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Abstract: Herein, we report the design and synthesis of
plasmonic/non-linear optical (NLO) material core/shell nano-
structures that can allow dynamic manipulation of light signals
using an external electrical field and enable a new generation of
nanoscale optical voltage sensors. We show that gold nanorods
(Au NRs) can be synthesized with tunable plasmonic proper-
ties and function as the nucleation seeds for continued growth
of a shell of NLO materials (such as polyaniline, PANI) with
variable thickness. The formation of a PANI nanoshell allows
dynamic modulation of the dielectric environment of the
plasmonic Au NRs, and therefore the plasmonic resonance
characteristics, by an external electrical field. The finite element
simulation confirms that such modulation is originated from
the field-induced modulation of the dielectric constant of the
NLO shell. This approach is general, and the coating of the Au
NRs with other NLO materials (such as barium titanate, BTO)
is found to produce a similar effect. These findings can not only
open a new pathway to active modulation of plasmonic
resonance at the sub-wavelength scale but also enable the
creation of a new generation of nanoscale optical voltage
sensors (NOVS).

The local surface plasmonic resonance (LSPR) property of
noble metal (for example, Au and Ag) nanostructures can
allow for light manipulation at the sub-wavelength scale,"!
and enable exciting technological opportunities in diverse
fields, including sensing,®! photovoltaics,[*” catalysis,*! and
optical antennas."*!"! The plasmonic resonance properties of
noble metal nanostructures can be controlled by the compo-
sition, size, morphology, and the surrounding dielectric
environment.">*l The composition, size, and morphology of
a given plasmonic nanostructure are fixed and cannot be
varied in a dynamic way after the initial synthesis or
fabrication. Thus, the manipulation of the surrounding
dielectric environment becomes the only way to modulate
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the plasmonic resonance for diverse applications.'>** Con-
siderable efforts have been devoted to investigating the
interaction between plasmonic nanostructures and the sur-
rounding environments, such as electro- and photo-chromic
molecules,'>'% inorganic materials,'""¥ polymers,**?! and
liquid crystals.”>?*! On one hand, the plasmonic resonance
can substantially modify the optical properties of the nearby
materials, for example, to enhance the absorption or accel-
erate the radiative decay rate.”>?”! On the other hand, the
variation of the surrounding dielectric environment may
significantly alter the plasmonic resonance properties of the
metallic nanostructures.'>'¥! Therefore, the integration of
plasmonic nanostructures with active dielectric materials can
enable the active modulation of the plasmonic resonance by
using an external trigger (for example, light, heat, electric
potential) and may open up a pathway to advanced nano-
devices, including active metamaterials,”” smart windows,””!
and displays,’”! as well as a new generation of nanoscale
sensors that can sensitively monitor local environmental
changes.

Herein, we explore the interaction between plasmonic
nanostructures and NLO materials to enable active modu-
lation of the dielectric environment and thus plasmonic
properties by an external electrical field. We chose Au
nanorods (NRs) with specific aspect ratio as a model system
owing to their high stability, strong and tunable plasmonic
resonance in the visible region, and high sensitivity to changes
in the surrounding dielectric environment.”!! We examined
both the organic polyaniline (PANI) and inorganic barium
titanium oxide (BTO) as two examples of typical NLO
materials. PANI represents a typical semiconducting polymer
with tunable conductivity, dielectric function, and thus
excellent NLO properties.> ! BTO is a typical perovskite-
type inorganic material with unique ferroelectric and electro-
optic properties, which is more applicable for ultrafast optical
switches, but usually with smaller piezoelectric coefficients as
compared to organic NLO materials. The Au NRs and NLO
materials were integrated together to form Au/NLO core/
shell NRs (Figure 1a), and modulation of the plasmonic
properties by an external electrical field was studied by using
a single particle scattering spectroscopy approach (Fig-
ure 1b). The Au/PANI NRs exhibit a significant, robust, and
reversible plasmon peak shift when triggered by an external
electric field. The electrically switching behavior for these
plasmonic NRs shows a strong dependence on the NR
orientation, the electric field direction, and the polarization
direction of the incident light. Furthermore, we also demon-
strate that this concept can be extended to Au/BTO core/shell
NRs and show similar electro-optical modulation.
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Figure 1. Design of Au/PANI NRs as a single-particle plasmonic
resonance modulator and nanoscale optical voltage sensor (NOVS).
a) The design and synthesis of Au/PANI NRs. b) lllustration of field-
dependent single particle spectroscopy. c) Voltage-modulated LSPR
scattering, illustrating a local electric-field-induced shift of the scatter-
ing peak.

Au NRs with controlled aspect ratios and tunable LSPR
scattering frequencies were prepared using a seeded method
with cetyltrimethylammonium bromide (CTAB) as the stabi-
lizing and structure directing agent.’>* We have chosen Au
NRs with a proper aspect ratio as our model system to ensure
the scattering spectra were located in the visible range for the
convenience of our study (Supporting Information, Fig-
ure S1). A similar strategy can be applied to other plasmonic
nanostructures with different plasmon resonance frequencies.
A uniform PANI shell was coated onto the Au NRs with
controllable thickness using a modified oxidative polymeri-
zation method.®”! In brief, a mixture solution of sodium
dodecylsulfate (SDS) and aniline was added into the CTAB-
capped Au NR solution. A strong oxidant, (NH,),S,0q, was
then introduced into the mixture and the polymerization of
aniline occurred on the surface of the Au NRs, producing
a PANI shell on the surface of Au NRs. The resulting Au/
PANI NRs were separated from the solution through
a centrifugation process. The thickness of the PANI coating
can be controlled in the range of 5-20 nm by tuning the molar
ratio of aniline monomers, or by repeating the coating process
multiple times (Figure 2).

To inspect the plasmonic properties of individual nano-
particles, the Au/PANI NRs were deposited onto silicon/
silicon oxide or quartz substrates using a dip-coating method.
The scattering images or spectra for individual Au/PANI core/
shell NRs were collected using a dark-field optical microscope
(with a 50 x Olympus dark-field objective, NA = 0.50) with an
integrated monochromator (Acton SpectraPro 2300i), and
a liquid-nitrogen-cooled CCD camera (Princeton Instruments
Specl10; Figure S2). The individual NRs can be readily
identified under the dark-field optical microscope (Fig-
ure 3a), and the corresponding scattering spectra for
a single Au/PANI NR can be collected by the integrated
spectrometer (Figure 3b). The single-particle spectroscopy of
the Au/PANI NR reveals a plasmonic resonance peak
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Figure 2. TEM images for Au/PANI NRs with different shell thick-
nesses. a,b) TEM images for Au/PANI NRs with a shell thickness of
about 5 to 10 nm. ¢,d) TEM images for Au//PANI NRs with a shell
thickness of about 20 nm. Scale bar: 200 nm (a,c), 20 nm (b, d).
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Figure 3. Single particle scattering image and spectroscopy for Au/
PANI NRs. a) Dark-field image of individual Au/PANI NRs on quartz
substrates. Scale bar: 10 um. b) Single particle scattering spectra for
Au/PANI NRs with different aspect ratios. c) False-color scattering
images for a single Au/PANI NR under the incident light of variable
polarization directions. d) The polarization dependence of the scatter-
ing intensity for the Au/PANI NR shown in panel c.

between 590 and 660 nm, corresponding to the longitudinal
plasmon resonance mode of the NRs, which may be readily
tuned by varying the aspect ratios of the Au NRs (Figure S1).
For convenience and spectral matching with sensitivity of our
CCD cameras, we have focused on NRs with LSPR peaks
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around 620 nm to probe the electrical-field-modulated plas-
monic properties. It is important to note that the longitudinal
LSPR scattering spectra for a single Au/PANI NR is strongly
dependent on the polarization direction of the incident light
(Figure 3¢,d). The scattering intensity can reach its maximum
value when the polarization direction is parallel to the
longitudinal NR axis. When the polarization direction is
perpendicular to the longitudinal NR axis, no obvious
scattering image or spectral peak can be observed because
the transverse LSPR is too weak. In this way, the long axis of
a specific NR can be determined by rotating a polarizer
between the incident light and the specimen. The orientation
of the NR longitudinal axis corresponds to the polarization
direction at which the LSPR scattering intensity reaches the
maximum value.

To probe the electrical-field-modulated plasmonic reso-
nance properties of individual nanoparticles, the Au/PANI
NRs were deposited onto a quartz substrate between a pair of
lithographically patterned electrodes, through which a modu-
lating electrical field can be applied (Figure 4a; Supporting
Information, Figure S3). The electrical field modulation of
the plasmonic resonance is strongly dependent on the NR axis
direction and the field direction. We have therefore employed
polarized incident light to identify the NR orientation and
probe the effect of the relative orientation between the NR
axis and the electric field direction. For all of the single
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particle spectroscopic studies, we have employed an incident
light with the polarization parallel to the NR axis to maximize
the plasmonic resonance signal. We have first focused on NRs
with the longitudinal axis parallel to the electrical field
direction to study the effect of electric fields on their LSPR
characteristics. Importantly, when the polarization of the
incident light and the NR axis is in parallel to the electrical
field direction, an obvious field-induced modulation of the
plasmonic peak can be observed (Figure 4b). The scattering
spectrum for a single Au/PANI NR shows a peak at 613.3 nm
without a local electric field (the “off” state), which redshifts
to 624.0 nm when an external electric field of ~ 10 V um ' was
applied. As a comparison, no apparent shift can be observed
when the bare Au NRs are used in the experiment (Fig-
ure S4). This obvious redshift of the LSPR spectra under an
external electrical field can be ascribed to the active
modulation of the dielectric environment, and therefore the
plasmonic resonance characteristics (see below). On the other
hand, when the long axis of NR is perpendicular to the field
direction, no obvious field-induced modulation can be
observed (Figure 4c). Furthermore, when the polarization
direction of the incident light is normal to the NR long axis, no
contributions from the longitudinal LSPR can be collected,
and the transverse LSPR scattering is too weak to be
observed at the single particle level. Thus, no significant
external field effect can be seen regardless of the relative
orientation of the electric
field versus the NR axis
(Figure SS5).
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Figure 4. Dynamic modulation of LSPR scattering spectra of a single Au/PANI NR by an external electric
field. a) Dark-field image for Au/PANI NRs between a pair of electrodes on quartz substrates. Scale bar:

5 um. b) The LSPR spectra with (red) and without (black) parallel electrical fields. c) No obvious modulation
of LSPR spectra is observed when the electrical field direction is perpendicular to the NR axis. The electric
field (10 Vum™) is set to “off” (black) or “on” (red). The arrows labeled with P and E shown in the insets
represent the directions of the polarization of the incident light and the external electric field, respectively.

d) Spectral shifts of the LSPR peak for a single Au/PANI NR under different electrical fields (10 measure-
ments for each point). e) A series of 100 successive spectra obtained from a single Au/PANI NR under

a periodically modulating field. The field modulation frequency is 1 Hz, and the single frame integration for
each spectra is 200 ms (5 frames of spectra for each on/off window). The unit for the electric field (EF) in the
lower part is Vum™'. f) The switch of LSPR peak position with on/off electrical field (10 Vum™).
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effect.”>*! Such electrical
field modulation of plas-
monic resonance is reversi-
ble and can be readily
switch back and forth.
Reversible  switching of
LSPR by the external elec-
tric field was revealed by
continuously recording the
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LSPR spectra under a periodic modulating electrical field
(10 Vum™'; Figure 4e,f; Supporting Information, Figure S6).
Figure 4e shows 100 successive spectra of a single NR under
electric field modulations. The time window for each off/on
period is 1s (1 Hz), and 5 spectra were taken during each
window with the integration time of 200ms for each
spectrum. A significant redshift can be observed immediately
(within the time resolution of our measurement) as the
electric field is turned on/off, yet no obvious difference can be
seen in the 5 spectra within each window (Figure 4e¢,f). These
studies demonstrate that the LSPR spectra of these Au/PANI
NRs can show a significant, rapid, and reversible response to
the varying external electric field.

To further confirm the field-dependent behavior of the
Au/PANI NRs, we have employed the finite element method
(using COMSOL simulation package) to simulate the mod-
ulation of LSPR characteristics of Au NRs in varying
dielectric environment. An Au NR core with a 20 nm thick
PANI shell is used in the simulation (Figure 5, inset). PANI
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Figure 5. Simulation of LSPR spectral shift for a single Au/PANI NR
with different refractive index (n,) of the surrounding medium and
different shell thickness. a) Simulated LSPR spectra for a NR (aspect
ratio of 1.6) with a shell (20 nm) of different refractive indices. b) LSPR
spectral peak vs. shell refractive index for NRs with different shell
thickness (5, 10, and 20 nm). The substrate is quartz (silica) and the
upper atmosphere is air for all simulations.

was treated as a dielectric material with its dielectric function
obtained from a recent report.”® By adapting the varying
dielectric constant into the COMSOL simulation package,
our simulation shows that a change of the refractive index by
0.05 in NLO shell can induce a redshift as large as 20 nm in the
scattering spectra for a single Au/PANI core/shell NR with
the aspect ratio of 1.6 (Figure 5a). The redshift is also
dependent on the thickness of the PANI shell (Figure 5b). For
example, Au/PANI NRs with 5 nm of PANI shell show no
significant redshifts in their LSPR peaks (less than 5 nm)
when the refractive index of the surrounding medium
increases 0.05, which was confirmed by our experimental
results (Figure S7). These simulation results match well with
our experimental data, and thus indicate that the Au/PANI
NRs can be employed as an excellent optical voltage sensor.

The above studies clearly demonstrate that our design of
plasmonic/NLO core/shell nanostructures can exhibit
a unique electro-optical modulation effect. To further dem-
onstrate the generality of this concept, we have also coated
the Au NRs with other NLO materials (for example, BTO).
The Au/BTO core/shell NRs with a shell thickness of ~20 nm
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were prepared using a seeded hydrolysis method followed by
a hydrothermal treatment. As an inorganic NLO material
with local polarization structures, the dielectric constant of
BTO can be modulated by an external electrical field, and the
difference in the refractive index can be as large as 0.05.5) In
our experiment, when an external electric field of 20 V um™
was applied, a redshift of the LSPR peak by about 9 nm was
observed (from 670 to 679 nm in Figure S8). Such field-
induced spectral shift may be further improved by increasing
the BTO shell thickness or improving the BTO shell
crystallinity.“!

The electrical-field-induced modulation of the LSPR in
Au/PANI NRs can be attributed to the synergistic effects of
both the electro-optic properties of the PANI shell and the
LSPR characteristics of the Au core. As a NLO polymer,
PANI can be significantly polarized by an external electric
field.">¥ The electric field could change either the dipole
orientations of the aniline unit in the polymer chain or the
free aniline molecules entrapped in the PANI shell. The
change of the dipole orientation and the increase of the dipole
moment would then increase the dielectric constant of the
PANI shell. Meanwhile, the plasmonic resonance of the
embedded Au core is very sensitive to the change of the
dielectric constant of the surrounding environments.“"*
Together, the alteration of the dielectric constant of the
outer NLO shell by an external electric field can lead to
a detectable redshift in LSPR scattering spectra. When the
electric field is parallel to the long axis of the Au/PANI NR,
the voltage would alter the dipole orientation of the
polymerized or free aniline molecules and thus cause the
increase of the dielectric constant along the long axis
direction, resulting in a redshift of the LSPR spectra in the
plasmonic cores.

In summary, through close integration of plasmonic and
NLO materials into a core/shell nanostructure, we have
designed a nanoscale plasmonic modulator. We show polymer
(PANT) or inorganic (BTO) shells can be coated onto Au NRs
to realize these nanosized, sub-wavelength electro—optic
modulators.* Single particle scattering spectroscopy studies
show that the plasmonic resonance of the Au NRs can be
reversibly switched by an external electric-field-induced
modulation of the dielectric function of the NLO shell. The
electrically switching behavior shows a strong dependence on
the NR orientations, the electric field direction, and the
polarization direction of the incident light. The LSPR/NLO
NRs represent a simple optical antenna that can be modu-
lated remotely. The described strategy can be translated to
more complicated antenna architectures for optical probes
monitoring variations of local electric field, or for remote
electric manipulation of visible light at the sub-wavelength
scale. Moreover, we anticipate these devices can be improved
in terms of operating voltage by carefully selecting the
plasmonic cores and other NLO materials. Our Au/NLO NRs
provide a general and robust method for the design and
fabrication of sub-wavelength “electric-plasmonic-optical”
modulators and nanoscale optical voltage sensors (NOVS).
They can broadly impact areas including nanoscale electro-
optics and in vitro or in vivo voltage sensors for highly parallel
monitoring of cellular membrane potentials in real-time. Our
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designed structures show robust spectral shifts at room
temperature, in contrast to the quantum-confined Stark
effect in semiconductor nanoparticles that typically require
low temperature environments,*! or show much smaller
spectral shifts under the same electrical field.*! The chemical
preparation of LSRP/NLO nanoparticles with different
plasmonic cores (such as Au and Ag) and NLO shells and
their applications for monitoring cell membrane potentials
are currently underway in our laboratory.
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