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Abstract

A method for active switching of plasmonic structures by surface oxide-
stabilized silver deposition is presented. The longitudinal dipole mode in pairs
of closely spaced gold nanodisks on ITO was switched by depositing and
removing a connecting layer of silver in solution. Optical properties were
studied using VIS-NIR extinction spectroscopy and confirmed by FDTD
simulations. Uniform dimensional growth by selective silver deposition
brought pairs of gold nanodisks of 73 nm average diameter and 11 nm
average distance into electrical contact. The growth process was studied by
spectroelectrochemical measurements, and uniformity and selectivity were
confirmed by SEM and XPS analysis, respectively. Uniform deposition was
achieved by introduction of surface oxides on immobilized gold nanodisks,
and selectivity by undervoltage deposition. Deposition of silver on disk pairs
caused a blue-shift of the transverse dipole mode resonance of roughly 50 nm,
and emergence of a new longitudinal mode with resonance around 960 nm.
These results demonstrate the possibility for not only tuning of resonance
peak position, but also on-demand switching of an additional mode which can
provide materials with switchable optical properties.
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1 Introduction

Metal and semiconductor nanoparticles have attracted significant research
attention in the recent decades because of their simplicity and unique optical
properties. Specifically noble metal nanoparticles have found widespread
application as contrast agents in scanning (SEM) and transmission (TEM)
electron microscopy, due to their intrinsic high secondary-electron emission
yield [1, 2], as colorants in bioimaging [3, 4] and ELISA-type biosensing
assays [5], and in the past as antibody-linked gold nanospheres in pregnancy
tests [6], because of their strong interaction with visible light. These interac-
tions are dominated by resonant oscillations of conduction band electrons in
the dimensionally confined metal nanoparticles, driven by the electric field
component of incident electromagnetic radiation, known as localized surface
plasmon resonances (LSPRs). For noble metal nanoparticles, energy condi-
tions for LSPR are generally met in the UV-VIS-NIR region. The confined
nature of LSPR and the strong local field enhancement allows manipulation
of light below the diffraction limit, a property being actively researched
for potential application in nanolenses, waveguides, and highly localized
refractive index sensing [7–10]. LSPR energy depends on the nanoparticles
material electronic properties, shape, size, inter-particle coupling and local
dielectric environment [11]. Control of these parameters form the basis
of the field of active plasmonics. Active plasmonics is a relatively new
subfield of plasmonics, emerging as a result of the increased understanding
of the working principle of plasmonics and advancements in manufacturing
techniques, allowing active control over plasmonic properties. At its core,
active plasmonics consists of plasmonic structures with optical properties
controllable by external stimuli in a reversible fashion. Control parameters
can include inter-particle distance, carrier control, and control of dielectric
environment. Several control methods have recently been proposed, notably:
mechanical control of inter-particle spacing [12], switchable coupling of
Au-Ag/AgCl core-shell dimers [13], and tuneable plasmon resonance by
silver deposition on gold nanostars [14]. In the present work, we demon-
strate quasi-reversible active plasmon control through surface-oxide stabilized
selective electrochemical undervoltage deposition of silver on weakly coupled
gold nanodisk dimers, resulting in appearance and disappearance of modes
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in the near-infrared. Spectroelectrochemical analysis was carried out on a
well-characterized single-disk system, and this method was applied to bring
adjacent gold nanodisk into electrical contact by uniform dimensional growth.
The presented method conveniently utilizes the combination of plasmonics
and electrochemistry on a single substrate that has application in optical
switching.

2 Experimental

All solvents and chemicals were purchased from Sigma Aldrich (Denmark),
unless otherwise stated, and were of analytical grade. Solutions were prepared
using ultra pure water (MQ, resistivity >18 MΩ · cm).

2.1 Nanostructure Fabrication

Gold disks with a nominal diameter of 100 nm were deposited on
ITO-coated borosilicate glass slides (Deposition Research Lab, USA)
using a standard hole-mask colloidal lithography (HCL) method. Briefly,
160–180 nm of A495 poly(methyl methacrylate) (PMMA) was spun-coated
onto ITO-glass followed by sequential adsorption and drying of three layers
of polyelectrolytes (poly(diallyldimethylammonium chloride) (PDDA) 2%,
poly(styrenesulfonate) (PSS) 2% and polyaluminium chloride (PAX-XL60,
Kemira Miljø, Denmark) 5%, all in MQ). Sulfonated polystyrene particles
(0.2% by weight in MQ) of 0.1 μm nominal size (Invitrogen, Denmark)
were brought to self-assemble onto the surface for 2 minutes, and excess
particles were removed by thorough rinsing with MQ. Once dried under
a stream of nitrogen, a 20-nm sacrificial titanium mask was deposited by
physical vapour deposition (PVD) electron beam induced thermal evapora-
tion (Cryofox GLAD, Polyteknik Denmark). Titanium-capped polystyrene
particles were removed by tape-stripping, and oxygen plasma (RF power
50 W, 25 mbar, 40 sccm oxygen) was used to etch exposed PMMA down
to the ITO-coated glass substrate (Figure 1(a)). Through the mask, 20 nm
gold was evaporated via PVD at normal angle and the mask removed by
sequential sonication in acetone, ethanol, and MQ, leaving gold disks with a
nominal diameter of 100 nm and a height of 20 nm on the substrate surface
(Figure 1(b)).

Closely spaced pairs of gold nanodisks were fabricated by first shrinking
the holes in the titanium hole-mask by means of glancing angle deposition [15]
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Figure 1 Schematic representation of nanodisks fabrication. a), polystyrene particles were
immobilized on substrate by self-assembly, followed by titanium deposition, tape-stripping
and plasma etching. b), For single-disk functionalization, gold was deposited at normal
angle followed by mask removal. c), For disk-pair functionalization, hole-mask diameter was
reduced by titanium deposition at 70◦ while rotating the substrate, followed by two stationary
depositions at 14◦ and –14◦, respectively, and subsequent mask removal.

of 45 nm titanium at an angle of α = 70◦ while rotating the substrate. 20 nm
gold was subsequently deposited without substrate rotation at α-angles of 14◦
and –14◦, respectively, and the hole mask was removed as described above
(Figure 1(c)).

2.2 Silver Electrodeposition

All electrochemical measurements were made using an Ivium CompactStat
in a three-electrode configuration. Electrodes (bare ITO and nanodisk-
functionalized ITO) were cleaned by sequential ultrasonication in acetone,
ethanol and MQ for 10 minutes each, and dried in a stream of nitrogen. The
clean electrodes were transferred to a 50-ml electrochemical cell and used
as working electrodes without further preparation. Surface oxide formation
on the gold disks was carried out by oxidation under stirring in 50 mM
NaOH at +1.25 V for 2 minutes and in 50 mM H2SO4 at +1.35 V for
2 minutes. Silver deposition was performed at –50 mV for 135 seconds in a
1 M NH3 solution containing 500 μM AgNO3. Deposited silver was removed
by scanning between –50 mV and +400 mV at 50 mV/s for 10 cycles in
1 M NH3 under stirring.
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2.3 Characterization

Characterization of gold disks before and after silver deposition was carried
out by SEM analysis (FEI Magellan 400, 5 kV, and 50 pA emission current).
All stated dimensions were established using ImageJ with high-contrast SEM
images. Surface composition was examined using XPS (Kratos AXIS Ultra
DLD). The detector pass energy was 20 eV and 120 eV for survey and
high resolution scans, respectively. Spectral deconvolution was performed
using CasaXPS. Optical spectra were recorded using a fiber-coupled pho-
todiode array spectrophotometer (BWTek Cypher H) with an unpolarised
tungsten light source (BWTek BPS2.0). Three separate samples of disk-pair
functionalized ITO samples were used in this study and results from one is
presented here.

2.4 Simulation

Simulations were performed with the Finite-Difference Time-Domain
(FDTD) solver from Lumerical Solutions (Canada). The dielectric functions
of Ag and Au are taken from Johnson & Christy [16]. ITO substrate was
included in all simulations, and the dielectric function was taken from [17].
For the simulations without Ag, a minimum mesh size of 2 × 2 × 2 nm3 was
used, with Ag, it was reduced to 0.1 × 0.1 × 0.1 nm3 for stability reasons, in
both cases with perfectly matched layer boundary conditions.

3 Results and Discussion

The intended system was first conceptualized using a system of closely spaced
gold nanodisks connected by a silver bridge (Figure 2(a)). The silver bridge
was non-reversibly removed by wide-potential cyclic voltammetry (CV) in
50 mM H2SO4 (CV data not shown) (Figure 2(b)). Optical spectra of the
connected and non-connected disk pairs, along with schematic illustrations,
are shown in Figure 2(c). The observed shift between the pink and blue curves
is likely due to a combination of light interacting with the silver bridges, and
sulphuric acid etching the ITO substrate. The shape of the extinction spectrum
for the connected disk pairs resembles that of nanorods, with the high and low
energy peaks stemming from transverse and longitudinal plasmon modes,
respectively [18] (Seen schematically in Figure 2(e)).

The asymmetry of the peak observed for the non-connected gold disk
pairs in Figure 2(c) results from a difference in the diameter of the disks
in the disk pair combined with hybridisation effects [19]. The difference in
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Figure 2 Etching of silver-bridged gold nanodisk pairs. SEM images of pair of roughly
80 nm diameter gold disks connected by a silver bridge before (a) and after (b) etching.
c), optical spectra of bridged gold disks before (blue curve) and after (pink curve) etching.
d), schematic representation of plasmon hybridization showing splitting of energy levels for
coupled nanostructures. Stars indicate excitable bright modes. e), schematic illustration of
energy difference between transverse (upper) and longitudinal (lower) modes in gold nanorods.
Scale bars are 200 nm.

diameter of the two disks arises from the hole-mask process used where
material deposited on the mask itself will cause a shrinkage of the hole
proportional to the amount of material deposited. This effect is responsible
for the slight vertical tapering observed for structures fabricated using HCL
[15], but also results in the small difference in diameter between the first and
second disks to be deposited in each disk pairs seen in Figure 2(a) and (b).
The plasmon resonance for individual disks is systematically red shifted for
increasing diameter disks [20]. The second contributing effect is described by
plasmon hybridisation theory [19]. The close proximity of the gold nanodisks
in a pair allows for coupling of LSPR modes, giving an energy splitting into
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multiple modes (Figure 2(d)). The peak shape is dominated by the lower
energy, polarization-dependent bonding modes responsible for the tapering
towards longer wavelengths [21–23]. The inhomogeneous broadening caused
by variation in individual disk diameters (see Figure 6(a)) and wall to wall
disk spacings (11.2 nm ± 6.0 nm, data not shown) manifests itself as the
broad near-infrared tail seen in Figure 2(c). The multiple hybridised modes
shown in Figure 2(d) can be split into symmetric or bright modes with both
dipoles oriented in parallel (indicated with stars in Figure 2(d)) and in phase or
anti-symmetric or dark modes with dipoles out of phase. The effect of the anti-
symmetric, or dark modes, is negligible here, as the low net dipole moment
modes are poorly excited by normal incident planar waves.

Electrodeposition of silver from solution under various conditions has
been extensively studied as a means of altering the optical and electrical
properties of ITO-coated substrates [24–26]. However, in the present study this
is undesirable, as absorption and scattering from non-specifically deposited
silver particles on ITO would obscure the optical signal from the gold nanos-
tructures. In order to establish appropriate conditions for selective deposition
of a uniform layer of silver onto the gold nanodisks, wide-potential CV curves
were recorded for bare ITO- and gold nanodisk-functionalized ITO-coated
substrates in an aqueous 1 M NH3 solution containing 500 μM AgNO3
(Figure 3).

In the CV curve of the second scan for bare ITO a peak appears in the
cathodic half-wave around –170 mV, not present in the first scan (1 in Figure 3)
indicating deposition of silver. This observation suggests that nucleation sites
for silver deposition at ITO can be created at large negative potentials in the
first cycle, which lower the potential of the reduction process in the following
cycles. This behaviour was not observed for gold nanodisk-functionalized
ITO, where the gold disks likely function as nucleation sites for silver at
low negative potentials, being further stabilized after first scan (2 and 3 in
Figure 3, respectively). The apparent difference in deposition mechanism
observed suggested a potential-based method for selectively depositing silver
on gold nanodisks. Indeed, for deposition at a static potential of –50 mV for
45 seconds, electrochemical stripping analysis showed a more than 400-fold
increase in the amount of silver deposited on gold nanodisk-functionalized ITO
compared to bare ITO (Figure 4(a) and (b)). However, SEM images show a
non-uniform growth pattern, resembling growth of single isolated nucleation
sites (Figure 4(c) and (d)). Localized deposition is promoted by sharp points
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Figure 3 Wide-potential cyclic voltammograms of bare ITO and nanodisk-functionalized
ITO (black and red curves, respectively) between +0.3 V and –1.2 V at 50 mV/s in 1 M NH3

containing 500 µM AgNO3. Markers show locations of reduction of silver in the cathodic
half-wave of bare ITO (–169 mV, second scan (1)) and nanodisk-functionalized ITO (–156
mV first scan, –122 mV second scan, (2) and (3), respectively). Arrow indicates scan direction.

and edges on the nanodisks where the field is concentrated, an effect similar to
that reported by Chimera et al. for silver deposition on gold nanocrystals [12].

D. Hernández-Santos et al. proposed a method for determining surface
area of colloidal gold nanoparticles adsorbed on a carbon paste electrode
using selective silver electrodeposition and subsequent stripping [27]. Briefly,
colloidal gold nanoparticles were sequentially oxidized in basic and acidic
media and silver was co-reduced onto the gold nanoparticles at a slightly
negative potential and was reported to give homogeneous silver deposition on
gold. This method was adapted here with small modifications, and the results
of wide-potential cyclic voltammetry are shown in Figure 5.

Deposition on bare ITO remains unchanged after pretreatment (Figure 5
black curves), but a large peak is observed around +50 mV in the cathodic
half-wave of the first scan for gold disk-functionalized ITO (Figure 5, 1). The
shift of the deposition peak back to a potential similar to that observed prior to
pretreatment (Figure 3) suggests that the mechanism of this uniform deposition
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Figure 4 Top: stripping assay of silver deposition on bare ITO and nanodisk-functionalized
ITO after deposition for 45 seconds at –50 mV in 1 M NH3 containing 500 μM AgNO3.
Integrated charge for deposition on bare ITO was 0.247 μC (a) and 103 μC for nanodisk-
functionalized ITO (b). Bottom: Comparison of disk morphology before (c) and after (d) silver
deposition. Scale bars are 200 nm.

used here is dependant on the redox state of the outermost layer of the gold
disks. The result of a 135-second deposition at –50 mV after pretreatment is
seen in Figure 6.

SEM analysis of before and after pretreatment and silver deposition show a
uniform deposition of a roughly 5.5 nm thick layer of silver (Figure 6(a)–(d)).

Gold-catalyzed silver-enhancement of colloidal gold nanoparticles, driven
by the redox potential of a reducing agent, has been used for well over thirty
years as a means by which to enhance contrast of absorbed gold nanoparticles
in immunoassays [28]. Although bulk gold is a poor catalyst, colloidal gold
particles of sizes relevant for biological absorption show catalytic activity
inversely proportional to size for a variety of reactions [29–31]. In ammonia,
silver forms the complex Ag(NH3)2+, a compound known as Tollens’ reagent
commonly used to determine presence of aldehydes by oxidizing the carbonyl
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Figure 5 Wide-potential cyclic voltammograms of pretreated bare ITO and nanodisk-
functionalized ITO (black and red curves, respectively) between +0.3 V and –1.2 V at 50
mV/s in 1 M NH3 containing 500 µM AgNO3. Markers show locations of reduction of silver
in the cathodic half-wave of bare ITO (–174 mV, second scan (1)) and nanodisk-functionalized
ITO (+56 mV first scan, –93 mV second scan, (2) and (3), respectively). Arrow indicates scan
direction.

group to carboxylate while reducing the complex silver ion to elemental silver
through the following net reaction [32]:

2[Ag(NH3)2]++RCHO+H2O → 2Ag(s)+4 NH3+RCO2H+2 H+ (1)

In a similar way, reduction of silver on gold nanoparticles might be stabilized
by the introduction of surface oxides during pretreatment.

Preferential deposition of silver on the gold nanodisks was confirmed
by X-ray photoelectron spectroscopy (XPS) analysis on bare ITO and gold
nanodisks on ITO before and after silver deposition on the pretreated samples
(Figure 7 and Figure S1). Silver was clearly observed on the nanodisk samples
while no peaks corresponding to silver were detected on the ITO indicating
that the level Ag deposited on bare ITO indicated by electrochemical methods
(Figure 4(a)) are below the detection limit of XPS.
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Figure 6 Silver deposition on pretreated gold nanodisks. SEM images show gold nanodisks
on ITO before and after pretreatment and silver deposition (a and b, respectively) for
135 seconds at –50 mV in a deposition media containing 1 M NH3 and 500 μM AgNO3.
Disk diameters were measured to 101.6±5.8 nm and 112.5±6.8 nm before and after deposition
(c and d, respectively). Scale bars are 200 nm.

Qualitative analysis of the growth mechanism was made by simultane-
ously recording the optical and amperometric response to silver deposition
(Figure 8).

The observed deposition curves indicate a complex process with three
regimes at different times during deposition (regions 1, 2, and 3 in Figure 8(a)
and (c)), which suggests up to three processes occurring. The large current
spike at t = 0 is due to capacitive charging of the electrode interface, decaying
exponentially with time (Figure 8(a) region 1). The second region of the
deposition curve is dominated by reduction of the outer oxide layer of the
gold nanodisks, a surface controlled process, while the remaining part can
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Figure 7 XPS data. Presence of silver was measured on bare ITO and nanodisk-functionalized
ITO before and after pretreatment and silver deposition (a and b, repsectively).

be explained as diffusion-controlled reduction of silver (Figure 8(a) regions
2 and 3, respectively). Similar regions are recognized in the plot showing
changes in peak position and FWHM of the plasmonic peak during deposition
(Seen in Figure 8(b) and quantified in Figure 8(c)). Because of an increase of
the electron density of the plasmonic structures, applying a negative potential
(relative to OCP) blue-shifts the resonance peak [33, 34]. However, for the low
potentials used here the effect is negligible, and the observed blue-shift is due
mainly to reduction of the oxide layer covering the gold structures, reducing
the refractive index and dampening of the resonance (Figure 8(c) region 1).
The relatively rapid drop in peak width observed close to t = 0 in Figure 8(c)
is accompanied by a significant increase in peak height (Figure 8(b)). The
drop appears as a transient effect, with a rapid increase again in FWHM,
(Figure 8(c) region 1) in a background of a slower reduction of FWHM from
the initial value (visible as region 2 in Figure 8(c)) and is suggested to be
related to the rapidly changing capacitive current. General peak-broadening
with slow variation of the resonance peak position is observed starting around
40 seconds into the deposition. This can be interpreted as inhomogenous or
irregular growth of disk-diameter for longer deposition times, consistent with
the observed broadening of the size distribution (Figure 6(c) and (d)).

The same process was used with closely spaced gold disks. As the
centre-to-centre distance between adjacent disks in a pair is dependent on
the thickness of the hole-mask, and the disk diameter on the diameter
of the polystyrene particles used in mask fabrication, a variation in disk
spacing is expected due to substrate roughness and the polystyrene particle
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Figure 8 Spectroelectrochemical analysis of silver deposition on single disk system. Simul-
taneous optical and amperometric measurements were recorded during silver deposition on
activated single-gold nanodisks. Approximate regions corresponding to double layer charging
(1), oxide layer reduction (2), and diffusion controlled silver reduction (3) are shown in the
chronoamperometric and quantized optical plots (a and c, respectively). The black arrow in
the plot of raw optical spectra indicates evolution of peak (b).

size distribution. Consistent results were obtained using fabrication param-
eters stated in the experimental section and with a deposition time of 135
seconds at –50 mV in a 1 M NH3 solution containing 500 μM AgNO3
(Figure 9).

A relatively low yield of connected pairs of 19.5% after deposition (versus
2.41% before deposition) was a consequence of a fabrication compromise
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Figure 9 Silver deposition on gold nanodisk pairs. SEM images show disk pairs before (a)
and after (b) pretreatment and silver deposition for 135 seconds at –50 mV in a deposition
media containing 1 M NH3 and 500 μM AgNO3. c), optical spectra recorded at each step in
the deposition process. Surface oxide formation during the activation step causes a red-shift
of the resonance peak (brown trace). Arrows indicate position of transverse and longitudinal
modes, respectively. Spectral shape after renewal returns to that of the initial non-connected
sample (pink and blue traces, respectively).

between disk spacing and pre-deposition connected disk pairs (Figure 9(a)
and (b)). Figure 9(c) shows the optical spectra recorded at each step in the
deposition process. The peak shape for the clean, unconnected disk pairs
shows asymmetry similar to that observed in Figure 2(c), consistent with
plasmon hybridisation theory (blue curve, Figure 9(c)). Growth of gold
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Figure 10 FDTD simulations.

oxides on the structures during oxidation in preparation for silver deposi-
tion causes a red-shift and lowering of intensity of the optical spectrum,
due to a damping effect of the oxide layer (brown curve, Figure 9(c)).
After silver deposition blue-shift of the main resonance peak as well as
appearance of a secondary peak in the NIR region is observed (arrows,
Figure 9(c)). The position of these features correspond well with FDTD
simulations with parameters obtained from the SEM images in Figure 6(b)
and Figure 9(a) and (b) (Figure 10(b)). The surface was renewed by removal
of silver in a stirred solution containing 1 M NH3 applying 10 cycles of
cyclic voltammetry between –50 mV and 400 mV at a scan rate of 50 mV/s.
This returned the optical spectrum to that of the initial sample (Figure 9(c),
pink trace).

Simulations on non-connected disk pairs show the expected splitting of
peaks through hybridisation with the lower-energy coupling mode for longi-
tudinally polarized light and higher energy coupled mode for the transversely
polarized light, resulting in an asymmetric peak shape for the summed spectra
(Figure 10(a)). The proportionality discrepancy observed between simulation
and measured data (Figure 9(c), initial) is due to the simulation model
not including variation in disk diameter in each disk pair and spacing. For
connected pairs, the simulation is able to predict the spectral position of the
longitudinal dipole mode with reasonable accuracy (925 nm versus 962 nm
measured). The significantly lower low energy peak in the experimental data
fits with the observation from the SEM images that the majority of the pairs
do not become connected. As before, neither dimensional variation nor low
yield of connected pairs are accounted for.
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4 Conclusion

In this work we have demonstrated a method for quasi-reversible switching
of the longitudinal dipole mode in pairs of closely spaced gold nanodisks
to induce a resonance at a specified wavelength (here in the near infrared).
The use of different disk diameters could allow this spectral position to
be selected. While a relatively low yield of connected pairs after silver
deposition was observed, caused by roughness of the ITO surface and the
polydispersity of the colloidal particles, both these can be improved by using
lower-roughness substrates (i.e. zinc-doped indium oxide [35]) and lower-
dispersity polystyrene particles during hole-mask fabrication, which would
enable both closer and more uniform spacing of disks in pairs. Such active
plasmonic elements prepared over large area can have use as optical switching
devices.
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