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Mirror-on-mirror platforms based on arrays of metallic nanoparticles, arranged top-down or self-
assembled on a thin metallic film, have interesting optical properties. Interaction of localized
surface-plasmons in nanoparticles with propagating surface-plasmons in the film underpins exotic
features of such platforms. Here, we present a comprehensive theoretical framework which
emulates such system using a five-layer-stack model and calculate its reflectance, transmittance,
and absorbance spectra. The theory rests on dipolar quasi-static approximations incorporating
image-forces and effective medium theory. Systematically tested against full-wave simulations,
this simple approach proves to be adequate within its obvious applicability limits. It is used to
study optical signals as a function of nanoparticle dimensions, interparticle separation, metal film
thickness, gap between the film and nanoparticles, and incident light characteristics. Several
peculiar features are found, such as, e.g. quenching reflectivity in certain frequency domains, or
shift of the reflectivity spectra. Schemes are proposed to tailor those as functions of the
mentioned parameters. Calculating the system’s optical responses in seconds, as compared to
much longer running simulations, this theory helps to momentarily unravel the role of each
system parameter on light reflection, transmission, and absorption, facilitating thereby design and
optimisation of novel mirror-on-mirror systems.
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The coherent oscillation of conduction electrons in metallic nanoparticles (NPs) gives rise to the
phenomenon called localized surface plasmon resonance (LSPR), which has enabled numerous exotic
features in the optical responses of various plasmonic NP based systems'”’. These NPs facilitate
intense confinement of near-field in sub-wavelength volumes, surpassing the traditional diffraction
limit of light®®. This not only permits localization and transportation of energy down to nanoscale,

but also exhibits strikingly new far-field features such as directed narrowband-scattering and

3-7,10-13

resonance-enhanced wide-band absorption of light for different applications . The spectral

position, width, and intensity of the LSPR can be tuned as functions of size, shape, composition, and
surrounding medium of individual NPs'* %, When these free-standing NPs are arranged to form a
linear chain or a two-dimensional (2D) periodic array, their collective LSPR properties depend also on
inter-particle spacing, lattice orientation, as well as light polarization and the angle of incidence. **
). For NPs on a metallic substrate, image interactions further affects LSPR as function of the

structure of the NP array, the material of the substrate, as well as the separation between NPs and

the substrate’®?*?’,

28-30

Amongst various metamaterials mirror-on-mirror structures are of particular interest

31-33

because of their tailorable and potentially tuneable optical properties . In such systems, a 2D

array of metallic NPs is assembled on top of a metallic film, in most cases, with a thin dielectric

spacer in between. This gives rise to intense coupling between the LSPR of the NPs with the

34,35

propagating plasmons on the thin metallic film> >, The optical responses of these film-coupled NPs

are found to be highly sensitive to any changes in the gap between NPs or their distance from the
film. With the virtue of sensitive gap-dependent plasmonic responses, these mirror-on-mirror

assemblies are deployed mostly in sensing applications® %, but they may be equally interesting for

3,9,39-41

developing novel optical devices , which could produce tuneable reflection or transmission of

light or amplify its harvesting.

Assembly or stimulated self-assembly of NPs at interfaces of two different media have been

42-47

studied for quite a while . But precise fabrication and accurate experimental characterization of

such systems remain a hot topic of research in a number of several groups**™*, including our’s*®*°.
Though there are a few reports on how to theoretically investigate the optical responses of NPs at

4830 studies on mirror-on-mirror

an interface consisting semi-infinite dielectric or metallic substrate
comprising NPs on thin metallic films are thus far conducted only based on experiments and
numerical simulations. In this paper we bridge the gap and present the first comprehensive theory

for estimating the optical response spectra of a realistic metal-on-metal assembly by considering NP
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array coupled to a metallic film of finite thickness. Here we abstract ourselves from how the arrays
self-assemble and build the structures of interest, but will present a detailed analysis of optical

response of NP arrays in such systems.

There are two methods of exciting plasmonic effects in such mirror-on-mirror assemblies. One
is to follow white light dark-field illumination scheme, where light is impinging from the top i.e.,

338 This method excites LSPR of the NPs, which then radiates into far-field as

directly on the NPs
well as into a non-resonant continuum of propagating plasmon modes on the surface of the gold
film®*. The other method involves shining of light from the bottom, i.e., directly on the metallic film

35,38

through a scheme called white light total-internal-reflectance illumination®>°. This method can

excite a single resonant propagating plasmon mode at a fixed angle of incidence, where phase-

matching condition is met by that plasmonic mode**>*,

This implies that coupling between NP
plasmons and film plasmons would be more intense in the second case; however the setup needs to
follow stringent requirement of phase-matching that restricts its wide and diverse applications.
Therefore, here we focus only on the first case and present its theoretical formulation. A similar
approach can be adopted for modelling of the system under the other illumination scheme and will

be reported elsewhere.

48,49,51,52 .
with

The theory presented here is an extension of the modified effective medium theory
several modifications, and which is now based on a five-layer stack that specifically incorporates thin
metallic film. The theory itself is based on dipolar approximation of optical response of NPs, takes
into account image dipoles emerging at the interface, all incorporated into a multi-reflection theory.
Within defined and physically justified limits, thus calculated optical response spectra, agree
exceptionally well with numerically computed ones based on full-wave simulations. The latter

affirms accuracy and effectiveness of this simplistic theoretical framework in emulating complex

mirror-on-mirror systems comprising film-coupled plasmonic NPs.

The theory can be used to describe the role of different system parameters and understand how
the interplay between those could modify the system response, for the rational design of such
architectures. Note that it takes just seconds on a personal computer to calculate one spectrum
based on the theory, whereas simulations often take much longer. Thus, the theory could provide a
perfect platform allowing ‘feed-back mode’ analysis to design and optimize different exciting optical

features of mirror-on-mirror assemblies as novel optical metamaterials.

In the subsequent sections we provide complete derivation of this theory with explicit
expressions to obtain reflectance, transmittance and absorbance spectra. In what follows is a

detailed analysis of the exciting features of these optical responses as functions of ‘lattice’ spacing,
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thickness of the dielectric spacer layer and of the thin metallic film, the size of NPs, and
characteristics of the impinging light such as incident angle and polarization Peaks and dips in
reflection spectra are found to be very sensitive to the system parameters. We physically explain
each highlighted effect and different aspects of its tuneability, which is one of the goals of the paper.
Those effects could enable new applications such as optical switching, variable reflectance mirrors,
and ultra-sensitive detection, with their ability to provide dynamically tuneable responses by mere

alteration of incident light characteristics.

Figure 1 displays the idea of the reduction of the optical response of a nanoplasmonic mirror-on-
mirror structure (Figure 1 (a)) to the one of a five-layer stack system quasi-static, Figure 1(b), using
effective-medium theory. The previous versions of this theory, developed for the case of a semi-

46,48,49

infinite metal substrate involved four layers have been reported in Refs. . They comprised a

132 on freestanding NP arrays to particularly account for

development of few older works
contributions arising from the image dipoles. Here, we introduce an additional layer and re-derive all
equations for the five-layer model simultaneously correcting some minor inconsistencies in the
previous derivations with fewer layers in the stack. The new framework would allow us to readily
calculate optical responses of nanoplasmonic mirror-on-mirror assemblies, which thus far have been
commonly studied only using time-consuming numerical computations. The present article presents

the devised theoretical framework in detail and systematically compares its results with the full-

wave simulations.

In the system under study (Figure 1), light is considered to incident at an angle @ to the normal

to the plane of NPs, while propagating with wavevector k in the layer 1 (‘half-space’), which
represents the dielectric medium of optical dielectric constant &, surrounding the layer of NPs . We
demonstrate that in order to emulate the optical response from an ordered array of metallic NPs,
each of radius R, the NP monolayer in Figure 1(a) can be represented as a uniform layer (layer 2) in
Figure 1 (b) with effective thickness d . Layer 2 can be characterized using an anisotropic frequency-
dependent dielectric tensor with components g!(a)) and &, (@), derived and discussed in the
subsequent paragraphs. The NPs are considered to be arranged in a two-dimensional (2D) hexagonal
array with lattice constanta, and are positioned on a dielectric spacer (layer 3) of height A, that
separates the NP layer from the metallic film (layer 4) of thickness (or height) % . In practice, layer 3

could represent the layer of ligands protecting the metal surface; it could stand for a solid dielectric
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spacer, if there is such, or even the embedding medium of the NPs if the NPs are attached to the
surface by rare ligands; this layer can be attributed optical dielectric constant ¢;. Layer 2 could
represents the layer of NPs, which themselves are functionalized (covered) by their own ligands

immersed in the dielectric medium of the same optical dielectric constant &, as the half-space 1.
Generally & # &, but for the sake of simplicity we will put theme equal to each other. Layer 4

depicts a metallic film and has a frequency-dependent dielectric response, expressed as &,(w).
Layer 5 (‘half-space’) represents the substrate material, typically glass or PET, on which the metallic
film (layer 4) is placed. The optical properties of layer 5 is taken into calculations through a dielectric
constant &; .

The material properties and physical parameters of such five-layer stack models could be
chosen independently for designing any application-specific mirror-on-mirror system. Although to

exemplify the results we will stick to certain choice of material parameters, but apart from

simplification &, # &;, all equations will be presented in the most general form.

R
® a
| e — 2 di
b $ 3 h
hy 4 hy
5

Figure 1. Theoretical model emulating a realistic nanoplasmonic mirror-on-mirror
structure. Schematic representation of nanoparticles (NPs) in a dielectric medium forming a
2D array when placed on a metallic film with a spacer layer in between. A practical system
(a) is emulated using a five-layer stack model (b) in order to estimate its optical responses.
Incident light propagates in a semi-infinite medium, layer 1, with wavevector k and incident
angle @. Layer 2 of thickness d emulates an ordered array of metallic NPs, (each of

radius R ) with lattice constant a . The NPs are placed on a metallic film (layer 4 of height ;)
with a dielectric spacer layer (layer 3 of height 4 ) in between. Layer 5 represents a semi-

infinite dielectric medium on top of which the metallic film (layer 4) is placed.
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The phenomena of reflection, transmission, and absorption of incident light comprise the far-
field response of any optical system. Each of these contributing factors in a five-layer stack system
can be calculated using reflection and transmission coefficients for homogeneous multi-layer
stacks>®. While implementing this strategy the most significant part is to accurately characterize the
effective dielectric function of the metallic NP monolayer, which is represented as layer 2 in Figure
1(b). The dielectric response of a metal at optical wavelengths is strongly affected by the inter-band
transitions. This demands the Drude (D) permittivity model for metal dielectric function to be

extended to a Drude—Lorentz (DL) model *°:

2 2 2
(2% $10p1,L S2Wp0 L (1)

2, - T2 2 . T2 2 . :
O +iypo (@° =@y 1) +iy 0 (O =@ )+i), 0

gDL (a)) =&y~

Here ¢, is the permittivity limit at high frequencies, which describes the polarizability due to

valence electrons of the ionic skeleton of the metal, @, and y, denote plasma frequency and
damping coefficient from the Drude model, respectively. The third and the fourth terms in Eq. (1)

are the two additional Lorentzians (L) with resonance frequencies ®,  and@,,;, with

7i..and y, | representing the spectral widths of the two resonances wheres, and s,are their

weighting factors.

Note that the results of the theory presented below will be applied to the systems of gold NPs
on a gold film. Whereas the latter is, from many points of view, one of the best substrates for
mirror-on-mirror systems, one can certainly experiment with different kinds of NPs, including

composite NPs***>*

. However, without any loss of generality, we will restrict our attention to
providing a proof-of-principle and not consider other possible cases which could be nonetheless
interesting in a particular experimental realization of these systems. Thus here we will deal
exclusively with the dielectric function of gold, for which the parameters of Eq. (1), best fitting the

experimental data >°, are listed in Table1:

Table 1. Parameters of the Drude-Lorentz model for gold

" @, 5 (eV) | »p (eV) s, @y 1 (eV) 7L (eV) S, @1, (eV) 721 (eV)

5.9752 8.8667 0.03799 1.76 3.6 13 0.952 2.8 0.737
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For a monolayer of subwavelength spherical NPs of radius R (<< A1), forming an ordered

hexagonal 2D array, the effective quasi-static polarizability of individual NPs can be expressed as

fl@ = 2(©)
11-10, Sf(ha) 3g(ha) 1
1+a(a)) & |: 2 a3 +§(a))( a} 2 a3 + 8h3 ):| (2a)
(@)
B(w)= @ -
1+a(a)){U§‘—§(a))(f(h3’a) _1t gz(sh,a)_%j} (2b)
&L a a a 4h

Both Egs. (2a) and (2b) have been corrected w.r.t. Egs. (12) and (13) of Ref *®. Namely, the

expressions for the image contribution that stand in the parenthesis multiplying £(w) had to be
changed to correct the inconsistencies found in their previous versions. To be precise, in Eq. (2a) the
second term in the image contributions for B(@) is corrected w.r.t. to similar term in equation (12)
of Ref . In equation(2b) the second and third terms in the image contributions for 3 (w) have also
been revised, replacing the similar terms in Eq. (13) of Ref *. The function g,(h,a) has been newly
introduced in this process as part of the f, () expression. Note that in g, (@) expressions,
U ,sums up the contributions from all NPs in the monolayer interacting with any given
NP, f(h,a), g,(h,a) and g, (h,a) contribute towards adding up the effects arising from images of the

all ‘other’ NPs, whereas the last term with 1/4* dependency incorporates the effects from the NP’s

own image. The intensity of the obtained optical response can be related to "B\\,L(w)‘ .

Here, a(w) represents the isotropic polarizability of each individual free-standing NP in the
quasi-static dipolar approximation, given by

R} enp(@)— g (3)

a(w)=¢ ’
(@)=# enp (@) +2¢

with & being the medium in which the NP with permittivity &yp(®@)=&p (@) is immersed. As

explained above in the introduction of the model, we consider NPs arrays to be positioned on top of

a metallic film with finite thickness, from which NPs are separated by a thin dielectric spacer layer of
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dielectric constant &;, which as mentioned we will put & =¢&. In this scenario, the image-charge

screening factor of the metallic film can be expressed as

A C))

S(w)= (4)

& +&4(w) ’

with 6‘4(a)) being the permittivity of the metallic film. Considering in the paper gold films, we will

put &,(@)=¢&p (@), but of course generally any other metals, e.g. silver, could be considered.

Note, such simplified account of image forces is equivalent to replacing the metal film by a
semi-infinite metal slab. This is, however, justified if the layer of NPs is close to the boundary with
the metal film. Then the effective dipoles representing NPs do not ‘see’ the glass (layer 5) behind the
metallic film, i.e. the effect of its finite thickness becomes inconsequential. The exact criterion when
such approximation is possible (on the thickness of the film, its dielectric constant, and the distance
of dipoles from the film) can be obtained. But even without going into this rigorous analysis, a
simple study by COMSOL Multiphysics® for the films of the thickness of studied in this article shows
no difference from the case of semi-infinite film. Furthermore the form of expression for image
terms neglects the possible difference between the values of the optical dielectric constants of the
layers 1 and 3, which as we have already mentioned have been assumed, for simplicity, to be the
same. Had we taken all those neglected differences, the equations would have become very
cumbersome. At the same time there is not much need of it, because the difference between the
expected values of these dielectric constants is very small. Furthermore, with some penetration of

the solvent from region 1 to 3, the difference might practically vanish.

The lattice dependent parameterU ,and f(%,a), g,(h,a) and g,(h,a) functions in Eq. (2) are

calculated from the sums over the hexagonal lattice and are expressed as:

-1 v !
UfZZW:“'(m' f(h,a)=zi‘,; o

i

2 2
gl(h,a)=Z'Z' (’ ”) 7 gz(h,a)=Z'Z' 1

(zﬂjz—ij‘{z:jzr [i2+j2—y'+@hﬂ%'

where i=h + R is the height of the point dipoles from the surface of the metallic film. In case of a

square lattice, these are of the following form:
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— 1 ~—
UA=ZZ—)%=9.031, f(h,a)=ZZ 1 37

il

.2 .2
aha)=3"Y" Per) AUDESIDN :

{i2+jz+(2ahj2]4 P (i2+j2+(2ahTJ%

In a similar manner, any other lattice orientation of the NPs can be considered in our theoretical
formulation. The changes in the model would be only in the terms of lattice sum parameter
U, and f(h,a), g,(h,a) and g,(h,a) functions in Eq. (2), where one needs to express the distance

of each lattice point from a reference point in terms of the primitive vectors of that particular lattice

geometry.

Using the effective dipolar polarizabilities in Eq. (2), the effective dielectric permittivity &, (@) of

such an NP layer can be estimated as

4z
al(w)=¢, +%ﬂ“(a)) ) (5a)
1 1 1 4x
R . , 5b
& & & azdﬂl(w) (5b)

where gﬂ(a)) and gzl(a)) are the components of the dielectric tensor parallel and perpendicular to

the plane of the NP monolayer, a is the lattice constant in the array of NPs (centre-to-centre
distance), and 4 is the characteristic thickness of the emulated NP monolayer (layer 2 in Figure

1(b)).

With the knowledge of dielectric permittivity of each layer, the next step is to connect the

coefficients of reflection and transmission across all interfaces between the layers of the five-layer
stack system. A transfer matrix IC/In that relates the reflection (7 ) and transmission (¢) coefficients
from each interface n between layers n and n+1is given by>,

-0, 00,41
M _ 1 e " rn,n+le "
n _t —io i0,+1 ’ (6)

+1
n,n+l rn,n+le ! e

with 26,,, being the phase difference between the two reflected waves in layer n: one reflected

straightaway from the interface between layern and n+1; and another gets transmitted through

that interface. The latter passes through layer n+1, gets reflected from the next interface and then
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returns by passing through layer n+1again to be finally transmitted into layer n . For a five-layer

stack system (which has four interfaces) the total transfer matrix is given by M = 1\7[1 ~1\~/I2 ~1\~/I3 -1\714

i.e.:

—-is. 5 _i5 i, —i5 s,
~ 1 e’ 5, 1 e’ ne®) 1 e e 1 (1 5
M= 1,2 b 2.3 b 3,4 b , (7)
- ¢ -id, id, ¢ —id, idy P —id, id, ¢ P 11
1,2 \1,2€ e 23\/2,3€ e 3,4 \3,4€ e 45\"45

The overall reflection coefficient from such system is then calculated as 1721\7121/1\7111, where

M2 and M are the elements of the total transfer matrix of Eq. (7). Hence, ¥ can be expressed as

2i5, 2i5,

2is,
et t+r,e

218 210, 216

Up +r12r34r45 +’”12’”23’”34 +r12r23r4se

2i5, e 2id, e

2104 +r,e 215 +7,5€

2i5,

+r23r34r4se

e
Il

@)

2i5,
1+’”34’”45 +r23r34 +r23r4se e " tn,rse

28, , 28, , 218, 210y 216,

25, 2i5,
H1, s 54755€ +nar,e T ha7s€

As the Fresnel coefficients are in general different for the s- and p-polarization of light, it is

convenient to explicitly express the reflection coefficient as

(5:p) .(5,p) .. (5.p) (5:p) . (5.p) . (s.p) (s,p) (HJ-)

Sy + 10 Y sy 1T Y Sy s, +
(50) g - (5 g (1)

rl(ZSP) +r1(sr>) (Sp)r(sp)

‘ +r (SP) (SP) (SP) (HL)S +7 s+ 858,
7P —

(9)

1+F(S’P)F(S’P)S +r(s,p)r(s,p)s +r(s,p)r(s,p)s s, +r(s,p)r(s,p)s(H,l)

(s, p) (s p) (I L)

+7 (s,p) (SP) 3(59) (5p) (HL) Wt (SP) (SP) (Hl)S +7 s ss,

12 23

(L) 2ik{d 2iky b

A) _ _ _ ik
Here s, =e , S;=e and s,=e¢

are the phase factors; k™" are the
parallel/perpendicular components of the wave vector in layer 2, k;and k, denote the wave vectors
in layer 3 and 4 respectively; and r; are the reflection coefficients at the i/ j interface given by

k(@) - k()

I 1 ol 1
oo & (o) (o) - &;(0)k; (0) ' (10b)
T o)k (o) + El(w)k (w)

The wave vectors in Eq. (10) are given by:

k() =2[e, coso, (11a)
C
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(@) =2/el(w) - & sin’0, (11b)
C

Vel
ky (@) =— { (a))J V& (0)—&sin’ @, (11c)

& (o)

ky(w)=— 453((0) & sin ‘0, (11d)

k(@) =2 e,(0)- g 5in0, (11e)
c

ks(w)=— wlgs(a)) & sin ‘0, (11f)

where ¢ ‘l)(a))are the parallel and perpendicular components of the dielectric constant of layer 2,

and &l(w) = &' (w) = ¢, (w) fori=1,3,4and5.

This theoretical framework allows one to calculate reflectance R®” from the five-layer stack

~ 2 . . . .
system as of R®? =‘r(s’p)‘ . In a similar manner the transmittance 7" through this system can be

2 ~ 1
expressed as 7P :|t (5"’)| , where 7P =——is given by:
My,
f(S’P) _ tl(zs,p)t(s,p)t(smt(s,p) (& l)S3S4
1+rs45p),,4(5sp) _H,(s,p) (s,p)S +,,(8p)r4(ss,p)s3s4+r(s,p)r(s,p)S(H»i) _H,(s,p) (SP)},ﬁp)r(s,p) (Hi) s,

+7; (S,P) (S,P) (H L) (sp)y. (S,P) (H l)

S, + 7,
(12)

Here 7., the partial transmission coefficients at the i/ j interface for s- and p-polarized light read

I
v k(iff?(w) ’ e
I I L1
2\ &/ (w)4/ &j(@)k; (@) (13b)

i Tk @)+ @)k (@)

Based on the expressions for reflectance and transmittance, the absorbance ( 4) of light in a

five-layer system can be easily calculated as A®P =1— RP) —7P)

The results obtained within this theoretical framework are discussed in the subsequent sections.
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In practice, the NPs are poly-dispersed in size, and so are their lattice spacing or inter-particle
separation. This leads to some lattice disorder which is otherwise considered as a perfectly ordered
two-dimensional hexagonal array. One may assume that the NP radii and the data for lattice spacing
typically follow Gaussian distribution profiles®®, as observed in most experiments. In such scenario
the ensemble-averaged optical response spectra can be calculated by averaging the reflectance,
transmittance, and absorbance using the estimates for the mean and standard deviation parameters
of NP radii and interparticle spacing. Introduction of mild disorder usually smears or spectrally

broadens the peaks and slightly shifts their maxima towards red >°"®

. In the suggested format, the
procedure is straightforward. For instance, in Ref.”® it has been successfully applied to describe
experimental data for a system of hexagonal arrays of NPs (with mild size dispersion and lattice
disorder) at a liquid-liquid interface. However, it makes sense to perform such averaging only in the
context of particular experimental data, and thus in this article we will not be demonstrating the
effects of such averaging. Though the discussion above considers a specific case of hexagonal lattice

as example, the method of handling polydispersity as well as disorder effects and the resulting

effects on optical response spectrum would be similar for the case with any other lattice orientation.

Smith’s group have studied reflectivity of a low-density system of cubic NPs randomly
distributed near a metal film separated from it by a dielectric spacer®. They observe dips in
reflectivity, qualitatively similar to those predicted in our calculations. In our present article, we
show the application of the theory with an example of spherical NPs. We particularly focussed on
systems with smaller NPs and arrays of much higher densities, in view of promising applications such

as electrochemically variable mirror-on-mirror systems*>*’

. For spherical NPs the most interesting
effects emerge at high array densities*’. Our paper provides the guidelines for systematic studies of

such systems that are yet to be performed.

Based on the above theoretical formulation, we now evaluate the optical response from the mirror-
on-mirror system, depicted in Figure 1, over a spectral range of 400-900 nm. We consider gold (Au)
NPs arranged in hexagonal array in water (layer 1) coupled to a thin gold film (layer 4), which is

separated from the NPs by a dielectric spacer layer (layer 3). The gold film is placed on glass (layer 5).

In this article we assume & =¢; =1.78, &; =2.25, set the characteristic dimension of the dipole
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layer (layer 2) to d =1nm *, and consider layer 2 and layer 4 as gold with permittivity given by Eq.
(1). We now systematically explore the effect of other parameters of the system, comparing results

of the theory with full-wave numerical solutions of Maxwell’s equations generated by COMSOL.

The coupled localized surface plasmon resonance of the NPs in association with the propagating
plasmon on the metallic film gives rise to a number of spectacular features in the optical response

spectra of this system, which we will highlight and interpret below.

Figure 2 depicts the influence of lattice constant on optical response of the mirror-on-mirror
structure under study. The spectral profiles of reflectance [top row], transmittance [middle row],
and absorbance [bottom row] are shown in black (also denoted by circles). Three different lattice
constants— a = 3R [left column], a =2.5R [middle column], and a =2.2R [right column]—are
considered for the hexagonal array of Au NPs, each NP with radius R =10 nm. Thickness of the Au
film is taken here as A, =30nm and the dielectric spacer layer is considered as thick as A, =1nm.
The optical response spectra calculated based on theory are shown as dotted curves, whereas those
obtained from numerical simulations using COMSOL are shown as solid curves. Effects of plasmonic
coupling in this mirror-on-mirror system comprising film-coupled NPs could be better appreciated by
comparing these spectra against the two types of reference curves: those obtained in absence of Au
NPs (shown in red, denoted by squares) and in absence of Au film (shown in blue, denoted by
triangles). Both are shown in each graph for comparison. The closeness of the theoretical and
simulated spectra verifies the accuracy of our simplistic five-layer stack model and the effectiveness

of the approximations made.

Over the entire spectral range, reflectance from the film-coupled NPs is found to be
quenched as compared to the film alone (Figure 2a). At certain spectral region reflectance from film-
coupled NPs even shrinks below the level from the NPs alone. Along with such quenching of
reflection, there are three prominent features in the reflectance spectrum of the mirror-on-mirror
system. They are very sensitive to the changes in interparticle plasmonic coupling that is controlled
by the lattice constant. Fora = 3R the features in reflectance spectrum seen in Figure 2(a) are as
follows: (i) a reflectance peak at ~530 nm, (ii) a dip in reflectance at ~585 nm, and (iii) steep increase
in reflectance at wavelengths longer than the dip’s wavelength. These traits could be understood by
simultaneously analysing the trends of transmittance and absorbance spectra for the same system,
shown in Figures 2(b) and 2(c). The quenching of reflection (w.r.t. that from the metallic film without
the layer of NPs) at short wavelengths can be attributed to the enhancement in absorption by film-

coupled NPs, mainly up to their collective LSPR wavelength. The prominent dip in reflectance can
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therefore be associated with this strong LSPR absorbance peak [cf. Figure 2 (c)]. Beyond that peak
wavelength absorption rapidly diminishes. At longer wavelength, increase in transmittance through
film-coupled NPs (w.r.t. that from the metallic film without NPs) could be held responsible for the
qguenched reflectance. This effect gets more evident and is better observed at shorter lattice

constants ofa = 2.5R and a = 2.2R [cf. Figures 2 (d) and 2(g)].

At shorter lattice constants the plasmonic coupling between the film-coupled NPs gets
significantly stronger. This makes the reflectance peak—feature ‘i’ in Figure 2(a)—to get red-shifted,
while becoming much wider and stronger [cf. Figures 2(d) and 2(g)], accounting for above 50%
reflectance at peak around 620 nm fora =2.2R. This dramatic increase in reflectance can prove
very useful in designing stress-based sensors, which would provide variable reflectivity readings by
sensing the changes in lattice spacing. We also observe a significant change in the reflection dip
(feature ii), which gets red-shifted with the reduction in lattice spacing. Fora = 2.5R the reflectance
at the wavelength of the dip disappears completely, which encourages switching-based applications
of such mirror-on-mirror systems. With lattice constant decreasing, the dip gets wider and the
reflectance at the dip changes non-monotonically with, a, first getting deeper and then rising to
some finite value, as seen fora =2.2R . This can be ascribed to the reduction in peak absorbance;
indeed, it gets wider besides being red-shifted, due to intense plasmonic coupling at shorter lattice
spacing that gives rise to modes of order higher than dipole. Thus there is a noticeable difference
between the simulation and dipolar approximation theory in this case. With shorter lattice
constants, at long wavelengths there is increase in transmittance [cf. Figures 2(b), 2(e), and 2(h)] as
well as in absorbance [cf. Figures 2(f) and 2(i)]. This accounts for reduction in reflectance at long
wavelengths and the resulting quenching of reflectance is found to be larger for film-coupled NPs

with shorter lattice spacing.
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Figure 2. Effect of lattice constant on optical response spectra. Reflectance [top row],
transmittance [middle row], and absorbance [bottom row] spectra (shown in black, denoted
by circles) of a mirror-on-mirror structure calculated based on theory [dotted curves] as well
as using numerical simulations [solid curves] as functions of lattice constant: a = 3R [left
column], a=2.5R [middle column], and a =2.2R [right column]. Additional ‘reference’
spectra are included in each subplot: those obtained in absence of gold (Au) nanoparticles

(NPs) (shown in red, denoted by squares) and in the presence of NPs but absence of Au film

(shown in blue, denoted by triangles). All other system parameters are mentioned in (a).

Figure 3 depicts the effects of thickness (/4,) of the dielectric spacer layer on the optical

response of the mirror-on-mirror system. The legends in this Figure follow the same guidelines used
in Figure 2. Here, the lattice constant is fixed ata =3R, but spacer layer thickness is varied as
h, =1nm, h;=4nm, and A, =20 nm. The thicker the spacer layer that separates Au NPs from the

underlying Au film, the weaker is the image-charge interaction. This becomes evident as at
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large A, our theoretical model, based on dipolar approximations only, proves more efficient to match
the simulation spectra where contributions from higher order moments are minimal due to weak
image interactions [cf. Figures 3(a), 3(d), and 3(g)]; at the same time the studied /, are not that

large that the effects of the finite thickness of the metallic layer, neglected, become important.

Figure 3 shows a monotonic increase in the depth of the reflection dip with increasing 4, . This
may be attributed to the monotonous increase in absorption peak with 4, [cf. Figures 3(c), 3(f), and
3(i)]. Moreover the overall reduction of reflection at short wavelengths increases, which is also
owing to stronger absorption at larger A, . This enhancement in absorbance may be attributed to
additional absorption by the NPs of light that is reflected from the Au film, which takes place when
NP layer is placed at a sufficiently large distance from the film. This would also result in minor
reduction in transmittance at short wavelengths [cf. Figures 3(b), 3(e), and 3(h)]. When absorption
from film-coupled NPs diminishes at long wavelengths there is no distinguishable difference in
transmittance levels at different/,, resulting in almost identical reflectance in each case, which

further supports the above given interpretation.

-~ hg=1nm
| ® With Au NPs and Au film
| M Without Au NPs
80~ A Without Au film

hg=4nm hg =20 nm

100

Reflectance (%)
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Figure 3. Effects of spacer layer thickness on optical response spectra. Reflectance [top

row], transmittance [middle row], and absorbance [bottom row] spectra (shown in black,
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denoted by circles) of a mirror-on-mirror structure calculated based on theory [dotted
curves] as well as using numerical simulations [solid curves] as function of thickness (or
height) of the spacer layer: i, =1nm [left column], %, =4nm [middle column], and
h, =20 nm [right column]. Additional ‘reference’ spectra are included in each subplot: those
obtained in absence of gold (Au) nanoparticles (NPs) (shown in red, denoted by squares) and

in the presence of NPs but absence of Au film (shown in blue, denoted by triangles). All

other system parameters are mentioned in (a).

The effects of thickness ( 4, ) of the metallic film on the optical response spectra of the mirror-
on-mirror system are depicted in Figure 4. The legends in this Figure follow the same guidelines used
in Figures 2 and 3. Here, the spacer layer thickness is kept constant at /#, =1nm whereas the
thickness of the metallic film is varied as /#; =50 nm, &; =80 nm, and A, =110 nm. We discuss only
the features from film-coupled NPs where the reference spectra, one without the NPs and another

without the film, can be used for comparison and better understanding of plasmonic coupling

effects.

As we see from Figure 4, the effects of the variation of metal film thickness on reflection
spectra at normal incidence in the studied range of A;are small, however the trend is interesting.
Apart from the long wavelength range (above some 700 nm), the reflection curves tend to go lower
and the dip in the reflection spectrum reaches zero reflection with the increase in A [c.f. Figures

4(a), 4(d), and 4(g)]. At a first glance it looks surprising, because thicker metal film should suppress
transmission [c.f. Figures (4(b), 4(c), and 4 (h)]; why then the reflection gets weaker? But for thicker
film we see even stronger enhancement of absorption (both for the reference spectrum without
NPs, and with them, [cf. Figures 4(c), 4(f), and 4(i)]. This enhanced absorption causes transmission to
get completely diminished over the entire spectral region [cf. Figures 4(b), 4(e), and 4(h)] at large
film thickness, but on the other hand it suppresses reflection even stronger: the position of the

reflectivity dip coincides with the maximum of absorption.
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Figure 4. Effects of metallic film thickness on optical response spectra. Reflectance [top

row], transmittance [middle row], and absorbance [bottom row] spectra (shown in black,

denoted by circles) of a mirror-on-mirror structure calculated based on theory [dotted

curves] as well as using numerical simulations [solid curves] as function of thickness (or

height) of the metallic film: A; =50 nm [left column],

he =80 nm [middle column], and

h; =110 nm [right column]. Additional ‘reference’ spectra are included in each subplot:

those obtained in absence of gold (Au) nanoparticles (NPs) (shown in red, denoted by

squares) and in the presence of NPs but absence of Au film (shown in blue, denoted by

triangles). All other system parameters are mentioned in (a).

At the same time, at long wavelength, above 700 nm, Figure 4 shows mild increase of

reflectance with film thickness. At long wavelengths, it is used to be transmission that would cause

qguenching of reflection from the metal film; simultaneously the effect of the NP array at long

wavelengths vanishes with the increase of wavelength. But as in case of thick metallic film,

transmission is negligible, hence there is no quenching effect due to transmission, and the

reflectance reaches the level of reflection from the film, or practically from semi-infinite metal alone,

because the effect of the NP array at such wavelengths becomes negligible. The highest reflectance
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level at long wavelength increases with Au film thickness, but it tends to saturate for 4; =110and

beyond. Additional computations testify this fact and we chose not to explicitly present those

spectra here.

(d) Effects of nanoparticle size

100 S=o him 100 ; BR=10mm

T T 100 f'}’= 15 nm
® With Au NPs and Au film

W Without Au NPs (a)
80 without Au film 1 80
> a=3R
g 80 | Simulation hg=1nm| 60F
S b ol ;
G 40 2RO ael i ;
E £,=178 :

20 8=1784 20 |
e g =225 —— 1 e
- 0 1 T L = L -
90 500 e00 700 0 o0 300 . 500 800 700 . 800 800 200 500 800 700 800 | 900

100

80

60

40

20

L L L 0 = L L T D
400 500 600 700 800 900 400 500 600 700 800 800 400

100 | 100 . 100 -

(c) ® 0]
80| 1 805 gof 1

=

g 60 1 80 60

: oo

3

S 40 1 40 40

w |l e xS NN T e

= R = ., . S IR =

<

20

0 . L . . ~ 0 . L . L h 0 . L . L .
400 500 800 700 800 900 400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 5. Effects of nanoparticle size on optical response spectra. Reflectance [top row],
transmittance [middle row], and absorbance [bottom row] spectra (shown in black, denoted
by circles) of a mirror-on-mirror structure calculated based on theory [dotted curves] as well
as using numerical simulations [solid curves] as function of nanoparticle radius: R =5nm
[left column], R =10nm [middle column], and R =15nm [right column]. Additional
‘reference’ spectra are included in each subplot: those obtained in absence of gold (Au)
nanoparticles (NPs) (shown in red, denoted by squares) and in the presence of NPs but

absence of Au film (shown in blue, denoted by triangles). All other system parameters are

mentioned in (a).

The influence of NP size on the optical responses of the film-coupled NPs are depicted in Figure
5. The guidelines for the legends in this Figure also remains the same. NP size is varied from
R=5nm to R=10nm to R =15nm, at film thickness and all other systems parameters kept

constant, except for the array’s lattice constant: in this study NP radius is increased while
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maintaining a fixed ratio of @/ R =3 . In other words, the interparticle gap gets adjusted accordingly
to the new radius. This allows one to analyse the effect of increase in NP size in combination with
linear scaling of the lattice spacing. As expected, the smaller the size of NPs, the better is the match
between theory and simulations (as multipolar modes becomes more important at larger sizes).

However, in the range of the studied radii the discrepancy is still minor.

The effects of the particle size on optical response spectra are significant. The most profound
one is on the dip of the reflectance spectrum of the film-coupled NPs that gets red-shifted, deeper,
and wider for larger NPs [cf. Figures 5(a), 5(d), and 5(g)]. This could be directly associated with the
monotonic red-shift, strengthening and broadening of the LSPR absorbance peak of the film-coupled
NPs [cf. Figures 5(c), 5(f), and 5(i)]. As the film thickness and the lattice spacing are kept constant the
transmission characteristics (especially the second peak and its right tail) remain unaltered with
change in NP size. However, the transmission peak at shorter wavelength weakens with NP size. At

that spectral region absorption of light gets significantly enhanced for large NPs.

Notice that all middle rows of Figures 2—5, show a substantial difference of the transmission
from the NP array without the Au film, as calculated by theory and computed by simulation,
especially at wavelengths longer than the collective LSPR of the NPs. In such cases, the NPs are
assumed to be supported by semi-infinite glass with a spacer layer of height 4 in between (because
to ‘remove’ the metal film we replaced it by the glass). The enhanced transmittance seen in
simulation spectra at long wavelengths and for larger lattice sizes could well be due to constructive
interference in the far-field between the incident light and the one scattered by the NP layer. As the
NPs come closer, the transmission discrepancies seen to reduce [cf. Figures 2(b), 2(e), and 2(h)].
There is no noticeable effect of spacer thickness in enhancing the transmission and the effect of film
thickness is irrelevant in this context. However, there is significant effect of the NP size. With
increase in NP size for a maintained ratio of lattice constant to NP radius, the transmission at long
wavelengths reduces. The difference between theory and simulation in estimating transmission

therefore gets smaller for larger NPs [cf. Figures 5(b), 5(e), and 5(h)].

Thus far, Figures 2-5 have shown case studies for normal incidence of light, which makes
optical responses from the mirror-on-mirror system independent of light polarization, be it
reflection, transmission, or absorption. At off-normal incidence of light, optical responses for s- and

p-polarized light would be different, cf. Egs. (9) and (12). In Figures 6 (a)—(c) we demonstrate the
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effect of the angle of incidence, for s- and p-polarized light. In each graph, depicted as solid black
curves, we show for reference the results of normal incidence for which s- and p-curves coincide.
The reflectance spectra for all angles shown in Figure 6(a) feature a peak at short wavelength,
followed by a dip (causing total zero or almost zero reflection) and then a steep increase in
reflectance at long wavelength. The reflection dip corresponds to the LSPR absorption peak shown in
Figure 6(c). Interestingly, transmittance in Figure 6(b) exhibits two distinct peaks with stronger
transmission at longer wavelengths. How these spectral features evolve as a function of light

incidence angle and polarization deserves attention.

One would commonly expect the reflectance to increase with deviation from normal incidence.
Indeed, Figure 6(a) shows such trend over the entire spectral region for s-polarized light, with
significant enhancement at large incident angle. But with p-polarized light, reflectance undergoes an
opposite trend at small incident angle (e.g., 8 = 30° ); at larger angle 6 = 60 ° this effect is noticeable
only at short and at long wavelengths. At nonzero incident angle, the dip in reflectance experiences
red and blue shifts for s- and p-polarized light, respectively. The depth of the reflectance minimum
gets smaller with the angle of incidence, for s-polarized light, but it practically does not change for p-
polarization.

The effect on transmission spectrum is rather monotonous, as shown in Figure 6(b). For both s-
and p-polarized light at any nonzero incidence angle, transmission reduces over the entire spectrum,
apart from the long wavelengths range where p-polarized light shows marginal increase in
transmission. Transmission of s-polarized light is found to be comparatively lesser than p-polarized
light, and this difference in transmittance increases with 4 .

The trends in absorbance as a function of light incident angle and polarization are shown in
Figure 6(c). Absorbance at short wavelengths can be associated with the LSPR absorbance peak,
which is found to get blue-shifted and stronger (red-shifted and weaker) at larger incident angle for
p-polarized (s-polarized) light, respectively. These trends can be directly associated with the shift in
reflectance dip characteristics as seen in Figure 6(a). The stronger the absorbance peak, the deeper
is the reflectance dip. Besides the depth of reflectance minimum, its spectral position can also be
tuned by altering incident light characteristics. This finding is vital in designing futuristic optical

devices with dynamically tuneable switching abilities at different wavelengths.
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Figure 6. Effects of incident angle and polarization of light on optical response spectra.
Theoretically calculated optical spectra depicting reflectance (a), transmittance (b), and
absorbance (c) at different incident angle @ for s- and p-polarized light. All other system

parameters are mentioned in (a).

When lattice constant gets shorter which brings the NPs closer, the high-energy reflectance
peak grows besides getting red-shifted and broader. The reflection dip also follows similar
trends while getting deeper, and its spectral position strictly follows the absorption peak.
The single peak seen in the absorption spectrum gets red-shifted and broadened, but peak
absorbance got weaker at very short lattice spacing where there is finite reflectance at the
dip wavelength. The high-energy transmission peak weakens. At short lattice constants the
low-energy transmission peak is found to be more sensitive to enhancement in plasmonic

coupling as it gets significantly red-shifted, stronger and broader.

The reflection dip is found to be tuneable by changing the thickness of the dielectric spacer
layer, where the dip gets blue-shifted and features lower minimum for a thicker spacer. With
increase in metallic film thickness there is no prominent changes in the reflectance profile,
however, the reflection dip gets slightly shallower. Transmission drops dramatically over the

entire spectral region as light gets strongly absorbed by a thicker film.

For larger NPs, there is more quenching of the reflection over the entire spectrum.
Reflection dip gets wider, deeper, and red-shifted. Low energy transmission peak gets
largely red-shifted, however overall transmission reduces. Significant increase in absorption

is witnessed with its peak getting stronger as well as broader.

Transmittance reduces for both s- and p-polarized light with the increase of the incident
angle; more reduction is seen in the case of s-polarization. Notably, the reflection increases

with theta for s-polarized light whereas decreases for p-polarization. At larger incident angle
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this difference in reflection gets larger. The position and the depth of the reflection
minimum can be tailored as functions of light incident angle and polarization. The trend in

the reflection dip is dictated by a reverse trend seen in the absorption peak.

We developed a comprehensive framework—based on combined theories of quasi-static dipolar
approximations, image-charge interactions, and multi-layer reflection—that appears to be accurate
in describing optical response spectra of mirror-on-mirror structures. Explicit expressions are derived
to estimate optical responses—reflectance, transmittance, and absorbance spectra—of a hexagonal
array of gold nanospheres coupled to a gold film of finite thickness. The nanospheres immersed in
water or another dielectric medium are considered to assemble forming a hexagonal array on top of
a dielectric spacer that separates the NP layer from an underlying gold film, which is placed on a

semi-infinite glass slab.

We investigated the optical response spectra of such a mirror-on-mirror system over the
spectral range of 400 nm to 900 nm, identified many exciting new features and analysed those as
functions of the lattice constant, thickness of spacer layer and gold film, NP size, and characteristics
of incident light. The accuracy of the predictions of the model are compared against those obtained
from full-wave numerical simulations. In general, the model is found to be very accurate and
efficient within the scope of quasi-static approximation. However, its accuracy degrades for dense
arrays of large nanoparticles (radii>25 nm, and/or interparticle distances<2.2a)) and when placed

very close to the metallic film, where quasi-static approximations are not adequate.

The reflection from the mirror-on-mirror system under study is found to undergo quenching as
compared to that from the film in absence of NPs. The underlying physical reason being the interplay
of contributions from absorption and transmission by the film-coupled NPs as function of
wavelength and various system parameters. The reflectance spectrum bears the features of a peak
at short wavelength, followed by a dip beyond which reflectance level steeply rises that tends to
match the reflectance from the film alone at long wavelengths. Transmission spectrum of the film-
coupled NPs features two distinct peaks, whereas there is only one dominant peak in absorption

that steeply diminishes at long wavelengths.

As summarized in the previous section, the reflection dip can be tuned by changing the size of

NPs, distance between them and thickness of the dielectric spacer.
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System parameters such as the position of the layer of NPs relative to the interface and the
average distance between NPs can be controlled by various means. At electrode/electrolyte
interfaces this could be achieved through the variation of electrode potential. The latter will affect
the coverage of the interface by NPs or their position relative to the interface if NPs are anchored to
the interface by spacer ligands. Indeed, polarizing electrode negatively, negative NPs will be less
favoured to adsorb at the interface or be stimulated to fully desorb from it, if they are not anchored.
Other factors that can control the structure of mirror-on-mirror platform are: the population of NP
concentration of electrolyte in the liquid phase, charge of the functional groups (depending on their
nature often controllable by the solution pH), and the length of the anchoring chains if NPs are

anchored (this will affect the maximum separation between the NPs and the metal surface).

The theory used here will be helpful in customizing an otherwise challenging system to realize
configurations of interest. After the experimental verification of the discussed predictions, a
systematic scan over geometrical parameters might reveal configurations that maximize reflection
(configurable mirror), absorption (perfect absorber) and transmission (extraordinary transmission
through metallic film), one at a time. Such a study would be practically impossible based on just full-

wave solvers.

This work thus provides a platform for designing and optimizing tuneable mirror-on-mirror
systems to act as smart optical metamaterials. Independently, with appropriate choice of materials
for different layers in the stacked model, this formalism can be applied in the context of solar energy

harvesting, for designing layered NP-assisted solar cells.
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