and a thickness of 50 nm may not

be enough to fully cover the 40 nm-high gold NP. We

therefore investigated the influence of PANI thickness,

and deposited another 50 nm PANI film (100 nm in all)

on the same gold NP array A. Figure 3 shows the influ-

ence of the PANI thickness on the LSP resonance, for

X-polarized incident light. With 100 nm of reduced PANI

the LSP shifts further to 693 nm. Furthermore, we ob-

serve a greater blue shift (��LSPx� 81 and ��LSPx� 17

nm for the 100 and 50 nm PANI films, respectively) as-

sociated with a much greater decrease in the optical

density (OD) when PANI is electrochemically switched

from its reduced to its oxidized state.

Blue shifts have already been observed with oblate

particles11 and indicate that the real part of the PANI di-

electric function can be triggered externally through

the potential applied to the device. Indeed, in its re-

duced state its dielectric function (�) is real, whereas in

its oxidized state it is a complex (� � �= � i�==).21,22

Moreover, oxidized metallic PANI samples are reported

to follow a Drude-like behavior23–25 with a plasma fre-

Figure 1. MEB and scheme of gold nanoparticle array (array A).

Figure 2. Extinction spectra under X-polarized light of ob-
late gold particle grating (array A) (1) in air, (2) overcoated
with a 50 nm PANI film in its reduced state, and (3) over-
coated with a 50 nm PANI film in its oxidized state.
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quency �p � 2 eV leading to a simplified expression

of �= given by �= � e	 � (�p/�)2. The electrochemical

switching of PANI generates a large change in both the

real and the imaginary part of its dielectric function

(DF). The real part of the DF decreases upon switching

(from reduced to oxidized PANI) thus explaining the ob-

served blue shift, whereas damping of the LSPR is due

to the increase in the imaginary part of PANI DF.

These experiments show that conducting polymer

electrochemical switching is an easy means for modu-

lating and damping LSPR in a reversible way and dem-

onstrate that this LSPR modulation can be tuned by
varying the PANI thickness.

For a light of wavelength � impinging on a material
with conductivity 
, the imaginary part of the dielec-
tric constant is expressed as �== � 2
�/c where c is the
speed of light.22 Since conducting polymer conductivity
is highly dependent on the doping level, it can be pre-
dicted that LSPR in such hybrid material will exhibit a
progressive damping as a function of the applied
potential.

To probe this behavior, we have used a new array
(array B, major axis 150 nm, minor axis 110 nm and
height 40 nm, grating constant, �x � �y � 400 nm)
overcoated with a 50 nm PANI film. We have recorded
(Figure 4a) the gold NP LSPR and plotted the optical
density maximum (Figure 4b) and ���LSPR� (Figure 4c)
for various potential applied to the electrode. As long as
the PANI is kept in its reduced state (between �500
and �100 mV), no or minimal changes are seen in the
optical response. However, as soon as the foot of the
PANI oxidation peak (0 V) is reached, blue shift and
damping of the LSPR occur. Polarizing the electrode at
higher potentials, that is, increasing the PANI doping
level, leads to further blue shift and LSPR damping.
These results clearly show that the observed modula-
tions of the LSPR are not due to some kind of filtering
due to the PANI matrix or to electroreflectance effects
observed with silver electrodes upon cathodic polariza-
tion19 but are closely related to the charge carrier den-
sity injected into the conductive polymer through elec-
trochemical doping.

We have reproduced qualitatively the LSPR experi-
mental behavior versus the applied potential. For this
purpose, we modeled the experimental data using the
single-particle model in the electrostatic approxima-
tion,26 in which the particle size is much lower than the
incident wavelength �. This simple mode takes espe-
cially into account the environment of the particles, cor-
responding in our study to a crucial parameter induc-
ing the LSP modification. We believe that the quasi-
static model remains efficient to qualitatively get a
physical insight into such modification.

In this model, we first calculate the polarizability of
a single particle. This is given by

Ri ) V ×
εm - εsurr

εsurr + Li(εm - εsurr)

where i � a, b, c, V is the volume of the particle, �m is
the frequency-dependent complex dielectric function
of the metal, �surr is the DF of the surrounding medium,
and Li is the shape factor that depends on the main
axes a, b, and c � h/2 of the particle. Finally, we calcu-
late the extinction cross-section using the formula Cext

� kIm(�). The targets we consider for the calculation
are oblate gold particles, with a diameter of a � 10 nm,
and an aspect ratio r � a/c � 0.5. This value is taken

Figure 4. (a) Extinction spectra of prolate gold particle grating (array B)
under X polarized light: (1 to 4) from �500 to �100, (5) 0, (6) �100, (7)
�200, (8) �300, (9) �500 mV; (b) optical density and (c) ���LSPR�, plotted
as a function of the applied potential. An Ag/AgCl electrode is taken as the
reference electrode.

Figure 3. Extinction spectra under X-polarized light of ob-
late gold particle grating (array A) (1) overcoated with a 50
nm PANI film in its reduced state, (2) overcoated with a 50
nm PANI film in its oxidized state, (3) overcoated with a 100
nm PANI film in its reduced state, and (4) overcoated with a
100 nm PANI film in its oxidized state.
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to have �LSP in air close to our experimental results.
Nevertheless, this model will not reproduce quantita-
tively the position of the plasmon peaks since it does
not take into account the size of the particles (no retar-
dation effect). Furthermore, we introduce into the ex-
pression of the particle polarizability the effective di-
electric function of the surrounding medium, to mimick
the effect of the substrate (ITO). As a starting point, we
roughly estimated the refractive index of the reduced
PANI film on the basis of the optical studies of gold par-
ticles in different media. Using a procedure similar to
that reported by McFarland et al.27 (which introduces a
linear fit in the graph representing the LSP resonance vs
the refractive index) we found an effective refractive in-
dex of 2.1 for reduced PANI film � ITO substrate. This
value is compatible with that reported by Baba et al. at
632.8 nm for reduced PANI.21

For the calculations, we introduced different values
of the DF, defined in general as � � �= � i�== where �=
and �== are the real and imaginary parts of the DF of the
PANI film, respectively. Figure 5 simulates the influ-
ence of the potential applied to the PANI film on the
LSP wavelength and damping.

We first simulated the situation of reduced PANI
film, using the dielectric function �= � 4.4 (�== � 0), (Fig-
ure 5, black curve). The LSP peak is significantly red-
shifted with respect to air (not shown). We then used
the �= and �== values determined by Baba et al. at vari-
ous potentials (i.e., at various doping level) at 632.8 nm
wavelength.21 At the beginning of PANI oxidation, the

complex value of the DF is: � � 4.345 � 0.025i (red

curve) and corresponds to a small blue-shift and a mod-

erate damping of the LSP profile). Then, by increasing

�== and decreasing �= (as observed by Baba et al.) we

were able to reproduce qualitatively the experimental

LSP behavior shown in Figure 4 (see the different DF

values �= and �== in the legend of Figure 5). In both

cases (experiments and calculations), we observe a blue

shift and a decrease in the LSP intensity, when the ap-

plied potential increases. It thus appears that the single

particle model allows us, by entering in the polarizabil-

ity the adequate DF values of the PANI film, to take into

account the LSP spectral modifications observed ex-

perimentally (wavelength, intensity, and bandwidth)

when the applied potential is changed. These simula-

tions also confirm that the observed LSPR modifications

are induced by the progressive tuning of PANI DF func-

tion with the applied potential.

CONCLUSION
The results presented above clearly show that com-

bining conducting polymers and gold nanoparticle ar-

rays makes it possible to develop new active plasmonic

devices such as modulators. The input of the devices is

the potential applied to the electrode, which controls

the state of the conductive polymer and switches its

conductive properties and dielectric function. LSPR con-

trol can be achieved by controlling the PANI thickness

and/or the potential applied to the system. Small varia-

tions in the potential fine-tune the LSPR, which clearly

demonstrates that the observed effects are closely re-

lated to the charge carrier density injected into the PANI

layer. These results can be qualitatively reproduced us-

ing a single-particle model in the electrostatic

approximation.

Conducting polymer electrochemical switching has

been shown to be an easy means of controlling the

electronic structure and the properties of grafted mol-

ecules.4 Here, we show that it is also capable of control-

ling the optical properties of metallic NPs exhibiting

LSP resonance. If NPs can be considered as a special

class of molecules, we believe that the strategy re-

ported here will prove general and will makes it pos-

sible to control the electronic structure and thus the

properties of most nanoparticles (fluorescent, mag-

netic, semiconducting). Such hybrid systems will be
useful in the design of nanosystems with various func-
tional properties.

EXPERIMENTAL METHODS

Materials. All chemical products are used without further puri-
fication. Aniline (99%) and sulfuric acid (95%) were purchased
from Sigma-Aldrich and used as received.

Characterization Techniques. Indium�tin oxide (ITO) was used
as substrate for all plasmonic devices and acted as the working

electrode. The total size of the gratings produced by EBL is lim-
ited to 100 
m squares. The size of the electrode for PANI depo-
sition is 1 cm2. The electrochemical cells consisted of a three-
electrode arrangement with stainless steel grid
counterelectrode, Ag/AgCl reference electrode. The PANI elec-
trochemical system is known to be little affected by oxygen, so
the experiments were performed without deaeration of the solu-

Figure 5. Extinction efficiency factor (Qext � Cext/G with G
being the particle cross-section) for different values of the
dielectric function of the PANI film: �= � 4.4 and �== � 0 (0
V, black curve); �= � 4.345, �== � 0.025 (0.1 V, red curve); �=
� 4.285, �== � 0.05 (0.2 V, green curve); �=� 4.23, �== � 0.1
(0.3 V, blue curve); �= � 4.170, �== � 0.18 (0.4 V, cyan curve);
�= � 4.170, �== � 0.25 (0.5 V, magenta curve).
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tion. Reversibility of observed phenomena was checked by run-
ning multiple-cycle voltammetry experiments at 200 mV s�1 be-
tween �500 and �500 mV/Ag/AgCl reference electrode.
Electrochemical responses of our devices were perfectly identi-
cal during cycles. Absorption measurements were carried out on
an Oriel (model 74050) UV�vis spectrophotometer coupled
with a fiber optic system which makes it possible to analyze an
area of 100 
m � 100 
m. Prior to any PANI deposition, the sub-
strate was repeatedly driven between �500 and �500 mV in 1
M H2SO4 solution to check the LSP potential dependence and
the magnitude of particle charging effects. A negligible wave-
length shift was observed when the potential applied to the de-
vice was varied repeatedly. This shift is associated with a small
decrease in the full-width at half-maximum (fwhm) for a grating
polarized at �500 mV. These effects are in the expected range of
particle charging effects for 100 nm diameter nanoparticles.9

The results reported with PANI overcoating are much stronger
in terms of wavelength shift, sign of shift, and LSP switch, which
indicates that interpretation of our results can hardly be found
in particle charging effect as observed by Chapman et al. for sil-
ver nanoparticle films.6 A 100 nm PANI film in its reduced state
does not absorb in the 500�900 nm region, whereas the oxi-
dized film does (polaron band) with an OD of the same order of
magnitude as that of the gold nanoparticles For recording the
LSP spectra, a reference was thus taken on the ITO/oxidized PANI
area near the ITO/gold nanoparticle/oxidized PANI which makes
it possible to extract the LSP changes. Uniformity of PANI depo-
sition was checked by recording spectra of the film in several ar-
eas of the electrode using either ITO or ITO/PANI as reference.
When the spectra of an ITO/PANI area were taken with an ITO/
PANI reference in another area, the recorded optical density was
null over the entire wavelength range recorded.
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