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ABSTRACT: We present a systematic study of light
scattering from indium-tin-oxide (ITO) nanorods in the
near-infrared with a special focus on the resonant coupling
of plasmonic transverse mode and photonic modes in 2-D
periodic arrays. Using theoretical analysis combined with
simulations, a set of experiments has been designed to study
such interactions. Near-field mapping from the simulations
shows a strong interaction of localized surface plasmon
resonances (LSPR) with a photonic resonance; together they
explain the scattering phenomenon observed in our experi-
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ments carried out in the far field. We observed the shift of LSPR as the plasma frequency was varied, resulting in a modification of
the spectral shape. Utilizing the high aspect ratios of the ITO nanorods, the LSPR strength can be turned on and off by the

polarization of the incident light.

KEYWORDS: degenerated semiconductor, optically induced transparency, transparent conducting oxide, nanophotonics,

Bragg resonance, plasmonic crystal

Research in the manipulation of light at the nanoscale has
expanded rapidly in the past decade as a result of new
instruments for nanofabrication and characterization. In
addition, with easier access to high-performance computing,
design and modeling are now routinely carried out prior to
experimentation. These capabilities have accelerated proof-of-
principle demonstrations of many prototype devices involvin

optical computing,"* surface-enhanced Raman spectroscopy,

nanolasers,” and optical circuits.*™® The interaction of light
with 2-D plasmonic particle arrays is a topic under intensive
study due to the rich physics underlying such interactions.””'®
Most work on nanostructured arrays is about planar structures,
i.e, structures with a relatively small extension in the third
dimension.'”~>* Although the study on 2-D dielectric photonic
crystal slabs has been extensive,”> *° the study of plasmonic
nanostructure arrays with a high aspect ratios has been mostly
limited to pseudo-2-D arrays with long axis lying in-
plane.'****” There are some examples of 2-D nanorod arrays
(NRAs) of silver and gold with a high aspect ratio (grown by
filling anodized aluminum oxide (AAO) patterned holes);
however, they have limited applicability to creating periodic
arrays with designed lattices and spacings.”®*™>* Recently we
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reported a versatile method of fabricating indium-tin-oxide
(ITO) NRAs using a vapor—liquid—solid technique and
demonstrated the presence of both isolated and collective
plasmon modes.*® These nanostructures are both mechanically
and chemically stable in air, making them easy to use in our
experiments. Indium-tin-oxide nanorods (ITO-NRs) possess
many unique features: (1) They have good electrical properties
due to their single-crystalline quality; (2) the rod length can be
controlled by the growth time; (3) the array can be defined
through the position and size of the gold catalytic nanoparticles
used in our synthesis; (4) the intrinsic plasma frequency of the
ITO-NRs is tunable via a postgrowth annealing; ($) the Drude
model can be used to calculate the permittivity £(4) (in the
spectral regime under study, it is free of other Lorentzian
poles). For our ITO-NRs, the real part of permittivity becomes
negative in the near-infrared (NIR), a requirement for the
existence of plasmons.
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ITO Nanorod Array

ITO film
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Figure 1. Schematic diagram of a typical ITO nanorod array.

T

In general, resonances, coupling among modes, and wave—
particle interactions are of great interest in science. Unlike gold
and silver, ITO-NRAs are unusual in that they show strong
resonant responses in the NIR regime. In such a system we can
independently vary the height of the ITO-NRs, their lattice
structure, lattice parameters, and the plasma frequency. This
provides us with a rich phase space where scattering and mode-
coupling phenomena can be studied systematically. For
example, by selecting a combination of the above parameters,
localized (or propagating) plasmon modes, photonic modes, or
fundamental and higher-order plasmon modes** can be excited
along with the coupling among these modes. In this article, we
focus on the coupling of photonic and localized plasmon modes
by using simulations to guide the experiments. In this way we
can be assured that other potential modes of the system are
minimized in the spectral region studied (1 to 3 pm in
wavelength).

This article is organized as follows: First, we discuss the
scattering behavior of an isolated nanorod based on the
scattering theory, followed by numerical simulations using the
discrete dipole approximation (DDA) and the finite-element
method (FEM). From the simulations, the scattering of the
ITO-NR in a periodical array is compared with that of an
isolated nanorod. We intentionally set the periodicity and the
incident light angle so the photonic modes will be in the
vicinity of the localized plasmon resonances, allowing us to
study the interaction of these modes. We then discuss the
various spectral features in our experiments. Finally we present
a summary of the research.

B THEORETICAL BACKGROUND, SIMULATION, AND
EXPERIMENTS

Scattering Theory of Isolated Nanorod. We start with a
brief discussion of how light interacts with an isolated
nanostructure and then consider an array of such structures.
For simple isolated metallic structures like spheres, infinite
cylinders, and spheroids, the scattering properties can be
described analytically using the Mie theory.®® In the limit of
very small structures, the electrostatic Rayleigh—Gans theory
applies.*

When light with wavelength A is scattered from a metallic
sphere with radius much smaller than 4, according to Mie
scattering theory, a resonant peak occurs when & = —2g,
where ¢’ is the real part of the dielectric of the metal and &4 is
that of the surrounding. This condition is termed local surface
plasmon resonance (LSPR), which occurs as a result of
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collective electron motion on the surface of a metallic sphere in
resonance with the light. The resonance peak is unique,
independent of polarization and direction of the incident light,
owing to the spherical geometry. For an anisotropic structure
such as a cylindrical rod, the electron oscillation along the axial
direction (longitudinal mode) experiences a lower restoring
force, resulting in a longer resonant wavelength, while the short
axis (transverse mode) has the opposite behavior. As the aspect
ratio of the cylindrical rod increases (approaching infinity), the
resonance conditions for the transverse mode approach
asymptotically the condition & = —e4, while the resonance
for the longitudinal mode disappears.”” (More details are
provided in the Supporting Information (SI).)

The Case of ITO-NRs. It is now well known that LSPR is
sensitive to the details of the particle geometry. The behavior of
ITO-NRs is similar to a cylindrical rod discussed above.
However, the base of our ITO-NRs is close to a square, so the
transverse modes will split into multiple modes. In order to
simulate or calculate the transverse mode, we need to know
£(4). In the Drude model,*” the permittivity of ITO can be
described as

“p
1TOo — €0 — 2
T+
p "7 (1)
where €, is the high-frequency dielectric constant, w, is the

plasma frequency, h is Planck’s constant, ¢ is the speed of light,
and A is the wavelength of light in free space. In the numerical
simulations, we chose € o, = 3.95, , = 1.36 eV, and y = 0.05
eV.*® On the basis of the discussion of an infinite cylinder
above and eq 1, it can be estimated that the transverse mode of
ITO-NR should appear at around 2 pm, at which &ro = —1,
assuming the surrounding medium is air and a high aspect ratio
(usually above 20) of the ITO-NR.

Numerical Simulation. We start this section by defining
the geometry used in our simulations and experiments. Figure 1
shows a schematic diagram (not drawn to scale) of the ITO-
NRA system studied. The shape of a single nanorod, shown to
the right, is represented as a rectangular prism with height h
and basal plane dimension a. The ITO-NRs are grown
vertically from an ITO film on the substrate, which is (100)
yttria-stabilized zirconia (YSZ).

The aligned nanorods are arranged into a rectangular lattice,
with the spacing along the x- and y-axis denoted as m and n,
respectively. The wave-vector of the incident light is specified
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Figure 2. (a) Extinction/scattering/absorption efficiencies of both an isolated ITO nanorod (denoted as Iso in the figure) and a nanorod array
generated using periodic boundary conditions (PBC) simulated with s-polarized light. In the inset, a polar plot shows the angular distribution of the
scattering efficiency described in the text. The nanorod is represented as a purple rectangle. The positions of photonic modes [—1 0] and [—2 0] are
indicated on the curve. (b) Near-field plots for both isolated nanorods and an ITO nanorod in the array at the four typical wavelengths A—D. The
geometrical cross-section chosen is the x—z cut plane at the surface of the nanorod facing the incident light (see Figure 1).

by a polar angle ¢, measured from the y-axis, and an azimuthal
angle 6, measured from z-axis.

We start by simulating an isolated ITO-NR. DDA was used
to calculate the transverse modes of an isolated ITO-NR.
Developed by Draine and Flatau,*>*" this method applies to
both isolated and periodic targets.'> The method discretizes an
arbitrarily shaped object with equally and closely spaced
dipoles. The extinction/scattering/absorption efficiencies (de-
noted by Q) from DDA simulation, defined as the ratio of the
calculated cross sections to the effective geometrical cross-
section (7a.g”), are used to compare the scattering from objects
with different shapes. The effective radius a.g of an ITO-NR is
defined by the following equation:

4 3_ 2
—Tmay” =ah

where a’h is the volume of the nanorod. In our simulation, a =
150 nm and h = § pm, s0 a4 = 0.265 pm and the aspect ratio is
33. We simulated the spectrum from 1 to 3 ym at a polar angle
0 of 76° as this is the maximum angle allowed by the
experimental setup and a high polar angle is required to obtain
strong photonic resonances. It is worth clarifying here that the
effective cross-section defined in this paper is not a universal
term, as it contains no information of incident angle, which is
fixed for our experiments.

The DDA results for both isolated and periodic ITO-NRA
are shown in Figure 2. As can be seen, the extinction of an
isolated ITO-NR shows two closely spaced peaks around 2 ym,
which is characteristic of transverse LSPRs involving more than
one mode as a result of the square basal plane. The extinction is
dominated by absorption with only very small scattering, since
a ranges from 100 to 200 nm, which is much smaller than the
wavelength (which is greater thanl pm). The inset on the top-
left side of Figure 2a is a polar plot showing the angular
distribution of the scattered light at the peak extinction
wavelength. The plotted scattering plane is defined by the
incident k vector and the rod axis (the rod is at the center of the
plot). As can be seen, the scattering is mainly in the forward
direction and at the angle associated with specular reflection
from the rod surface.
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For the arrays we first investigate a square lattice with m = n
= 1.2 um. Due to the presence of equal lattice spacings, we
expect to have degenerate photonic resonance features. This
lattice spacing was chosen so that the lowest order [—1 0]
photonic mode lies in the vicinity of the ITO-NR LSPR at
approximately 2 pm.

Although in actual experiments a support (substrate) is
required for the array, we start by simulating a free-standing
(i.e., no substrate) 2-D rod array; we find this captures most of
the features occurring in the presence of a support. Such
calculations were performed with € = 76° and ¢ = 0°, the same
angles used for the isolated nanorod calculations. The result is
shown as the blue curves in Figure 2a. Compared with the
isolated nanorod case, the main plasmon extinction feature has
decreased to about half the intensity, and the scattering
becomes more prominent than the absorption. Besides this
main feature, there is a strong asymmetry at the longer
wavelength edge, a sharp dip followed by an abrupt increase at
even longer wavelengths. These features are quite similar to
those observed by Christ et al,*' which were attributed to
waveguide excitation of a surface plasmon polariton; such a
waveguide layer is not present in our simulation.

The near-field distribution was mapped for the four
representative wavelengths, shown in Figure 2b, A—D; these
lie near the extinction peak of the isolated rod and at the two
extremes of the oscillations for a rod in the array. The plane
chosen was the surface of the nanorod facing the incident light.

For isolated rods, the field is localized and uniformly
distributed along its length with peaks at the corners; for C and
D it is confined to the exterior. Plot B, corresponding to the
maximum of the extinction curve, is in good agreement with an
LSPR peak. At a longer wavelength, shown in plot C, the
enhancement decreases and is only large near the corners.

For a rod in the array, the field tends to be asymmetric along
the rod axis; it is also largely exterior to the rod. The field is
most uniform in plot B. At the dip of oscillation, shown in C,
the field decreases and is largest near the top of the rod.
However, at the peak of oscillation, shown in D, the field rises
and is concentrated near the bottom.

Considering the geometric arrangement and the permittivity
of the ITO-NRAs, two possible light-scattering processes may
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be involved. First, the transverse LSPR is the only feature
exhibited by the isolated nanorod; it also shows up at the same
wavelength in the arrays. Due to the fact that the field of LSPR
decays rapidly away from the surface,” the electric field is
tightly confined around the rod. Thus, an LSPR interaction
among the nanorods in the array should be minimal, in
agreement with the fact that the extinction peak is at the same
wavelength in both the isolated rod and the array. Second, the
nanorods act as a periodic geometrical grating, resulting in a
[—1 0] Bragg resonance at about twice the lattice spacing, 2.4
pum, which is the likely origin of the strong feature that occurs
in the vicinity of that wavelength with a sharp Lorentzian-like
extinction peak. However, unlike a pure Bragg mode, for which
the field should be minimum at the node position (in this case,
near a nanorod), the field in this case is strongly enhanced at
the surface of the nanorods while being modulated. This
implies a coupling between the LSRP mode (located at ~2 ym
with a broad line width) and the [—1 0] Bragg resonance (at
~2.4 pm with a sharp line width). Additionally, it creates a
locally low absorption peak inside the highly absorptive LSPR
peak between position B and D in Fi§ure 2a, analogous to
optically induced transparency.'”****This point will be
discussed in more detail later.

We now consider rectangular nanorod arrays. The lattice
spacing m = 1.2 yum was retained so that the expected [—1 0]
Bragg resonance defined by this lattice spacing remains at the
same wavelength as for the square lattice discussed above. On
the basis of DDA simulations, the other lattice parameter n was
set at 3.15 um, so as to have the [—1 1] photonic resonances lie
within the broad LSPR region. In these simulations, the
incident light wave vector is the same as for the square lattice,
with ¢ = 0° and 6 = 76°. The parameters for the individual rods
were the same as for the isolated nanorod and for a rod in the
square lattice. Note that in the case of a rectangular lattice the
spectral responses at ¢ = 0° and ¢ = 90° differ so that we need
to specify whether the wave vector is along the x-axis or y-axis

The extinction/absorption/scattering efficiencies of the ITO-
NRA with m = 1.2 gm and n = 3.15 pym are plotted as shown in
Figure 3. Results for both s- and p-polarized light are plotted.
As the incident wave is nearly perpendicular to the rod axis, the
p-polarized wave will have only a small E-field component in
the x—y plane; note this is the component that excites the
transverse LSPR. On the other hand the s-polarized wave
always has an E-field component in the x—y plane, so excitation
of the transverse LSPR mode should be large. As expected, the
extinction curve (shown as the solid curve in Figure 3a) of the
s-polarized wave shows a broad extinction feature (i.e. the
transverse LSPR), while that for the p-polarized wave (shown
as the solid blue curve) has none. Comparing the extinction
curve of the s-polarized wave with that of the square lattice
shown in Figure 2a, we can see that both of them have a sharp
resonance at around 2.4 ym (marked as D in Figure 2b and A
in Figure 3); however the rectangular lattice has an additional
feature at around 1.7 ym (marked as B in Figure 3), which is
distinct from the main peak at 2.1 gm (marked as C in Figure
3). From the set of curves in Figure 3a, it is clear that the main
contribution to the features B and C in the extinction curve is
from absorption. Contrary to the s-polarization case, the peaks
A and C are blue-shifted with p-polarized light and the
extinction is mainly due to scattering. Furthermore, the broader
feature at B disappears, which is reasonable since only the E-
field component in the x—y plane excites transverse LSPRs.
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Figure 3. Extinction/absorption/scattering efficiencies of NRA with m
= 1.2 ym, n = 3.15 pym. (a) s-Polarized plots and (b) p-polarized plots.

Experimental Verification of the Simulation Results.
We fabricated the ITO-NRAs according to the parameters
chosen in DDA simulations and show that the DDA
simulations can accurately predict the various resonance
properties observed in the experiments.

To fabricate vertically aligned ITO-NRA with a prescribed
lattice spacing, the choice of substrate and the patterning
techniques are crucial. The processing steps employed are
shown in Figure 4a. Single-crystal YSZ (100) (from MTI
Corp.) was used for the substrate. It has an excellent lattice
match with the ITO, leading to aligned growth of ITO single-
crystal nanorods.*® Due to the surface energy effect of the YSZ
found in our experiments, it is necessary to deposit a thin film
of ITO to prevent the nanorods from growing laterally rather
than vertically. In our experiments, pulsed laser deposition was
used to grow an epitaxial film of ITO on a (100) YSZ substrate,
as shown in step 1 of Figure 4a.

A patterned gold catalyst array is used for VLS nanorod
growth. A large array (>0.25 cm?) is required for angle-resolved
optical measurements. In order to make these patterns
repetitively and efficiently, soft interference lithography*® was
adopted to fabricate a shadow mask from a silicon master made
by e-beam lithography (with a Joel JBL-9300 system and HSQ
as photoresist), so that different patterns can be designed for
repetitive use. The features in these patterns are round holes
100 nm in diameter. The shadow mask was then transferred to
the ITO/YSZ substrate shown as step 2 in Figure 4a. Once the
mask was in place, e-beam evaporation was performed to
deposit 1.5 nm Cr followed by 20 nm Au. Then lift-off was
performed to remove the shadow mask (steps 3 and 4 in Figure

dx.doi.org/10.1021/ph400038g | ACS Photonics 2014, 1, 163—172
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Figure 4. (a) The steps used to fabricate ITO-NRAs. (b) SEM image
of vertically aligned ITO-NRA fabricated according to the steps in
panel a; the tilt angle with respect to surface normal is 65°. The lattice
spacings m and n are 1.8 and 2.2 ym, respectively. The scale bar is 10

pum.

4a). Following that, the sample was heated in a furnace for
NRA growth, with indium and stannous oxide (mixed with
atomic ratio 9:1) as a precursor located upstream.”® The
subsequently formed structure is shown as step 5 of Figure 4a,
and an SEM image of a fabricated NRA is shown in Figure 4b.
The sample was tilted by 65° with respect to the beam axis to
reveal the vertical dimension. It can be seen that the nanorods
are quite uniform in terms of height and diameter and that they
are well positioned at lattice sites with only small displace-
ments.

Optical measurements including specular reflection and zero-
order transmission were performed with a Bruker Vertex 70
setup with a near-infrared light source and an extended range
KBr beam splitter; in addition we fabricated a stage to vary the
sample orientation. The light was polarized with a ZnSe
infrared ruled wire grid polarizer (from Edmund Optics). The
incident @ angle was fixed at 76° throughout the experiment.

A square ITO-NRA (with m = n = 1.2 ym) was fabricated,
and the transmittance and reflectance spectra were measured. A
gold mirror with a 200 nm gold coating was used as a 100%
reflectance reference. Due to the presence of the ITO film used
for the fabrication process and the YSZ substrate, as well as the
high reflectance from the air/YSZ substrate interface when the
incident angle 0 is large, most of the light is reflected and
negligible transmittance was measured. In order to compare
with the extinction efficiency shown in Figure 2a,
—logo(reflectance) is shown as the red curve in Figure Sa.
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Figure S. (a) Spectrum of an ITO-NRA with S ym height in a square
lattice (lattice constant is 1.2 ym) plotted together with the spectrum
of an ITO film on a YSZ substrate. (b) Reflectance curves of NRA
with rectangular lattice, with m = 12 pm and n = 3.1S um.
Measurements were performed with polarized light.

The sharp feature A at around 2.3 ym corresponds to the [—1
0] mode shown in Figure 2a; however, the oscillation is richer
than predicted, and the second-order peak B at 1.2 ym is also in
good agreement with the position shown in Figure 2. There is a
broad hump ranging from 1.3 to 2.5 ym, which is interpreted as
the transverse LSPR. This feature is broader than what is
predicted by DDA simulation. There is an additional peak at
around 1.1 ym marked as C in the plot; we attribute this peak
to the ITO film on the YSZ substrate, as can be seen from the
blue curve in Figure Sa for the case when only an ITO film is
present on the YSZ substrate. The broadening of the LSPR and
the richness of oscillations arise from an enhanced interaction
of light with the structure as a result of reflection from the
substrate; this conclusion is supported by FEM simulations to
be discussed in the next section.

Following the same procedure, a NRA with a rectangular
lattice was fabricated, and the reflectance spectra are presented
in Figure Sb. The reflectance spectrum measured with s-
polarized light is plotted as the green curve in Figure Sb; note
the large hump from 1.3 to 2.5 ym arising from the LSPR. This
feature is suppressed in the p-polarized spectrum due to the
very small in-plane electric field component. The [—1 0]
photonic peaks are obvious in both curves and marked as A in
Figure Sb. The [—1 1] photonic peaks at around 2.0 ym are
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marked as B. The position of this peak is in good agreement
with the feature shown in Figure 3. The higher-order peaks
marked as C and D also agree well with the simulations.

Defects, such as missing and displaced nanorods, can occupy
as much as 10% of the sample, whereas the simulations assume
a perfect rectangular lattice. For the s-polarized reflectance
curve, we see that feature B is quite small relative to feature A.
Hence we concluded that the [—1 1] photonic resonance is
more sensitive to defects than the [—1 0] photonic resonance.

Effect of Underlying Film and Substrates. In this
section, we discuss the behavior of ITO-NRAs in the presence
of the underlying ITO film and YSZ substrate, to explain some
of the discrepancy between the experimental data and the free-
standing NRA simulations.

Guided by the free-standing NRA simulations, together with
the experimental data, the simulation box can be chosen more
efficiently when performing the more time-consuming
simulations, which include the underlying ITO layer and
substrate. FEM (COMSOL Multiphysics, RF module) was
selected since it has been proven to be more efficient than the
DDA when the substrate and underlying film are included. A
total-field-scattered-field (TFSF) method was implemented in
this paper, which is different from the full-field calculation in
our earlier work.”> A detailed explanation of our simulation
setup is included in the SI (Figure S1).

We first simulated a square-lattice ITO-NRA on a YSZ
substrate with and without the ITO film together with a free-
standing 2-D ITO-NRA, in order to understand the effect of
each layer. Figure 6a shows the experimental reflection spectra
of the array with and without an ITO layer on the YSZ
substrate; Figure 6b shows the corresponding FEM simulations.
The polarizer used in this experiment has an extinction ratio
above 50:1 for wavelengths above 1.5 pm, but it has limited
polarizability below 1.5 ym; thus the experimental reflectance
curves are only partially polarized for wavelengths below 1.5
pum. This could cause some deviation from our simulations. The
simulations show that the free-standing array has nearly zero
reflection, whereas the ITO-NRA in the presence of the
substrate has nearly zero transmission due to the strong signal
attenuation by the scattering and absorption together with the
reflection from the substrate (results are shown in Figure S2 in
the SI). In addition, the absorptions of ITO-NRA with and
without the ITO film have comparable amplitudes and the
same features. As a result, the key features of the coupling of
the LSPR modes and the photonic modes can still be addressed
with the introduction of the film and substrate, which is the
case in these experiments. Note that the superposition of the
reflected wave due to the substrate and the incident wave
causes a standing wave field distribution, which is significantly
different from that of a free-standing ITO-NRA only. This is
also shown in the FEM near-field plots. The main features we
are addressing here have little change in the presence of the
ITO film, as long as the YSZ substrate is there, as shown in
Figure 6a,b, which implies that the participation of a grating
coupled surface-plasmon polariton (which is a propagating
surface plasmon mode) in the ITO film is minimal.

To analyze the interaction of the LSPR mode and photonic
resonance, FEM simulations were performed to study the
reflectance and absorption spectrum, as well as the near-field
distributions. Figure 7a shows the absorption due to the
nanorods with different heights, under s-polarized light. The
broad absorption peak is due to the LSPR as discussed above,
and the sharp dip at around 2.3 ym in the absorption spectrum,
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Figure 6. (a) Experimental results on the reflectance from an ITO-
NRA on a YSZ substrate. The incident light is s-polarized for all plots.
ITO-NRA with an ITO film underneath is the yellow-green curve. The
red curve is the spectrum with the thin film etched off. The blue curve
is from the ITO film on a YSZ substrate without NRA. (b) The
corresponding simulation results obtained with the FEM.

corresponding to the sharp peaks in the reflection spectrum, is
due to the coupling of the LSPR resonance and the [—1 0]
photonic resonance. Point A is the [—2 0] photonic mode at
around 1.2 um, which matches with the spacing of the
nanorods. At the LSPR resonance, away from the photonic dip
(point B), surface enhancement arising from the LSPR is
dominant. However, as one approaches the photonic resonance
wavelength, instead of being enhanced around each rod, the
field is more confined to the space between the rods, and the
surface enhancement together with the absorption due to the
nanorod decreases (point C). As one moves to the longer
wavelength side of the photonic resonance, the near-field
profile shows a standing-wave-like field distribution as a result
of the superposition of the reflected and incident waves
together with the surface enhancement effect due to LSPR
(point D and point E). We also note that in the vicinity of the
coupling region of the LSPR and the photonic mode, a near-
field modulation occurs along both the longitudinal direction
(along the rod axis) and the horizontal direction within the
plane defined by the incident light and the substrate normal.
This is clearly shown by the near-field distribution at point A.
Due to the smaller in-plane electric field component, the
coupling of the LSPR and photonic mode for p-polarization,
shown in Figure 7d, is much smaller than for s-polarization;
hence we observe a weaker absorption dip around 2.3 ym and
much lower surface field enhancement, as expected.
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Figure 7. (a and b) Absorption curves of NRAs for three different heights, with an s wave in (a) and p wave in (b), respectively. Absorption is
normalized to incident light intensity. Curves are translated along the y-axis by 0.3 unit with increasing height for presentation purpose only. (c and
d) Near-field maps of a single repetitive unit cell at the x—z cut plane across the nanorod surface facing the incident light; the height of the nanorod
is 5 pm, and the other parameters are the same as DDA simulation. A to E correspond to the spectral positions indicated in the absorption curves in

(a) and (b). The scale bars in (c) and (d) are electric field intensities.
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Figure 8. (a) Specular reflectance spectra (6 = 76° and ¢ = 0°) of S ym tall square lattice ITO-NRA. s-Polarized light was used for all measurements.
The sample was annealed in dry air in atmospheric pressure at 475 °C. The blue curve is as-synthesized sample; green, red, and cyan curves are 3, 6,
and 12 min annealing, respectively. The curves are offset by 20% from each other. The thick black arrowed line traces the red shift of the LSPR with
annealing. The backscattering intensity has also been measured for the sample with 3 min annealing and was plotted with a thick line in green
without any offset added to distinguish it from other curves. (b) FEM simulation result of specular reflectance, absorption, and the intensity
summation of [—1 0] and [—2 0] diffraction orders. All of the curves are normalized to total incident intensity.

Tunable Plasmonic—Photonic Coupling. As mentioned
at the beginning, one of the interesting properties of ITO
plasmonics is that the plasma frequency is tunable. Photonic
modes result from the geometric arrangement of nanorods,
while the LSPR is intrinsic to an individual nanorod; thus we
expect that a variation of the plasma frequency will affect LSPR
strongly, while the photonic resonance should be less sensitive.
However, when these two modes overlap, the line shape will
vary as a function of the relative position of LSPR and photonic
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modes, creating a Fano-type line shape. To illustrate the
interaction of the plasmon resonance and the lattice resonance,
the S ym tall ITO-NRA of the square lattice was annealed in air
to reduce the plasma frequency by reducing the number of
charge carriers contributed from oxygen vacancies (Figure 8).*
Compared to the as-synthesized sample, it was found that the
broad dip shifted to longer wavelength with longer annealing
time (indicated by the black arrow), which is consistent with a
reduction of the transverse LSPR frequency owing to the
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reduction of the plasma frequency (eq 1). On the other hand,
the dips marked with a black dashed line remain at the same
wavelength as the broad LSPR feature traverses across it, albeit
with some modification of the line shape.*’ Another notable
trend is that the second-order photonic resonance feature at
around 1.1 pm (marked with a blue dashed line) is enhnaced
with annealing. This is probably due to the increase in dielectric
contrast between ITO and air at that wavelength associated
with the decrease of the plasma frequency. It was also found
that the shift of plasmon resonance ceased with longer
annealing time.

In order to elucidate the nature of the photonic modes, from
which we can identify the possible energy dissipation channels,
the backscattering for the 3 min annealed sample was measured
and is shown as the green dashed curve in Figure 8a. The
backscattering intensity peaks at the two photonic resonances,
and they coincide with the two photonic resonance positions in
specular reflectance. We then proceeded with FEM simulation
to plot the specular reflectance, absorption, and the intensity of
relevant diffraction orders [—1 0] and [—2 0]. The simulated
specular reflectance matches well with our experimental
measurement, and the calculated diffraction orders match
with our backscattering measurement, as shown in Figure 8b.
There is a side peak located at the shorter wavelength side of
the main peak at 2.35 pm, which does not appear in our
experimental result. This is because the diffraction angle of this
side peak deviates from the acceptance angle of our optical
detector. The other diffraction orders were also calculated, and
the intensities of those are negligible, which indicates that the
strong backscattering from the two diffraction orders is the
result of the photonic stop band at the Brillouin zone edge.****

The result of the plasmonic—photonic coupling is a creation
of absorption minimum, which is clearly shown in Figure 8b.
Interestingly, the absorption minimum is located on the shorter
wavelength side of the position where the backscattering is
strongest, and this decrease of absorption was the reason for
the peak located at the same spectral position in the specular
reflectance curve, implying an electromagnetically induced
transparency.49’50

Another interesting observation from Figure 8a is that the
line shape at the vicinity of the [—1 0] resonance does not
change much when the LSPR traverses across it, except when it
is at the high-energy edge of the broad LSPR peak. We attribute
this to the relative intensity change between the LSPR and
photonic mode being quite small to affect the interaction as the
LSPR traverses across the photonic mode, and the line shape
remains the same unless the photonic mode is at the edge of
the LSPR peak, where the LSPR intensity starts to decrease
sharply.

Figure 9a shows the s-wave reflectance spectra for three sets
of samples with different heights measured for ¢ = 0 and 0 =
76°. All of these show sharp oscillatory features between 2.1
and 2.4 pum. The strength of the features increases with the
height. The FEM simulations fit reasonably well with the
reflectance spectra as shown in Figure 9b. The oscillations
caused by the interaction of the photonic mode and the
transverse LSPR mode are stronger in the simulations;
however, the locally created reflectance maxima due to the
interaction are obvious for all cases. The weaker interaction
signals in the experiments are likely due to the angular variance
of the measurement setup and the fact that in the arrays there
are small numbers of defects, such as missing or displaced rods,
which will decrease the strength of the photonic resonances.
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Figure 9. (a) Reflectance curves of square lattice NRAs with three
different heights. (b) Reflectance curves from the FEM simulation.

As mentioned above, at high polar angles, the specular
reflectances of ITO-NRA are very sensitive to the polarization;
only s-polarized light excites strong transverse LSPR due to its
in-plane electric field. This property can be exploited to turn on
and off the plasmonic—photonic interaction. As shown in
Figure 10, the solid blue curve is the reflectance spectrum with
p-polarized light; note the [—1 0] photonic mode is sharper
with less oscillations compared with that from s-polarized light
(shown as a solid red curve), due to minimal interference from
transverse LSPR.

Another interesting property of the ITO-NRA system is that
by rotating the azimuthal angle, the interference can also be
turned off. In Figure 10, the specular reflectances measured at ¢
= 0° and 45° clearly show that the [—1 0] photonic mode
disappears at ¢ = 45°, while a new photonic mode [—1 1]
appears at a different wavelength. This tunability through
polarization and azimuthal rotations has many potential
applications, such as pulse shaping, nonlinear optical switching
based on gap solitons,”"** and optical communication.**

H CONCLUSION

We have carried out a systematic study of light scattering from
ITO nanorods in the near-infrared, starting with a simple
theoretical analysis for the case of isolated ITO nanorods,
followed by 3-D simulations for an array of these nanorods.
Our special focus has been on the effects of coupling between
transverse plasmonic and photonic modes in these 2-D periodic
ITO-NRAs. Using simulations, we were able to design and
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Figure 10. Specular reflectance curves of S ym tall square lattice ITO-
NRA at a fixed polar angle (6 = 76°). Measurements were performed
for two different polarizations (blue curves are p-polarized and red
curves are s-polarized) and two high-symmetry azimuthal angles (solid
curves: @ = 0°, dashed curves: ¢ = 45°). Black arrows indicate the
position of the photonic modes observed.

interpret a set of experiments where strong mode couplings
were observed. The experimental observations agreed well with
the simulations at the far field, and the near-field simulation
results provide us with the details of the interactions of LSPRs
with the photonic resonances. Due to the unique properties of
ITO, we are able to tune the plasma frequency through a
postgrowth annealing process. Using this tuning capability, we
demonstrated experimentally a shift of the resonant coupling
that is solely due to the shift of LSPR. With the high aspect
ratios of our ITO nanorods and two-dimensional lattice, we
have demonstrated that the strength of the mode coupling can
be varied through the polarization and the angle of the incident
light. The versatile property of the ITO-NRA studied here can
potentially be utilized for applications such as infrared sensing,
switching, and optical communication.
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