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Abstract—This article presents the optical analysis on how the
light coupling performance between optical channel waveguides
and gold periodic nanoarrays in the visible spectrum can be
improved using an indium tin oxide (ITO) thin film as buffer
layer. Coupling efficiency, out-of-plane scattering and far-field
projected beam focus and diffraction angle are evaluated using
Finite-Difference Time-Domain (FDTD) method and scattering
theory for different nanogratings and nanocylinders array pat-
terns. The implementation of ITO enables up to a 12 fold increase
in coupling efficiency, a 6.4 fold enhancement of light scattered out
of the array plane and consequent improvements in the diffracted
beam radiation intensity peaks, without compromising the beam’s
focus or altering its deflection angle. This configuration provides
a cheap and simple solution to increase the device performance
without changing the array features, for integrated biosensing and
scattering-related applications.

Index Terms—Arrays, FDTD, gold, gratings, indium tin
oxide, optical coupling, optical waveguides, periodic structures,
scattering.

1. INTRODUCTION

ERIODIC nanostructures have been widely researched in
P the field of optics as promoters of phenomena such as light
scattering and diffraction [1], [2], [3]. In integrated photonics,
planar nanogratings coupled with optical waveguides exploit the
diffraction phenomenon for routing portions of the guided light
in and out of the optical chip [4], [5], [6], [7]. In plasmonics,
light interaction with 2D metal periodic nanoarrays is used for
surface plasmon resonance (SPR) and induces phenomena such
as fluorescence, dichroism, and Raman scattering [8], [9], [10].
Such structures are implemented for applications spanning from
signal treatment and routing, to biomolecular sensing, at times
aided by chemical functionalization [11], [12], [13], [14].
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Low loss optical channel waveguides can be obtained with
different fabrication procedures and different materials, such
as SU-8 polymer [15], diffused ion-exchanged on glass and
other composite materials [16], [17], [18]. Such waveguiding
structures can be efficiently used to fabricate simple and cost
effective integrated optical devices working in a wide frequency
spectrum for optical communication and sensing systems [19],
[20], [21].

Coupling efficiency, scattering losses, diffraction angle, pro-
jected beam intensity and focus are considered as key features in
controlled scattering and diffraction, and they can be finely tuned
by adjusting shape, period, pitch and thickness of the selected
structures [22], [23]. Some applications may require an ex-post
enhancement and/or tuning of the projected light beam radiation
intensity, or an improvement of the waveguide-array coupling:
this can be achieved through accurate adjustments in the design
and fabrication phases [24], such as refining details in the array
pattern, changing the thickness of the material, or modulating
the etch-depth [25], [26], [27]. These could represent critical
challenges: considering the subwavelength scale of such struc-
tures, any mistakes in improving one feature could compromise
the others.

This paper studies the performances of a thin film of indium tin
oxide (ITO) as optical buffer layer between channel waveguides
and periodic nanostructures; the arrangement provides a low
cost and simple solution to enhance optical coupling, scattering
losses and far-field radiation intensity of the diffracted beam. A
numerical assessment is presented, involving gold (Au) periodic
subwavelength nanoarray patterns on a SU-8 waveguide in the
visible spectrum. Results are presented for 4 different array
configurations placed either upon the ITO buffer film or directly
on the underlying low-index waveguide. The changes caused by
ITO in the waveguide-array interaction are analyzed in terms
of optical coupling. The study is completed evaluating also
the change in the amount of guided light scattered out of the
array plane and its far-field projected beam focus, radiation
intensity peaks and angle in the selected cases. This work aims
at providing solutions for applications where an enhancing, or
a fine-tuning, of the optical coupling between integrated optical
channels and overlying metal nanostructures is required. As an
example, in optical biosensing fields, the nature and amount of
interaction with the analyte sample could be monitored by finely
controlling the amount of light hitting the nanostructures [28],
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Fig. 1. Schematic view of the structure under analysis. The two insets show
the details of the two configurations of gold periodic array: nanograting (left
inset) and nanocylinders (right inset).

[29]. Furthermore, other applications include redirecting light
out of the plane for optical communications purposes, where
specific amounts of the guided light may be extracted and routed
to secondary paths [30].

II. INVESTIGATED STRUCTURES

A SU-8 polymer structure (5 pm-thick and 5 pm-wide) acts as
optical waveguide in the visible spectrum [31] (refractive index
equal to 1.59 at 540 nm wavelength, from Microchem SU-8 3000
datasheets). The waveguide is placed onto a BK7 glass substrate
(n=1.52 at A = 540 nm, from Schott glass datasheets), and the
whole device is immersed in water (n = 1.33 at A = 540 nm [32]).
Two different configurations of Au periodic nanostructures are
alternatively placed on top of such waveguide, both covering a
100 zzm-long path for a total coating footprint of (5-100) pm?,
in four different configurations: the first two consist of 1D-
periodic nanogratings (100 nm thickness) with a period equal to
240 nm and 360 nm respectively, and a one-to-one ratio between
empty and full states (i.e. 50% duty cycle); the third and the
fourth configurations are 2D-periodic patterns of nanocylinders
(100 nm thick with 50 nm radius), disposed with an array
pitch of 250 nm and 350 nm respectively. Each configuration
is investigated with and without an ITO thin film (n = 1.87
at A = 540 nm [33]), acting as buffer layer between the SU-8
waveguide and the nanostructures. A qualitative sketch of the
structure is depicted in Fig. 1. As this work aims at providing
solutions for a wide range of applications, the system structure
has been kept basic and simple, and multiple nanostructures
arrangements have been investigated. As nanostructures’ mate-
rial, Au was chosen as it allows an easy chemical functionaliza-
tion with a wide variety of species, making such configuration
suitable for diverse optical biosensing systems [34], [35]. 1D
periodic diffraction gratings were chosen as, both in optical
communications and optical sensing, they represent the simplest
and most common tool for redirecting light out of the optical
waveguide to secondary paths [2]. 2D periodic nanocylinders
arrays were chosen as they have been already studied for
light scattering and diffraction, and as tools for biosensing
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Fig.2. Front view (top left) and side view (bottom) of the system modeled for
the numerical analyses.

applications [9], [36]. Taking into consideration all the parame-
ters of the system, such as working wavelength, refractive index
and shape of the materials, Au structures having periods around
350 nm and 250 nm are capable of redirecting light at about
90° angle with respect to the guided light flow direction, and at
about 120° angle with respect to the guided light flow direction,
respectively [2], [37]. Moreover, Au nanocylinders with a pitch
of 250 nm and a diameter of 100 nm have been proven to optimize
focus, collimation and directionality of the diffracted beams in
integrated optics, enhancement of fluorescence in biosensing
applications with similar configurations [9], [38].

III. SIMULATION MODEL

Starting from the front view and the side view sketched at
the top and bottom of Fig. 2, three-dimensional models were
patterned, considering a 5 pm-thick and 5 pm-wide waveguide
cross-section. The side view’s left boundary of the SU-8 domain
was considered as the waveguide input. The selected wavelength
range of the light excitation spans from 490 nm to 590 nm, with
2 nm steps (50 steps). The input light mode is TM fundamental,
as it has been proved to better interact with periodic arrays of
gold nanostructures in this specific configuration [9]. Maxwell’s
equations for the electromagnetic field were implemented in a
Finite-Difference Time-Domain (FDTD) model, using Ansys
Lumerical as simulation software. The 3D model was meshed
down to (10-10-5) nm® sub-domains in the ITO and nanostruc-
tures regions. The boundary conditions of the model were set as
PML (Perfectly Matched Layers).

The presented study deals with observing changes in the
amount of light exiting the system through the integrated wave-
guide and/or redirected out of the chip’s plane when optical
buffer films are interposed between the waveguide and overlying
nanostructures: for this purpose, here we focused on analyz-
ing the optical power fluxes through the waveguide input, the



ASQUINI et al.: ENHANCING THE SCATTERING INDUCED BY GOLD PERIODIC ARRAYS OVER OPTICAL WAVEGUIDES

waveguide output and the upper boundary of the modeled sys-
tem, without focusing on modal analyses and input/output modal
changes. We analyzed the coupling efficiency between SU-8 and
nanoarrays: the difference among the input guided power F;,
and the output guided power P,,,; can be considered as the power
absorbed by the system, and it can be determined as follows:

Pi _Pout:unide+PITO+ParTay+Pscat (1)

Py, is partially absorbed into the waveguide (FPgyiqe) and
into the ITO layer (Prro), a part is lost due to scattering
from the surface of the waveguide (Ps.q:), and a portion is
absorbed/scattered by the Au array (P4, ). Since the analysis
is carried out in the visible spectrum, P, ;4. and Prro have
been neglected, due to the optical transparency of both ITO
and SU-8 [39], [40]. Moreover, Ps.,; corresponds to propa-
gation losses of about 10~* dB/cm and is small enough to be
ignored as well. With these concepts taken into consideration,
and since this study focuses on the waveguide/array interaction,
the input-output power decrease can be mainly attributed to the
amount of optical power coupled from the SU-8 waveguide to
the Au array. The coupling efficiency can be then obtained from
the normalized difference between the guided optical power,
considered as the surface integral of the Poynting vector through
the surface of the waveguide cross-section, calculated at the
input interface (side-view’s left boundary of the SU-8 domain)
and at the output interface (side view’s right boundary of the
SU-8 domain):

IDin - P out

P;
In addition to this, to evaluate the portion of guided light scat-
tered out of the array’s plane, the evolution of the optical power
along the side view of the simulated models is compared. With
the same logic of (2), but considering P, as the light transmitted
through a XY plane 5 pum over the arrays, the scattered light can
be evaluated as follows:

Coupling Efficiency [%] = - 100 2)

P,
Scattered light [%] = pp -100 (3)

Finally, the far-field analysis is used to study the deflection
angle, focus and radiation intensity of the light scattered from
the arrays.

IV. RESULTS
A. Coupling Efficiency Analysis

Firstly, the SU-8/ITO optical coupling was analyzed at 540 nm
wavelength excitation (i.e. green light). Fig. 3(a) plots the cou-
pling efficiency between the SU-8 waveguide and the ITO films
with thicknesses ranging from 0 to 525 nm. Peaks and valleys of
coupling efficiency occur with about 250 nm periodicity [21],
[41]: peaks can be observed when ITO thickness is equal to
125 nm (3.5%) and 375 nm (4.75%); valleys can be observed at
approximately 250 nm and 475 nm. Increasing the ITO thickness
means to increase the optical power absorbed in the ITO film
(Prro)- Therefore, 125 nm is chosen as optimal thickness for an
ITO buffer layer for an enhanced optical coupling, minimizing
at the same time the losses due to ITO absorption.
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Fig.3. Coupling efficiency between SU-8 waveguide and ITO thin-films, with
ITO thickness spanning from 0 to 525 nm (a). Coupling efficiency between SU-8
waveguide and nanogratings (b) or nanocylinders arrays (c) with and without
125 nm-thick ITO buffer layer.

Subsequently, the coupling efficiency analysis is conducted
considering the two configurations of Au grating and two config-
urations of Au nanocylinders array, with and without the 125 nm-
thick ITO buffer layer. The study is carried out with an excitation
wavelength range between 490 nm and 590 nm (i.e. with 540 nm
as central point and a 100 nm span). As Fig. 3(b) shows, the



0600606

125 nm-thick ITO buffer layer enhances the optical coupling
between the waveguide and the 240 nm Au grating by 1.7 times
(i.e. from 5.6% to 9.7%) at 540 nm. At the same wavelength,
the coupling with the 360 nm grating increases by a factor 1.1
(from 6% to 6.4%). The plot in Fig. 3(b) clearly shows that, in
the case of the 240 nm period, the enhancement decreases as the
wavelength increases. On the other hand, the 360 nm Au grating
with ITO experiences an enhancement in optical coupling only
from 490 nm to 550 nm of working wavelength; for longer wave-
lengths the effect is reversed, with ITO damaging the optical
coupling: at 580 nm the coupling efficiency is about 5.5% with
ITO and reaches up to 12.4% without ITO. Fig. 3(c) plots the
coupling efficiency in the nanocylinder arrays configuration. It is
clearly visible that the sole array has less capability of coupling
light than the sole ITO layer in the whole considered wavelength
spectrum for both array pitches. When the ITO buffer layer
is implemented under the 250 nm-pitched nanocylinders array,
the enhancement reaches a factor 6.75 (from 2% to 13.5%) at
wavelengths shorter than 540 nm, a factor 5 (from 2.5% to 13%)
at 540 nm and decreases for longer wavelengths, but never being
less than 2.7 times (from 3.9% to 10.4%) at 590 nm wavelength.
The 350 nm-pitched array also benefits from the ITO buffer
layer, with a 10 to 12 fold increase for wavelengths shorter than
540 nm, a 12 fold increase (from 1% to 12%) at 540 nm and a
6 fold increase (from 2% to 12%) at 590 nm wavelength.

B. Scattered Light Analysis

Fig. 4 shows the comparison of the evolution of the guided
optical power through the waveguide in the considered config-
urations. Fig. 4(a)—(d) all share the same optical power scale.
The longitudinal section (i.e. the side view, see the bottom part
of Fig. 2) of each model has been inspected, and the chromatic
scale has been set in logarithmic mode to highlight the scattered
light contributions, which in the studied cases are significantly
smaller with respect to the main light contribution, flowing
through the SU-8 domain from left to right. The Au structures
cause the scattering of a portion of the guided light out of the
array plane. The 240 nm grating and the 360 nm grating do not
benefit from the underlying ITO thin film as visible from Fig.
4(a) and (b). Instead, both the 250 nm-pitched (Fig. 4(c)) and
the 350 nm-pitched (Fig. 4(d)) Au nanocylinders arrays show
an improvement with the ITO layer.

Using (3) the enhancement of the scattered losses is evaluated
numerically. Both Au gratings display no significant change
of scattered losses when implementing the ITO buffer film
(less than 10% decrease in the case of 360 nm and less than
10% increase in the case of 240 nm). The results show a 6.4
fold enhancement in the case of 350 nm-pitched nanocylinders
array and a 2.7 fold increase of scattered light in the case of
250 nm-pitched nanocylinders array due to the presence of the
ITO thin film. Not all of the coupled light is scattered along the
preferred direction, some is reflected back to the substrate and a
small portion is diffracted in different directions. Structures that
feature the thin film ITO exhibit an additional peak due to the
interface between the ITO layer and the water.
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Fig. 4. Evolution of the optical power inside the four configurations of the
studied device, comparison of the side view between the standard versions and
the ITO-buffered versions: Au 240 nm grating (a), Au 360 nm grating (b), Au
250 nm-pitched nanocylinders array (c), and Au 350 nm-pitched nanocylinders
array (d). The scale has been set to logarithmic to emphasize the out-of-plane
scattered light contributions.

C. Far-Field Analysis

Fig. 5 plots the scattered light’s intensity and deflection angle
projected over the array plane (XY plane), considering the z>0
hemisphere, where 6 = 0 corresponds to the z-axis, perpendicu-
lar to the array plane. Each comparison (Fig. 5(a)—(d)) is plotted
with its own dimensional scale to better highlight the differences.
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results: Au 240 nm grating (a), Au 360 nm grating (b), Au 250 nm-pitched nanocylinders (c), and Au 350 nm-pitched nanocylinders array (d). The far-field is
monitored in the XY plane projected over the arrays. The graphs are in spherical coordinates and refer to the upper hemisphere (z > 0) of the model.

All the periodic structures show a highly collimated and direc-
tional beam (unlike the sole ITO uniform thin film, which does
not exhibit diffraction characteristics). Structures with similar
pitches show similar diffraction angles. In particular, the 240 nm
grating and the 250 nm-pitched array exhibit a beam deflection
with a peak around 30° with respect to the z-axis, while the
360 nm grating and the 350 nm-pitched array grating cause a
nearly vertical deflection (peak at less than 5° with respect to the
z-axis). The results highlight that the presence of the ITO thin
film does not induce a significant variation in beam collimation
and directionality. Moreover, the presence of ITO increases
the intensity of the luminous beam only in the nanocylinders
arrays case, and it does not promote any significant changes
in the gratings, confirming the scattered light analysis results
(Section IV-B).

V. CONCLUSION

In this work, ITO thin films are studied as optical buffer
layers to be implemented in waveguiding devices where a
simple and low-cost tool for enhancing optical coupling and
optical scattering is desired. For this purpose, devices made by
a SU-8 polymer waveguide coated with Au periodic arrays are
modelled, with different shapes and configurations. Simulations
are carried out by means of FDTD in the visible spectrum
to evaluate the difference in behavior with and without the
ITO buffer layer, in terms of waveguide-array optical coupling,
amount of out-of-plane scattered optical power and far-field
diffracted beam radiation intensity peak, focus and angle. The
reported results show how the ITO can promote significantly
more optical coupling between the underlying waveguide and
the overlying structures. The amount of light scattered out of the

arrays’ plane increases from the presence of ITO: the 240 nm
grating reaches enhancement peaks of about 2 times, but the
enhancement is relatively low for the 360 nm-pitched grating
at 540 nm wavelength. Over 5 fold coupling enhancement
in the case of the 250 nm-pitched nanocylinders array and a
12 fold coupling increase in the case of the 350 nm-pitched
nanocylinders array are calculated at 540 nm wavelength with re-
spect to standard waveguide-array configurations. The far-field
analysis shows how neither the diffracted beam’s focus nor its
diffraction angle are affected from the ITO buffer layer in any
of the studied configurations, but the radiation intensity peaks
greatly improve when ITO is implemented. As the outcomes
show, Au periodic structures can benefit from ITO buffer layers
by experiencing an increase in coupled optical power from
the underlying waveguide without compromising the diffracted
beam’s focus nor its diffraction angle. However, attention must
be paid on the array’s period and on the working wavelength, as
in some cases ITO may be detrimental and harm the coupling
efficiency. In case of sensing applications where the Au array is
required to act as substrate for chemical functionalization, such
as in the field of integrated scattering-induced fluorescence [9],
ITO buffer layers may represent a double sensitivity enhancer:
the demonstrated increase in optical coupling pairs with the
increase in overall surface for chemical functionalization, being
ITO easy to functionalize (besides gold) with a broad spectrum
of chemical species [42], [43], [44]. Furthermore, a thin-film
ITO coating through physical vapor deposition can represent a
low-cost, simple and fast enhancement/fine-tuning tool in the
case of off-chip optical routing, as optimizing the amount of
deflected optical power may represent a time-costly re-design
of the patterns, or a technological challenge if critical features
need to be re-adjusted in the fabrication phase.
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