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Abstract: Mirror-on-mirror nanoplasmonic metamateri-
als, formed on the basis of voltage-controlled reversible
self-assembly of sub-wavelength-sized metallic nano-
particles (NPs) on thin metallic film electrodes, are prom-
ising candidates for novel electro-tunable optical devices.
Here, we present a new design of electro-tunable Fabry—
Perot interferometers (FPIs) in which two parallel mirrors
— each composed of a monolayer of NPs self-assembled on
a thin metallic electrode — form an optical cavity, which
is filled with an aqueous solution. The reflectivity of the
cavity mirrors can be electrically adjusted, simultane-
ously or separately, via a small variation of the electrode
potentials, which would alter the inter-NP separation
in the monolayers. To investigate optical transmittance
from the proposed FPI device, we develop a nine-layer-
stack theoretical model, based on our effective medium
theory and multi-layer Fresnel reflection scheme, which
produces excellent match when verified against full-wave
simulations. We show that strong plasmonic coupling
among silver NPs forming a monolayer on a thin silver-
film substrate makes reflectivity of each cavity mirror
highly sensitive to the inter-NP separation. Such a design
allows the continuous tuning of the multiple narrow and
intense transmission peaks emerging from an FPI cavity
via electro-tuning the inter-NP separation in situ — reaping

*Corresponding author: Debabrata Sikdar, Department of
Chemistry, Imperial College London, Molecular Sciences Research
Hub, White City, W12 OBZ London, UK; and Department of
Electronics and Electrical Engineering, Indian Institute of Technology
Guwahati, Guwahati 781039, India, e-mail: deb.sikdar@iitg.ac.in.
https://orcid.org/0000-0003-3399-9407

Alexei A. Kornyshev: Department of Chemistry, Imperial College
London, Molecular Sciences Research Hub, White City, W12 0BZ
London, UK; and Thomas Young Centre for Theory and Simulation of
Materials, Imperial College London, SW7 2AZ London, UK

the benefits from both inexpensive bottom-up fabrication
and energy-efficient tuning.
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1 Introduction

A Fabry-Perot interferometer (FPI) is an optical cavity
comprising two parallel reflective surfaces, which allows
only specific wavelengths of incident light to be trans-
mitted — those satisfying the constructive interference
condition within the cavity [1, 2]. The resulting sharp
transmission peaks, arising from multiple beam inter-
ference within the cavity, are strongly dependent on the
construction of the cavity: length, filling material, and
reflectivity, of each cavity mirror [1-4]. Tuning of the
transmission peaks of FPIs is particularly interesting
for applications in spectrometry, wavelength-selective
filters, fibre-optic sensors, angle metrology, spectro-
scopic systems for gas analysis, and biological, chemi-
cal, and vibration sensing, just to name a few [5-17].
Most of the works reported in the literature for achiev-
ing a tunable FPI involve either alteration of the length of
the resonator cavity via a moveable mirror or by induc-
ing change in the refractive index of the material inside
the cavity via thermal, electrical, piezoelectric, or other
means [12, 17-19]. In several previous works, electrical
tuning of the transmittance spectrum of FPIs is achieved
by the virtue of the electro-optic and/or piezoelectric
effects — through the use of liquid crystals, silicon-based
on-chip design, hybrid sol-gel methods, etc. [20-25].
Besides, there have been a few reports on micro-machined
MEMS (micro-electromechanical system)-based FPIs, but
those structures require expensive and complicated top-
down fabrication procedures; moreover, some of them
involve relatively large potentials (up to several tens of
volts) for tuning the transmitted light wavelength [26-30].
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FPIs with a large operating voltage can increase the risk
of degradation of the device and restrict its usage in many
energy-efficient and miniaturized applications. Therefore,
it would be interesting to explore an alternative approach
that brings together the benefits of inexpensive bottom-
up design along with energy efficiency by enabling tuning
of the transmission wavelength of an FPI with ultra-low
voltage variation.

In this article, we propose a structure and discuss
methods for developing tunable FPIs with a simple
design, based on voltage-guided self-assembly/disassem-
bly of Ag nanoparticles (NPs) at thin silver film electrodes.
The system will allow electrical tuning of the reflectivity of
the cavity mirrors, with small (sub-volt) variation of elec-
trode potentials. This work presents an electro-tunable
FPI cavity formed between dual mirror-on-mirror nano-
plasmonic metamaterials. The proposed design ensures
superior transmittance characteristics of an FPI (with
narrow, intense, and widely tunable transmission peaks),
not achieved in our previous work [31] - involving volt-
age-controlled self-assembly of gold NPs on transparent
electrodes. Those transparent electrodes played no sig-
nificant role in the cavity’s optical properties. The cavity
mirrors were realized solely by monolayers of gold NPs.
Though electro-tunability could be achieved, weak reflec-
tivity of those cavity mirrors did not allow the formation
of a strong optical resonator between them. The transmis-
sion peaks obtained there were found to be very broad,
spectrally overlapping, and reduced in intensity (due to
high loss in gold). These drawbacks of the previous design
would limit major applications of an FPI.

Here, we consider mirror-on-mirror nanoplasmonic
metamaterials as tunable cavity mirrors for FPIs. Gener-
ally, such materials, formed by voltage-controlled assem-
bly/disassembly of metallic NPs on metallic substrates,
enable switching between “mirror” and “absorber” states
of the metallic substrate [32-35]. A positively polarized
metallic substrate, acting as an electrode, can attract
negatively charged NPs (charge comes from the attached
ligands [36]) from the electrolytic solution, leading to the
formation of an adsorbed two-dimensional (2D) array
(a “sub-monolayer or dense monolayer”) of NPs. Under
appropriate positive polarization, the NPs electrosorb
strongly on the electrode and get closer to each other,
forming a dense monolayer; on a thick metallic substrate,
this will result in an “absorber” state with minimum
reflectance at certain wavelengths. The wavelength of
the absorption peak can be tuned by altering the inter-NP
separation via changing the electrode potential. On the
other hand, with negative electrode potential, the NPs
can be repelled from the electrodes to disassemble into
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the solution, which unveils the “mirror” or reflective state
of the metallic substrate. Here we propose to carefully
exploit the state of positively polarized metallic electrodes
in order to control the NP density (or the inter-NP sepa-
ration) in the monolayers to be able to change the reflec-
tivity of the cavity mirrors at different levels of positive
potentials.

In the subsequent sections, we present a theory of
the optical response of the proposed system and discuss
the obtained results, which are then verified against full-
wave simulations. Our theoretical findings demonstrate
that mirror-on-mirror nanoplasmonic metamaterials
can efficiently function as tunable reflective surfaces for
realizing electro-tunable FPIs and could be promising in
numerous applications.

2 Proposed scheme

We consider two ultra-thin, homogeneous metallic films
of thickness around a few tens of nanometres as basic
components of the cavity mirrors. The film thickness
is chosen such that there is strong reflection from each
mirror but they still allow enough transparency to the
incoming light for entering and then exiting the cavity.
The cavity formed between two such films contains an
aqueous electrolyte solution with metallic NPs. The NPs
are capped with appropriate ligands whose free ends tend
to dissociate in the solution, acquiring negative changes
to the ends of those ligands (the degree of ionization can
be controlled by the pH) [36-39]. The primary purpose
of functionalization of NPs with charged ligands is to
overpower their Van der Waals attraction and to avoid
agglomeration of NPs in the bulk and also when they are
adsorbed at the interface [40]. Most importantly, charg-
ing the NPs gives a unique opportunity for a controlled
electrosorption/electro-desorption of NPs to/from the
electrodes: negatively charged NPs can then be attracted
to assemble into a 2D monolayer on a positively polarized
metallic film, thus forming a mirror-on-mirror metamate-
rial at each end of the cavity [33, 34].

These mirror-on-mirror nanoplasmonic metamateri-
als can act as tunable cavity mirrors. By minute alteration
of the positive polarization applied to the thin film elec-
trodes, the inter-NP separation (“gap”) within the assem-
bly of NPs on top of the metallic films can be changed
at will. This change in the density of the NP monolayer
coupled to a metallic film, in turn, affects the overall
reflectivity of the cavity mirrors and thus allows the trans-
mittance peaks of the cavity to be continuously tuned.
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Figure 1 shows different structures for realizing our
proposed FPIs with dual mirror-on-mirror plasmonic
metamaterials as cavity mirrors, where these mirrors,
based on metallic thin-film electrodes can be of any
geometric shape, e.g. rectangle, square, polygon, or circle
(ellipsoid). The lateral dimensions of the cavity mirrors
should be larger than the width of the incoming beam.
So, those dimensions can be made very small depending
on how small the beam width of the incoming light is.
Depending on a specific application’s requirement, one
can choose the lateral dimensions of those cavity mirrors
to be as small as a few micrometres or as large as centime-
tres and even beyond.

In this work, the two thin-film electrodes are con-
nected to work as a single positive electrode. However,
each of those electrodes may also be individually polar-
ized, allowing the cavity configuration [1] to be “under-
coupled” or “over-coupled” in contrast to being “critically
coupled” where the two electrodes are electrically con-
nected, as shown in Figure 1. The remaining walls of the
cavity are insulating materials, containing an embedded
frame acting as the counter-electrode.

Note that, if we want such system to operate at low
voltages, we need to concentrate the potential drops near
electrodes in electrical double layers. That means using
electrolytic solutions as media in which the NPs are ini-
tially dissolved and from which they adsorb onto the
electrode for the corresponding electrode potentials (for
negatively charged NPs, these should be positively charged
electrodes); this phenomenon is called electrosorption.
Thus, for just below 1 V electrode potential with respect
to its potential of zero charge, the electric field confined
within the electrical double layer will be substantial to
electrosorb NPs [40].

The thickness of the double layer depends on the
electrolyte concentration, which is roughly inversely
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proportional to the square root of concentration [40]. We
cannot make the latter too high because the double layer
will be too thin and the electric field will interact only with
a small number of charged ligands facing the electrode.
But more importantly, we cannot deal with too concen-
trated solutions for another reason. The Debye screening
of Coulomb repulsion between the likely charged NPs in
the bulk will be too strong and will not be able to prevent
aggregation of NPs driven by Van der Waals forces. Theo-
retical estimates [40] and experiments [33, 37, 38] suggest
that in aqueous solutions it is better not to go beyond
10 mM electrolyte concentrations.

The “price” for concentrating the voltage drops at
electrodes, resulting in large electric fields acting on NPs,
is that in such configurations there is no electric field in
the bulk and the NPs will not migrate but need to reach
their potential wells at the electrodes by random diffu-
sion. In macro-sized electrochemical cells, this may take
a long time, and, as was shown in Ref. [37], that time is
inversely proportional to the square of the cell length. But
in the device that we consider here, the cavity length will
be of micrometre size, and thus the switching time of the
device will be of the order of milliseconds. The theory we
present in this article does not address any kinetic aspects
of the functioning of this device; however, in similar
systems, those have been studied extensively in the previ-
ous works of our group [33, 34, 37].

3 Theoretical framework

To describe the optical response of our proposed
system, we developed a theoretical framework based
on a nine-layer-stack model (Figure 2), which combines
our effective medium theory with multi-layer Fresnel

Figure 1: Schematics of the proposed electro-tunable Fabry—Perot interferometers comprising dual mirror-on-mirror nanoplasmonic
metamaterials as the cavity mirrors, where the cavity is filled with an aqueous solution of nanoparticles.

Nanoparticles capped with negatively charged ligands assemble on positively polarized thin metallic film electrodes of (A) rectangular/
square, (B) polygon, or (C) circular shape, forming electrically tunable mirror-on-mirror metamaterials. The frames shown in the middle of
the insulating cavity side walls act as the negatively polarized electrodes.
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Figure 2: (A) Schematic of the proposed Fabry—Perot
interferometer cavity and (B) its equivalent theoretical nine-
layer-stack model. Parameters: R, radius of the NPs; g, inter-NP
separation; h,, thickness of the spacer layer; h,, thickness of
the metallic film electrodes; L, cavity length; d, thickness of the
effective film emulating an NP monolayer; and k, the wave vector of
lightincident at angle 6.

reflection scheme [32, 41]. The relative permittivities of
layers 1 and 9, representing the media through which
light enters and exits the FPI device, are denoted by ¢,
and ¢, respectively. These two layers may be identical or
different, depending on the application. Layers 2 and 8
represent the thin metallic film electrodes of thickness
h, which are denoted by frequency-dependent pet-
mittivities ¢,(w) and ¢ (w), respectively. Layers 3 and 7,
representing the spacer layers of thickness h_between
the NPs and their substrates (thin metallic films), are
assigned permittivities ¢, and ¢, respectively. Layers 4
and 6 emulate the monolayer of NPs, which are modeled
as effective films, each of thickness d, with frequency-
dependent permittivities ¢,(w) and ¢ (w), respectively.
Layer 5 denotes the medium filling in the FPI cavity, with
relative permittivity ..

For simplicity, here we consider ¢,=¢,, ¢,(w)=¢,(w),
e,=¢, and ¢,(w)=¢(w). In specific calculations we will
assume ¢,=¢,=¢,, as the separation h_is mostly deter-
mined by NP-capping ligands that are embedded in the
electrolytic solution. The critical step then is to deter-
mine ¢, () and ¢ (o) for estimating the optical response
of each monolayer of NPs coupled to a thin metallic elec-
trode. Within quasi-static dipolar approximation, the
monolayer can be modeled as an effective film with ani-
sotropic dielectric permittivity, which is determined by
the optical polarizability of NPs, considering their mutual
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interactions within the array in the presence of the metal-
lic substrate.

While forming the monolayer, the functionalized
NPs, when substantially charged, would prefer to self-
assemble in a hexagonal lattice. With a (=2R+g) as the
lattice constant (where R is the NP’s radius and g is the
inter-NP gap), we obtain the parallel and perpendicular

components of the dielectric tensor for the effective film
3

47
of thickness d = 3

(Y — 87w
86(w)—85+\/3a2d)8 (), (1a)
1 1 1 81

&, (w) Bl e € \3a’d pr(), (1b)

respectively [32]. Here, B+ (w) denotes the effective quasi-
static dipolar polarizability of each NP in a monolayer
while interacting with all other NPs of the 2D array along
with their dipolar images on the metallic substrate, and
is given by

B'(w) = a(w) ’
o) L] U g[fha) 38tha) 1
&2 @ @ 2 @ 8w
(2a)
B (w)= a(w)
1+ (o) L] Ya_g| L Q) kg ta) 1
e | @ a e E
(2b)
L ep(w)—g ) o
where a(w)=¢,R SNP(szz is the dipolar polarizability

of an individual spherical NP of material with permittivity
£, (@) surrounded by a medium with permittivity e;
e, —¢e(w) | . .
=——7""—— is the image charge screening factor; and
e, +e,(w)
U, fth, a), g,(h, a), and g,(h, a) are the “lattice sums” (over
a hexagonal lattice), given by

1
U,= =11.031, 3
A i#0 j#0 (12 —+ ]-2 — 1])% ( a)
1
fh, =3y
i#0 j#0 (3b)

3 b
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where h=h_+R. Note that, in Egs. (2a) and (2b), the term
U, in the denominator essentially incorporates the plas-
monic interactions of each individual NP with all other
NPs in the 2D hexagonal array. Considering a “reference”
NP positioned at the origin, these calculations of lattice
sums are carried out. The terms in the denominator,
shown within parentheses, are multiplied by &, which
accounts for the image-charge interactions effect. The
functions f(h, a), g,(h, a), and g,(h, a) sum up the coupling
effects originating from the dipolar images of the all other
NPs in the array on the “reference” NP. The last term in
the parentheses with 1/h* dependence includes the effects
coming from the own dipolar image charges of the NP.

With the knowledge of permittivity for all the layers
in our nine-layer-stack model, we then obtain the trans-
fer matrix M, which allows the calculation of optical
transmittance through the FPI. By defining the wave
vectors at each layer as

K (@)=Je, coso, (42)
k(@)= e, ()¢ sin'0, (4b)
k(@)= e (@)-esin’, (4c)
Kl(@)=2 e} @) e sin’0, (4d)

zq(w):‘;’[;i EZ;]/JW (4e)
k(@)= e (0)-esin'0, (4f)
k(@)= ey(@)-esin’e, (42)
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kg (@)= [iiwﬁ Jer(w)—e sin’, (4h)

k7(w):%\/m, (4)

k(@)= 2 e, (@) e sin’0, (4)

k(@)= e, (@)~ ¢;sin’6, (4K)

and the phase shifts as 6,=kh, 0,=kh, o\ =k!""d,
o, =k(L—2h —2d), 8" =k!""d, 6 =k h, 6=k h.

A transfer matrix for the entlre system can be
evaluated as

, i, -id, o,
M—i e ret| 1) e nse’ |
- t -0, i, t -0, i0,
12\ 11,8 e 23\55€ e

1
t,,

1 r&g], )

where for s- and p-polarized light, the reflection and
transmission coefficients, ri(j'p) and ti(sj'p], at any interface
between layers i and j, read

K@) -K(o)

@) k)’ (¢
. e'i'k].i(a)) - e'}!kf(a))
i = s‘i‘k}.L (0)+ es‘}kil (w)’ (65)
. k”(w)
i k”(w)+ k”(a)) (7a)
kL
- 2k @ (7b)
v ”kL(a)) + EHkL(w)

The transmission coefficient t®? from the nine-

1

layer-stack model can be found as t** =——. Finally, the
11

percentage transmittance T®? is calculated using
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n, cosf
TEP) =100 x|t EPP x =2 ——¢ 8)

n, coso,’

n sin6. |, ..
1 i j is the angle of transmission, 6,

where 6, = sin'l(

n,

is the angle of incidence, n, (= \/E ), and n, (= \/g ).

Throughout this work, we deployed spherical silver
NPs and thin silver electrodes, with silver (Ag) permittiv-
ity values taken from the literature [42], while considering
the cavity to be filled with an aqueous solution. Unless
otherwise specified explicitly, light is assumed to enter
and exit the FPI through the aqueous medium. The spacer
layer is considered to have a thickness h =2 nm. With this
configuration, the results obtained using this framework
are presented in the subsequent sections.

4 Results and discussion

Figure 3 depicts the transmittance, reflectance, and absorb-
ance spectra over the spectral range 500-1100 nm of the
described FPI, with the aqueous-electrolyte-filled cavity of
1 um length. The cavity length and the spectral window are
chosen at random just for demonstration of the proof-of-
the-principle. The concept equally applies for other spec-
tral ranges, extendable over the near-infrared range, and
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possibly beyond it, with corresponding adjustment of the
cavity length and NPs’ geometry and composition.

The top row of Figure 3 presents the spectra without
NPs for the cavity formed between just two 20-nm-thick Ag
films. Three sharp transmission peaks can be observed in
the shown spectral window (Figure 3A), which correspond
to the resonance states of the cavity where the reflectance
is minimal (Figure 3B). The intensity of the transmission
peaks depends on the resonant absorbance at that wave-
length (Figure 3C). The peak absorbance tends to increase
towards shorter wavelengths where the optical loss in Ag
gets stronger.

The bottom row of Figure 3 shows the changes in
those transmittance, reflectance, and absorbance spectra
when a monolayer of silver nanospheres (of radius 10 nm
and inter-particle gap of 6 nm) is assembled on each of
those films. It is clearly seen in Figure 3D that the trans-
mission peaks and reflectance minima in Figure 3E get
red-shifted in the presence of the NP monolayer, but the
amount of red-shifts are different for different peaks. This
depends on how the reflectivity of the cavity mirrors (here,
based on mirror-on-mirror nanoplasmonic metamaterial)
changes with wavelength. An additional peak can be seen
at short wavelengths, red-shifted to appear within the
specified wavelength window (the same system without
NPs has such a peak but is located below 500 nm). There
are also minor changes in the finesse of the peaks. The
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Figure 3: Study of optical properties of the proposed device.

(A and D) Transmittance, (B and E) reflectance, and (C and F) absorbance spectra from a Fabry—Perot interferometer with water-filled cavity of
1um length formed between two thin Ag films (20 nm thickness), without (A)-(C) and with (D)-(F) a 2D NP array of Ag nanospheres of radius
R=10 nm and inter-NP gap g=6 nm on each of those films. Curves: black solid, full-wave simulation; green dashed, effective medium theory.
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peaks towards short wavelengths tend to get slightly
broader because of the strengthening of the absorbance
peaks in the presence of NPs (Figure 3F).

The close correspondence of the black curves
(obtained from full-wave simulations) with the dashed
green curves (calculated using our theoretical framework)
suggests that the theory captures all the main effects that
arise from plasmonic excitations in such kind of cavities
with sub-wavelength-sized NPs. For such small NPs in a
not very densely packed array, higher order modes (which
typically originate from the near-field coupling among
neighboring NPs) are very weak and hence can be safely
ignored. Therefore, our theory, which is developed on the
basis of quasi-static dipolar approximation, matches per-
fectly well the numerical simulations.

The full-wave simulations were conducted using the
RF module of the commercially available finite element
method (FEM) software COMSOL Multiphysics® (COMSOL
Inc., Stockholm, Sweden). Spherical Ag NPs assembling
on a 20-nm-thick Ag film electrode were assumed to form
a 2D hexagonal array. A simulation set-up was developed
according to the schematic shown in Figure 2A, where a
unit cell of the hexagonal array was modeled. Using peri-
odic boundary conditions, the unit cell was extended in
both lateral dimensions to emulate the NP monolayer
assembled on each of the Ag film electrodes, those
forming a cavity between them. Extremely fine meshing,

A B
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with minimum element size of 1/10 (where A is the wave-
length of light in that medium), was considered so that
all structural details of the system could be accurately
captured in the simulations. Using the frequency domain
solver over the spectral range of interest, transmittance
and reflectance of the modeled system were obtained
from the numerically calculated S-parameters (S21 and Sn).
Absorbance in the system can be found once the transmit-
tance and reflectance are known.

The density of NPs in the monolayer affects the
reflectivity spectrum of each cavity mirror, which can be
exploited for obtaining a desired transmission output
from the FPI. The change in reflectivity of each cavity
mirror correlates with the inter-NP gaps, i.e. it can be con-
trolled by the density of the NP arrays. The gaps define the
plasmonic coupling among the NPs. Therefore, change in
gaps results in dramatic changes of the cavity transmit-
tance peaks. Figure 4A depicts the transmission spectra
for different inter-NP gaps of 3, 6, 10, and 20 nm for arrays
of Ag NPs of radius R=10 nm, obtained from full-wave
simulations. The specific gap values were chosen to show
how widely one can tune the transmission spectrum with
the inter-NP gap, which will be adjusted in practice by
changing the voltage applied to the thin-film electrodes.

A continuous tuning of the transmission peaks with
voltage variation can thus be achieved. As can be seen,
the peaks at long wavelengths experience lesser red-shift

Transmittance (%) [With AgNPs R = 20 nm]
T B T e —

700 800 900 1000

Wavelength (nm)

1100

Figure 4: Tunability of transmittance characteristics.

D ——g=6nm
——g=10nm|
100 T T T T g=20 nm|

Wavelength (nm)

6 700 1000

Changes in transmittance spectrum of a Fabry—Perot interferometer (with aqueous electrolyte-filled cavity of 1 um length) with adjustment

in the inter-NP gap g in the monolayer of Ag NPs of radius R=10 nm (left column) or R=20 nm (right column) assembled on the inner walls of
the two 20-nm-thick Ag films forming the cavity mirrors. (A, B) Top row: full-wave simulations; (C, D) bottom row: theory. In each case, black
is the “reference” curve obtained for the system without NPs. Curves correspond to different indicated gaps.
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than those at short wavelengths but with lesser absorp-
tion penalty on the peak transmission. The peaks are
more sensitive to changes in inter-NP gaps for larger NPs,
as seen for Ag NPs of radius R=20 nm in Figure 4B. The
transmission spectrum calculated for each of these cases
based on the effective medium theory exhibits the same
trend, but the theory slightly underestimates the amount
of red-shift for strongly coupled plasmonic interactions
when the inter-NP gap is very small (e.g. 3 nm). This can
be attributed to the fact that contributions from higher
order modes, induced by strong near-field coupling at
small inter-NP gaps, are not considered in our theoreti-
cal model. The difference between simulation and theory
due to this issue increases further for larger NPs (Figure
4C,D). With the increase in NP size, quasi-static dipolar
approximation for describing the polarizability of indi-
vidual NPs also becomes inadequate. Therefore, for NPs
larger than 50 nm in size, the dipolar polarizability needs
to be corrected by incorporating the effects of phase retar-
dation and radiation damping [43]. However, larger NPs
will not be practical because of slower mobility, as that
will reduce the speed of tuning of our proposed device;
but most importantly, for large NPs, of the order of 60 nm,
the effects of scattering from NPs will get pronounced and
the NP array will cease to behave as a continuous, smooth
reflecting surface. We, therefore, choose to work with sub-
wavelength-sized small NPs for this application for which
our theory should and does work well.

Note that, for NPs in the same range of sizes (radius
R=10 or 20 nm), dipolar approximation may become

[With AgNPs R = 10 nm)
- - e
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inaccurate for smaller inter-NP gaps of 1-2 nm because of
the emergence of higher order modes arising from intense
inter-NP coupling. But such small inter-NP gaps are not
relevant in our application and can be ignored. Indeed,
NPs are typically capped with ligands of length ~1.5-2 nm,
with charged terminal groups, so that in any case the inter-
NP gaps cannot get shorter than 3 nm [33, 37]. Thus, in the
considered range of inter-NP gaps, for NPs of radius R=10
or 20 nm, the quasi-static dipolar approximation-based
electromagnetic theory (EMT) is found to be very accurate.

Figure 5A,B re-plot Figure 4A,B, respectively, in a
stacked form where the red-shifts of each transmission
peak can be followed more clearly. The transmission peaks
can be numbered as (i), (i), and so on (Figure 5A), from
low to high energy. It is seen that for small NPs the amount
of red-shift with decrease in inter-NP gap is smaller than
for large NPs. However, the peaks for smaller NPs have
better finesse. By investigating the spectral shifts of each
peak for both small and large NPs at similar inter-NP gaps,
it can be said that the range of tunability of the peaks (i)
and (ii) looks very promising.

Ideally, the transmission peak of the FPI can be tuned
to any spectral position with a defined finesse by properly
selecting the NP size and cavity length and then tuning
the thin-film electrode potential to adjust the inter-NP gap
in the NP monolayer.

The underlying mechanism of the spectral shifts of the
peaks can be appreciated from Figure 6A, which plots the
change in reflection coefficient r of each cavity mirror with
the change in inter-NP gap, g, in the monolayer of Ag NPs of

[With AgNPs R = 20 nm)
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Figure 5: Tunable transmission from FPI cavity.
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Transmittance spectra (obtained using full-wave simulations) from the top row of Figure 4 are presented in a stacked form, allowing clear
tracking of each transmission peak with changes in inter-NP gap g in the monolayers of Ag NPs of radius R=10 nm (left) and R=20 nm (right).
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Figure 6: Influence of inter-NP gap on cavity mirror’s reflectance and resulting shift in the cavity’s transmittance peaks.

(A) Reflection coefficient (r) of each cavity mirror, where Ag NPs of radius R=10 nm are assembled to form monolayers of different density
(cf. indicated inter-NP gaps) on a 20-nm-thick Ag film immersed in an aqueous electrolyte. (B) The shift in peak wavelength, A, (in red)
along with changes in transmittance percentage, AT, (in blue) as a function of inter-NP gaps for peaks (i) and (ii) (the peaks are those shown

in Figure 4A). (C) Same as in (B) but for Ag NPs of radius R=20 nm.

radius R=10 nm when assembled on a 20-nm-thick Ag film
dispersed in water. This allows one to track the dramatic
changes in cavity mirror reflectivity at peak positions (i) and
(ii), marked with the vertical dotted lines. As the change in r
is more sensitive to g at lower wavelengths, peak (ii) under-
goes more dramatic red-shifts compared to peak (i).

However, it is also important to maintain the trans-
mission level of the peaks while effecting the spectral
shifts. Figure 6B plots the spectral shift in wavelength (A4,
in red) of each peak along with the changes in peak trans-
mission percentage (AT, in blue) for different inter-NP
gaps. It is seen that, with smaller gaps, although the peaks
undergo a large red-shift, there could be some reduction
in the peak transmission. It is recommended to have large
inter-NP gaps of around 10 or 20 nm to ensure that the
penalty in peak transmission is minimal. However, if more
red-shift is to be achieved, one can switch to larger NPs,
but one might have to pay a larger penalty in the form of
reduced peak transmission (Figure 6C).

For the demonstration of the concept, Figures 3-6
depict a realization of the proposed FPI device for the
case when the media through which light enters and exits
the cavity are the same as the medium filling the cavity.
Figure 7 shows the transmittance spectra for different sur-
rounding/embedding medium of the FPI cavity: water, air
(refractive index lesser than that of water), or fused silica
(refractive index larger than that of water). The transmis-
sion peaks undergo a minor red-shift with slightly reduced
intensity for air as the surrounding medium. On the other
hand, for FPI devices with fused silica (or quartz) as the
surrounding medium, the transmission peaks exhibit a
minor blue shift with slightly increased intensity. This
could be a scenario where fused silica is the substrate on
which the thin Ag films are deposited. Obviously, free-
standing 20 nm Ag films could be hard to realize, and we

Transmittance (%)

1100

7000
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Figure 7: Transmission spectra calculated for different surrounding
media: water, air, or fused silica, in which the FPI cavity is embedded.
The FPI device comprises an aqueous-electrolyte-filled cavity of 1 um
length where Ag NPs of radius R=20 nm assembled as a monolayer
with inter-NP separation g=10 nm on each of the thin Ag films

(20 nm thickness) form the cavity mirrors.

have focussed on that design, in the first place, for unrave-
ling the effects coming solely from the novel class of cavity
mirrors. The essence of this analysis is that, irrespective of
the surrounding medium of the FPI device, the transmis-
sion features remain qualitatively similar and will undergo
tuning with electrical control on the reflectivity of the
cavity mirrors, in the same way as discussed above.

5 Concluding remarks

We proposed the use of dual mirror-on-mirror nanoplas-
monic metamaterials as cavity mirrors in an FPI, which
allows tuning of the transmission characteristics of the
FPI via controlling the inter-NP separation. Each of the
cavity mirrors comprises a monolayer of NPs assembled
on a thin metallic film. The thin films must be highly
reflective while also allowing the incoming light to enter
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and exit the cavity. The film thickness should be as low as
possible, e.g. 20 nm, but can be slightly thicker or thinner.

As shown in the previous works [34, 37] of our group,
such tuning can be achieved with less than 1 V variation
of the electrode potential, in this case to be applied to the
thin metallic films of the cavity mirrors.

The symmetry of the proposed design allows the
incoming light to be incident on either of the ends, and
the output can be extracted from the opposite end.

The thin-film material is not restricted to Ag but can
be of any other reflective metal, e.g. Au, Al, or any other
conducting material commonly used as mirrors. The thin
films may have a very thin protective layer, if needed, to
prevent the films from reacting with the aqueous solu-
tion. That thin protective layer may be 5 nm thick [34], or
even thinner or slightly thicker, and should be conductive
and transparent. This layer may also help in quick release
of NPs from the metallic film surface upon alteration of
electrode polarization. The NPs assembling on those thin
metallic films need to carry negatively charged ligands
and can be made of other less lossy plasmonic materials,
if not Ag. Here, the NPs considered are of spherical shape
with the radius of 10 or 20 nm, but those can be larger or
smaller. The NPs can also be of any other known shapes,
e.g. cubic, ellipsoidal, rods, cylindrical, etc.

The geometry of the thin metallic films at both the
ends of the cavity can be of any shape, e.g. rectangle,
square, polygon, or even circle. The lateral dimensions of
those films should be larger than the width of the incoming
beam. This requirement sets a theoretical lower limit on
the lateral dimensions of the FPI device. These two films
are electrically connected to form the positive electrode for
the electro-tunable FPI device. The side walls of the cavity
may be connected to form the opposite electrode, or the
opposite electrode can be in the aqueous bulk. The cavity
length, which dictates the length of the FPI device, may
be chosen to achieve the transmission peaks for a desired
application. Here, we used 1 um, but it can be shorter or
longer to match any desired transmission characteristics
of the FPI. In other words, our proposed design of the FPI
cavity is not limited to only the UV-vis range. The same
concept can work for NIR and short MIR range. However,
towards long MIR wavelengths, the cavity length and nan-
oparticle sizes may need adjustment. The device needs
longer cavity and larger NPs (maybe of different composi-
tion) to operate at the long MIR range. Theoretically, the
cavity length can be as small as A/2, where 1 is the wave-
length of light in the cavity medium. But a shorter cavity
supports fewer transmission peaks, which in turn would
reduce the spectral tuning window of the transmission
peaks of the FPI device. For instance, a cavity of 200 nm
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length, formed between two 20-nm-Ag mirrors (without
NPs), supports only one transmission peak between 400
and 1500 nm, whereas, a 1-um-length cavity supports six
transmission peaks.

With positive polarization of the thin-film electrodes,
the NPs (capped with negatively charged ligands) assem-
ble on those thin metallic films in a monolayer, forming
mirror-on-mirror nanoplasmonic metamaterials. The
reflectivity of each of the mirror-on-mirror metamaterials
can be controlled depending on the average inter-particle
separation and/or their distance from the surface of the
thin metallic films. Each thin-film electrode can be indi-
vidually polarized, allowing the cavity to be under-cou-
pled or over-coupled in contrast to the critically coupled
cavity configuration when the two thin-film electrodes
are electrically connected. The NP density can be altered
by varying the electrode potential in the sub-volt regime,
making such devices very energy efficient as compared
to other previous electrically tunable FPIs, where several
tens of volts is required for tuning.

Here, the cavity medium is an aqueous electrolytic
solution, but it can be of any other electrolyte where the
NPs’ capping ligands can dissociate to acquire enough
negative charges on their ends but could keep the NPs
away from each other to avoid agglomeration.

The concept and mechanism of electro-tunability of
the transmission peaks will remain unchanged for any
surrounding medium of the FPI device.

Although we have shown all our results for normal
incidence of the incoming light, the concept is valid for
off-normal incidence angles as well.

The distance of the NPs’ bottom surface from the top
surface of the thin metallic films is maintained as 2 nm in
the current work; however, the concept and mechanism
of electro-tunability will work in the same manner for any
other distances, slightly shorter or longer.

The current scheme of voltage-controlled tuning of
the transmission spectrum from an FPI has been sup-
ported by our original theoretical model, which is veri-
fied successfully against commercially available full-wave
simulation software. The excellent match between the two
gives us a tool for optimising the FPI device structure for
any specific application.

For a cavity of 1 um length, typical transmittance
adjustment time would be below, or at a maximum of, mil-
liseconds, for very large change in the electrode potential.
This can be even much shorter for very little deviation in
the potential. Usually, the shorter the cavity length and the
shorter the step change in applied potential, the quicker
is the change in transmittance. Note that the response
time is proportional to the square of the half-width of the
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cavity length if there is no barrier for adsorption of NPs and
their electrosorption is controlled by random diffusion, as
shown in our previous work [37]. For 1 um length and a dif-
fusion coefficient of 5x 107 cm?/s (for NP radius R=20 nm),
the assembly time will be (1074)%/4x5x107=5x102 s. If
there is a barrier for adsorption (or desorption), those limi-
tations have to be removed by going to higher electrode
potentials, which can be achieved using inorganic solvents
or ionic liquids, because in aqueous solutions higher elec-
trode potentials can cause electrolysis.

The proof-of-the-concept experiment on electro-
tunability of the inter-NP gap, in a monolayer of NPs assem-
bled on a metallic substrate, with sub-volt range variation
of the electrode potential [34] corroborates the claims of the
current proposal that electro-tunability in FPIs is indeed
achievable with mirror-on-mirror nanoplasmonic metama-
terials as cavity mirrors with ultra-low voltage variation.
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