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T
he study of light interaction with
nanostructuredmaterials has advanced
rapidly as the result of nanofabrica-

tion capabilities.1 A large class of this study
has focused on the rich phenomena of light
scattered from collections of metallic nano-
particles, such as gold or silver in one, two,
or three dimensions. When light is scattered
by a metallic nanoparticle, the electric field
distributed on its surface can be enhanced
by orders of magnitude as modeled by the
classical resonance effect, termed localized
surface plasmon resonance (LSPR).2 How-
ever, if the collective scattering effects from
an array of nanoparticles are taken into
account, strongly coupled resonances and
propagating modes can be observed.3,4 Ap-
plications of surface plasmon resonance
(SPR) include overcoming the diffraction
limit in lithography5 andmicroscopy,6,7 high
performancephotovoltaics,8 integratedphoto-
nic circuits,9 dynamic optical filters, and
chemical and biological sensors.3

The frequency range andphysical locations
of coupled resonances for SPR are deter-
mined by the free electron concentration in
the metallic nanostructures, their geometry
and spatial distribution, as well as their sur-
rounding medium.10 Gold and silver nanos-
tructures have been studied extensively
because the observed LSPR frequency range
is in the visible and they are chemically stable
to molecular attachment on their surfaces.
Gold-based plasmonics has foundwide appli-
cations, particularly for medical diagnostics.11

The disadvantage of metals, however, is that
their interband transitions are also located at
the vicinity of the frequencies of SPR, thus the
imaginary component of the dielectric func-
tion at resonance is comparable to that of the
real part. Consequently, high energy-losses
have prevented some of the more promising
applications from being realized.9,12

In recent years there has been an increas-
ing interest in infrared (IR) plasmonics to

further extend the range of applications to
include communication and security. To
that end the search for new plasmonic
materials has expanded to include
semiconductors.12�14 A promising class of
materials is the transparent conducting oxi-
des (TCOs). These are degenerate semicon-
ductors with carrier concentrations in the
range of 1020 to 1021 per cm3. Commonly
used TCOs include Sn-doped In oxides
(ITO),14 Al- or Ga-doped Zn oxides, and a
mixed family of these oxides. There are
several advantages to use TCOs for plas-
monics. (1) With the introduction of compo-
sitional defects, it is possible to vary the
mobility of charge carriers in the material.
Highmobility will increase the quality factor
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ABSTRACT

This article reports the study of infrared plasmonics with both random and periodic arrays of

indium�tin-oxide (ITO) nanorods (NR). A description is given on the synthesis, patterning, and

characterization of physical properties of the ITO NR arrays. A classical scattering model, along

with a 3-D finite-element-method and a 3-D finite-difference-time-domain numerical

simulation method has been used to interpret the unique light scattering phenomena. It is

also shown that the intrinsic plasma frequency can be varied through careful postsynthesis

processing of the ITO NRs. Examples are given on how coupled plasmon resonances can be

tuned through patterning of the ITO NR arrays. In addition, environment dielectric sensing has

been demonstrated through the shift of the resonances as a result of index change

surrounding the NRs. These initial results suggest potential for further improvement and

opportunities to develop a good understanding of infrared plasmonics using ITO and other

transparent conducting oxide semiconducting materials.

KEYWORDS: infrared plasmonics . degenerate semiconductors . transparent
conducting oxide . nanorod . sensing . field enhancement
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of a device.15 (2) Both the charge density and the
electron mobility of TCOs can be independently tuned
through a large range (∼one decade) via processing.
This control of plasmon parameters will allow im-
proved understanding of both the basic science and
the design of plasmonic devices in the IR. (3) For
sensing applications, analyte detection sensitivity
should be improved in the IR region. (4) Because of
the absence of interband transitions in these TCOs, it
has been shown that the imaginary part of the di-
electric function is about a factor of 3 or 4 smaller than
in the case of silver.15 Recently, a group at NCSU has
published a series of papers on plasmonic phenomena
with ITO films.16�19 Their results have clearly demon-
strated the potential for future advancement of TCO
materials in plasmonic research. An important future
application will be in optical communication, where
information can be processed through the integration
of IR plasmonic devices with Si and/or compound-
semiconductor circuits, and that is then transmitted
through optical fibers.6,7,9,12

The purpose of this article is to report on a study of
light interactionwith randomandordered arrays of ITO
NRs. Detailed discussions are given in the following
sequence: The ITO NR fabrication and characterization
are described first. This is followed by a discussion on
the connection between random ITO NR density

variation and optical properties. Next, it is shown
how the ITO NR carrier concentration can be adjusted
through processing. Following this, the results of a
study on the periodic ITO-NR arrays, with comparison
between their optical properties and finite-element-
method (FEM) simulations are provided. Finally, a
proof-of-concept study of dielectric sensing using an
ITO-NR array is presented.

RESULTS AND DISCUSSION

ITO NR Fabrication and Characterization. Following the
work of Wan et al.,20 ITO NR arrays were grown
epitaxially on yttria-stabilized zirconia (YSZ) (100) sub-
strate. YSZ has a cubic fluorite phase with a lattice
parameter a = 5.14 _A, while ITO has a bixbyite structure
(i.e., a supercell of 2 by 2 by 2 fluorite-phase unit-
cells),21 which closely resembles YSZ. Furthermore, the
mismatch between the lattice parameter of ITO and
that of YSZ is about 1.7%. Thus, YSZ is an ideal substrate
for heteroepitaxial growth of either ITO film or NRs. To
grow ITO NRs, a vapor�liquid�solid (VLS) mechanism
was adopted. For this purpose a thin (∼10 nm) layer of
gold film (serve as catalyst) was coated on YSZ sub-
strates. During the growth process, high tempera-
ture in the furnace caused the gold film to break
into nanoparticles on the YSZ substrate surface, and
these Au nanoparticles served as templates for the

Figure 1. (a) EDSmapping of elements gold, indium, and tin together with a TEM image of an ITONR. The line scan across the
NR plotted in the TEM image shows that the atomic percentage of tin to the sum of tin and indium is 8%. (b) HRTEM
micrograph of ITO NR and the corresponding diffraction pattern taken from [001] zone axis.
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nucleation and subsequent growth of vertically aligned
(but randomly distributed) ITO NRs. The typical NR
diameter is from 100 to 200 nm determined by the size
of the gold catalyst, and its height ranges from a few
to 6 μm depending on the growth time and catalyst
size. The details of NR patterning and parameters of
NR growth are provided in the Methods/Experimental
section.

A sufficient amount of tin in the ITO-NRs is impor-
tant to ensure that they would conduct. High-resolu-
tion transmission electron microscopy (HRTEM) along
with X-ray energy dispersive spectroscopy (EDS) was
used to characterize the crystallinity and the composi-
tion of the NRs. Figure 1a shows a transmission elec-
tron microscopy (TEM) image of a NR. Three elements
of the NR were mapped along the NR length: gold,
indium, and tin. As shown in Figure 1a, gold is mainly
located at the tip of the NRs, consistent with the VLS
growth mechanism. Both indium and tin are identified
throughout the NR. Shown together with the TEM
images, the EDS line scan along the NR quantifies the
doping level of tin to the sum of indium and tin as 8%;
the composition is homogeneous along the length of
the NR. The difference between the size (∼30 nm) of
gold tip and the diameter of the NR is shown clearly in
Figure 1a. Except at the tip of the NR, its diameter does

not vary much from top to bottom. HRTEM images and
selected area electron diffraction (SAED) patterns are
shown in Figure 1b. It is observed that the NR is single
crystalline, and that NRs always grow along the [001]
direction, as indicated by the arrow in the HRTEM
image. The lattice spacing measured from the image
is around 0.5 nm, consistent with that of the (002)
plane, which is half the length of the lattice constant of
ITO (1.01 nm).

Random ITO NR Density Variation and Optical Properties.
Random ITONR arrayswith different rod densitieswere
successfully fabricated by controlling the density of
gold seeds, as shown in Figure 2a. The NRs shown here
aremonodispersed with a typical diameter around 100
and 2600 nm in height. For these samples, the NRs are
isolated from each other and there is no ITO layer
between them. To ensure this was the case, reactive
ion etching (RIE) with a mixture of methane and
hydrogen gases was used to remove any ITO in be-
tween the NRs. Transmittance spectroscopy was used
in this experiment for optical characterization of the
ITO NR arrays. Figure 3a shows a schematic diagram of
Fourier-transform-infrared-spectroscopy (FTIR) micro-
scope used to collect spectra in the wavelength range
from 1667 nm to 20 μm. This microscope uses a
cassegrain objective to focus the light onto a small

Figure 2. (a) SEMmicrographs of NR takenwith 30� tilt. The density of rods increases from5� 106 to 5� 108NRs/cm2 from left
to right. (b) The transmittance curves of NR arrays taken with an FTIR microscope for a series of NR densities. They were
measuredwith unpolarized light. The sample was annealed in a nitrogen environment before themeasurements. Four color-
coded curves correspond to the SEMmicrographs shown in panel a. The arrow in the graph indicates the increasing density of
NRs. (c) Transmittance spectra of two sets of arrays with different NR densities as shown in panel a. Aqua curves are for an
array with 1.7 � 108 rods/cm2 and blue curves are for one with 5 � 108 rods/cm2. The dashed curves are measured with p-
polarized light, whereas the solid curves are measured with s-polarized light. (d) The transmittance curves of NR array
annealed in air, 5% oxygen, and nitrogen gas along with that of as-synthesized array.
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spot, which greatly enhances the signal and spatial
resolution. Furthermore, the focusing path of the light
is fixed at an incident angle of 37� to the sample
normal. This geometry allows the introduction of a p-
polarized light component (i.e., E-field component in
the plane of incidence), and it also allows the analysis
of aligned NRs as shown in Figure 3b. The polarization
of light was achieved by an asymmetrical light-path
through the cassegrain objective and the usage of a
polarizer.

The FTIR transmittance measurement was per-
formed on the NR arrays with varying densities (5 �
106 to 5 � 108 NRs/cm2), as shown in Figure 2b. An
absorption peak was observed at around 2 μm for all
rod densities. This absorption peak increases in mag-
nitude with increasing NR density without any shift in
wavelength, as indicated by the arrow in Figure 2b. The
line shape of the peak which closely resembles a
doublet is due to the square shape of the NR and this
is accurately reproduced by our finite-difference-time-
domain (FDTD) simulation results (see Supporting In-
formation S-2). The scanning electron microscope
(SEM) pictures in Figure 2a show four different densi-
ties of NRs, each is labeled with a different color code
that corresponds to a transmission spectrum as plotted
in Figure 2b. Furthermore, it is noted that the transmis-
sion resonances at wavelength region beyond 4 μm
blue-shift as a function of rod density.

To understand the transmission results in Figure 2b,
a classical ellipsoidal model is used to gain insight into
the relative positions of the two dipole modes in-
volved, the one along the axial direction of the rod
(longitudinal mode) and the other, perpendicular to it
(transverse mode). Since the aspect ratio of the NRs is
1/26 (100 nm to 2.6μm) and the spacings of theNRs are
all greater than 300 nm on average, dipole moment

contribution to the transmission effects will be domi-
nant, so the finer details of the NRs, such as the square-
shape, tapering at the tip of the rod, interaction
between the base of rod and substrate can be ignored.
These details will only contribute significantly to higher
order modes.22 According to the ellipsoidal model,
which is an extension of Mie theory, the resonance
frequency of the two fundamental modes for isolated
spheroids can be determined simply by the plasma
frequency and the aspect ratio of the two axes,10 with
the following relationships:

ωr, (t, l) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ωp
2

ε¥ þ 1 � L(t, l)εd
L(t, l)

;

vuuut ωp ¼
ffiffiffiffiffiffiffiffiffiffiffi
ne2

ε0m�

s
(1)

Ll ¼ 1 � e2

e2
�1þ 1

2e
ln

1þ e

1 � e

� �
(2)

e2 ¼ 1 � b

a

� �2

(3)

1 ¼ 2Lt þ Ll (4)

where ε0 is the permittivity of free space, m* is the
effective mass of electrons in ITO, ε¥ is the high-
frequency permittivity of the ITO (the value used in
these calculations is 3.95),23 e is the elementary charge
and εd is the permittivity of the surrounding medium.
In eq 1, the SPR frequency ωr is written in terms of the
plasma frequency ωp, the shape factor Lt,l, ε¥, and εd,
where subscript t denotes transverse mode and sub-
script l denotes longitudinal mode. The shape factor Ll
of the longitudinal mode can be calculated from eq 2
and eq 3 through the knowledge of the aspect ratio
b/a, where b is the short axis and a is the long axis. The

Figure 3. (a) A simplified schematic diagram of the cross-section view of the optical path in the FT-IR microscope used in the
experiments. (b) A side view illustrating the interactionof the polarized lightwith theNR arrays. The angle of incidenceθ is 37�
with some dispersion.
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shape factor Lt, for the transverse mode, can be
calculated from eq 4.

With the above equations, the frequencies of the
two fundamental modes of the NR arrays can be
calculated by using the spectra shown in Figure 2b.
Typically, ITO would have plasma frequencies between
1 and 2 eV. The shape factor calculated based on eq 3
and eq 4 are: Ll = 0.004376 and Lt = 0.4978. Hence, the
transmission dips at around 2 μm can be assigned as
the transverse mode. (This mode was also simulated by
FDTD. The spectrum and near field plots are shown in
the Supporting Information, Figure S-1.) By substituting
the peak frequency and the shape factor into eq 1 and
eq 2, the plasma frequency is found to be 1.53 eV. Using
this plasma frequency the longitudinal mode is found
to be 0.094 eV (or 12.44 μm). Unfortunately, this mode
would not be observed because it is beyond the
spectral cutoff frequency (defined by the absorption
peak of the phonon modes) from the YSZ substrate at
0.1 eV. However, its presence is manifested by the
existence of coupled-dipole resonances discussed be-
low and observed in Figure 2b,c. From the transmission
spectra shown in Figure 2b, there are broad transmis-
sion resonances (dips) in the spectra, and they shift
toward shorter wavelength with increasing NR density.
Most of the wavelengths of these transmission reso-
nances are longer than 4 μm in the present experiment,
but they are shorter than the ones predicted by the
above ellipsoidal model. This is because the model
considered above does not take into account the
interactions of fields among ellipsoids. When an elec-
tromagnetic wave interacts with NR arrays, the scat-
tered far-field consists of the sum of the interactive
fields generated by the NRs and the incident field. For
the NR arrays in this experiment, the interaction can be
well described by coupled-dipole interactions.24�26 For
the case of parallel side-by-side dipole coupling, the
scattering of electromagnetic wave with polarization
parallel by the dipole array has been calculated and
simulated in the literature.4,26 These modeled calcula-
tions provide a good interpretation of the current
experimental results in terms of the existence of modes
and how the coupled modes behave as a function of
materials of NRs, their geometry, inter-NR spacing, as
well as the complex relations between direction of the
incident wave and the observed scattered waves in
terms of phase relations and thepossibility of observing
a negative refractive index of the NR array. As an
example, the models predict the observed effects: (1)
The mode coupling strength increases as NR spacing
decreases, and this leads to the blue-shift of the
resonances according to eq 1 and the Drude model
(see Figure 2b). (2) Compared with the shift of the
longitudinal mode (along the length of NR), only a
minor shift is observed for the transverse mode
(across the diameter of NR).27

Since the NRs are vertically aligned on the substrate
in this experiment, it is possible to further extend the
study by separating the modes associated with s- and
p-polarized light. It is expected that the longitudinal
dipolemodeswould only be excited by the p-polarized
light and not by s-polarized light. The transmission
measurements were thus performed with polarized
light on arrays of two different densities as shown in
Figure 2c. For p-polarization, the denser array has its
broad peak at shorterwavelength compared to the less
dense array. For s-polarization, both arrays do not have
any absorption peak beyond 3000 nm. Thus the peak
observed for p-polarized measurements can be attrib-
uted to the coupling of longitudinal modes. No wave-
length shift of the peaks occurring at around 2 μmwas
observed with variation of the NR density and light
polarizations.

Adjusting ITO Carrier Concentration. One of the major
advantages of TCOs is that the carrier concentration
can be varied by the amount of doping and/or by
postprocessing control. The latter is studied and pre-
sented here. In the case of ITO there are several routes
for generating free electrons28 via postsynthesis an-
nealing:

2InIn
� þ 2SnO2 f 2SnIn 3 þ 2e

0 þ In2O3 þ 1
2
O2(g) (5)

(2SnIn 3Oi
00) f 2SnIn 3 þ 2e0 þ 1

2
O2(g) (6)

OO
� f

1
2
O2(g)þ VO 3 3 þ 2e0 (7)

Equations 5�7 are written in Kröger�Vink notations.29

All three routes involve the generation of oxygen gas.
Consequently, by annealing ITO in a reducing atmo-
sphere or low ambient oxygen partial pressure (such as
vacuum or inert gas environment), it is expected that

Figure 4. (a) SEM image of a 30� tilted view of a typical
patternedNR arraywith square lattice. (b) Expanded viewof
a small region in panel a. (c) Top-view image of the array. (d)
Expanded view, showing the lateral shape of a rod with a
gold particle on top. (e) Expanded view of missing rods in
the array. The top-view micrographs are slightly tilted out-
of-plane.
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oxygen vacancy formation is preferred and thus leads
to higher free-electron concentration. On the other
hand, annealing in an environment with high oxygen
partial pressure will reduce the electron concentration.
The change of carrier concentration, n, will directly
alter the plasma frequency of the ITO.

To demonstrate the tunability of plasmonic reso-
nances through carrier concentration adjustment, sam-
ples shown in Figure 2awere annealed at an environment
of 5% oxygen balanced by nitrogen. All of the peaks
shifted significantly, as shown in Figure 2d. The peak at
2210 nm shifted to 2480 nm and the broad peak at
5600 nm shifted to 7000 nm. This is in accordance with
decreased carrier concentration by annealing at higher
oxygen partial pressure environment, and the resonant
frequencies of SPR and intercoupling SPR are directly
controlled by the plasma frequency. When air was used
as the environmental gas for annealing, the plasma
frequency was reduced further (shown as the blue curve
in Figure 2d). In contrast,when the ITONRswere annealed
in an inert atmosphere, such as N2, the peaks were blue-
shifted (shown as the red curve in Figure 2d). This is
consistent with increasing carrier concentration.

Two different methods can be used to obtain
plasma frequency from the experimental spectra: the
ellipsoidal model or the FDTD simulation. It was calcu-
lated from FDTD that the corresponding plasma fre-
quencies are 1.61 and 1.12 eV for the blue curve and
the red curve in Figure 2d, while 1.53 and 1.02 eV were

obtained from the ellipsoidal model eq 1 for the same
curves. The result fromFDTD simulationwill be used for
calculating the electron concentration, since the ellip-
soidal model does not take into account the lateral
shape of NR. The corresponding carrier concentration
is n= 7.43� 1020 cm�3 and n = 3.51� 1020 cm�3. Thus,
the carrier concentration has been changed by a factor
of 2 from these experiments.

Periodic ITO Arrays, Optical Properties, and FEM Simulation.
This section focuses on the study of periodic ITO NR
arrays by comparing the measured optical resonances
with FEM simulations. On the basis of this study it is
shown that there aremany potential applications for IR
plasmonics. As an example, the sensitivity due to index
change around the NRs can be used as a sensor.

Patterned arrays with regular spacings are used to
allow direct comparison with simulation, which uses
periodical boundary conditions. Simulation results, in
turn, can help predict and quickly identify the mode
coupling among the ITO NRs by mapping the profiles
of the near fields around the NRs. Using patterned gold
nanoparticles as seeds, NR arrays with different lattice
spacings from 600 to 1500 nm were fabricated. The
SEM micrographs with (30 degrees) tilted-view of a
typical ITO NR array are shown in Figure 4a,b with two
different magnifications. In Figure 4c the top view of
theNRs is given. The inset in Figure 4d shows the round
Au nanoparticle sitting on top of the square-shaped
ITO NR. This is consistent with the VLS growth process

Figure 5. Reflectance measurements of patterned arrays with polarized light sources. (a) Experimental spectra with s-
polarized light. (b) FEM simulation corresponding to the spectra in panel a. (c) Experimental spectra with p-polarized light. (d)
FEM simulation corresponding to the spectra in panel c. Spectra in each plot are offset by 10% reflectance from each other for
the clarity of representation.
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used in the experiment. As can be seen from different
perspectives, the NR array pattern is not perfect (i.e.,
withmissing NRs). It has been noted that imperfections
in the pattern increase with decreasing inter-NR spa-
cing. Improved fabrication and patterning process are
currently under design and development. In Figure 4e
the absence of NRs in a typical region of a NR array is
shown. These patches of missing NRs along with
electronic defects in NRs (e.g., recombination sites)
can cause discrepancy when the experimental results
are compared with the ideal model used in the FEM
simulation (see discussion below).

For the periodic ITO NR arrays, reflection measure-
mentswere carriedout andcomparedwith simulations. In

this case, a thin layer of ITO was first grown on top of the
YSZ followed by the growth of NRs. A schematic of this
structure is shown in Figure 3b. In Figure 5a, plots of
reflectance as a function of wavelength for a series of NR
distributions (4.2 μm height) with spacing ranging from
600 to 1500 nm are shown for s-polarized incident light,
and in Figure 5c for p-polarized incident light. Similar to
the case of random NRs described above, only one
resonance is observed for s-polarization, while for p-
polarization, additional resonances appear at longer wa-
velengths, as indicated by the black arrows for each NR
separation. Due to the periodic nature of the arrays, the
resonances are sharper than those for the random NR
arrays, and they shift to the red with increasing inter-NR
spacings. Only one resonance is observed, at the short
wavelength end of the spectra (Figure 5a, indicated by
the red arrow). These results are similar to the randomNR

Figure 7. (a) A TEM micrograph of SiO2-coated NR. (b) The
EDS spectra taken from the two points indicated in panel a.

Figure 8. The reflectance spectra of NR arrays coated with
different thicknesses of SiO2 (solid curves). The thickness of
the coating varied from0 to 46 nm. The dashedpink curve is
for an array coated with 46 nm Al2O3. The SEM micrograph
shown in the inset compares the NR array with and without
the 46 nm coating.

Figure 6. Simulation of the electric field intensity distribu-
tions (normalized by the incident electric field intensity) in
the xz plane of the primitive simulation cell at the reflec-
tance dips for NR arrays with 600 and 1500 nm spacings.
A�E, 600 nm spacing; F�H, 1500 nm spacing. The labels
A�H correspond to the labels in Figure 5d. The incident
light is p-polarized, with the E-field in the xz plane and an
incident angle of 37�. The color scale bar is in log10.

Figure 9. The SPR peak shifts vs the coating thickness. The
lower inset shows the reflectance curve before and after 1
min of SiO2 coating. The corresponding thickness was
interpolatedbased on the curve fitted to known thicknesses
and is shown in the upper inset.
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case discussed above, where coupled resonances are
excited only by p-polarized light and are shifted with
increasing NR spacings. However, in addition to the
obvious resonances, several other resonant peaks were
observed. For example, for the case of 600 and 1500 nm
spacings, these resonances aremarkedwithblack and red
dashed lines in Figure 5c. Simulation results discussed
below predict many resonance peaks, depending on the
combination of the NRs height and their mutual separa-
tion. For thecaseof Figure5c, a thirdpeak is hiddendue to
the overlapping of the resonances.

To help interpret the experimental results, 3D FEM
simulations were performed to calculate the reflec-
tance spectra (following the geometry in Figure 3b)
and the corresponding electric field distributions of the
patterned NR arrays. (see Supporting Information, sec-
tion S-2 for detail) A series of simulations was per-
formed for both s-polarized and p-polarized waves
incident on 4.2 μm tall ITO NR arrays with inter-NR
spacing ranging from 600 to 1500 nm, as shown in
Figure 5b,d. In general, the experimental reflectance
measurements (Figure 5a,c) compare well with the simu-
lated results in Figure 5b,d. For the case of s-polarization,
there is only one resonance (dip) near 1.6 μm for all NR
separations. Note, the clear fine structures in the simu-
lated curves (Figure 5b,d) do not appear in the experi-
mental curves (Figure 5a,c). For the case of p-polarization
(Figure 5c,d), the reflectance curves exhibit more reso-
nances, especially in the simulated curves. To help under-
stand the presence of these extra resonances, near-field
profiles for the electric field component are plotted in
Figure 6 for the seven resonances labeled from A to G in
Figure 5d. From these different profiles, it is reasonable to
conclude that the resonances are due to the coupling of
dipoles (multipoles) and standing waves as a result of
scattering from the ITO NR arrays. Owing to the less-
perfect experimental samples, the fine structure features
are smeared out. A detailed study of these interesting
phenomena is currently underway. The features ob-
served for the IR regimearevery similar to thoseobserved
for Au nanostructure in the visible range.30

Sensitivity to the Refractive Index of Surrounding Media.
The basic model of light scattering from a conducting
structure indicates that the wavelength location of the
resonance is very sensitive to the index of refraction (n)
of the medium surrounding the particle.2 Taking ad-
vantage of this unique phenomenon, it is possible to
use the ITO NR arrays to sense the index n change of
their environment.

To perform such a study, thin layers of SiO2 (n ≈
1.45) of different thickness were coated around the ITO
NRs. Layers of SiO2were conformally coated on ITONRs
via a modified Stöber method process.31�33 Using
transmission electron microscopy, it is possible to
observe the SiO2 coating on the ITO NR, as shown in
Figure 7a. To ensure that the observed coating is SiO2,
EDS measurements were performed at points 1 and 2

in Figure 7a, and the corresponding energy traces are
shown in Figure 7b. Thismeasurement clearly indicates
the presence of the SiO2 coating. Following the early
procedure, reflectancemeasurements were carried out
for arrays with coatings of different SiO2 thicknesses
(4�46 nm) as shown in Figure 8a. It should be noted
that a random ITO NR array was used for this purpose
primarily for their smaller NR separation as compared
to the NR separations that can be currently fabricated
in the ordered array case. From simulation, it is found
that smaller NR spacing increases the near field electric
field intensity and causes a larger shift in the wave-
length of the resonances, thus enhancing the sensitiv-
ity. Also plotted in this figure, is the case of an Al2O3

coating for comparison. The larger shift for Al2O3 is the
result of its higher refractive index (n ≈ 1.7) compared
to SiO2. The average NR (center to center) separation is
about 300 nm and the SEM micrograph of a NR array
beforeandafter coating is shown in the insetof Figure8.
At this time the fabrication of a small spacing (less than
400nm) of an ordered array ofNRs is under development.
Figure 8 clearly shows the shifts of the traces as a function
of SiO2 layer thickness. A more detailed view of this
dependence is given in Figure 9. From this curve, the
layer thickness can be determined using a calibrated
resonant shift of the reflectance measurement down to
very thin layers. It is shown in the insets of Figure 9 that a
layer as thin as 1 nm can be measured using this
procedure. In principle, it is possible to optimize the
sensitivity down to the subnanometer scale. The sensitiv-
ity of these NR arrays is roughly 10 times higher in
comparison to literature values.34 Although the detailed
study is still ongoing, the increased sensitivity may be
attributed to the following causes: (1) Sensitivity in-
creases with resonance wavelengths.35 Thus SPR
infrared sensors should show higher sensitivity as
compared to sensors using visible light. (2) Interaction
volume is increased by the high-aspect-ratio and
closely spaced NRs of the 3-D array structure.36 (3)
Field enhancement is increased and the dispersion
relation becomes steeper as a result of an overlapping
localized field at small inter-rod distances.37,38

CONCLUSION

It has been shown that ITO NR arrays can be used to
study plasmonic phenomena in the infrared. A descrip-
tion is given on the synthesis, patterning, and physical
properties characterization of the ITO NR arrays. The-
oretical models have been adopted to provide physical
insight to the observed optical phenomena. 3-D simu-
lations have been performed to provide a more de-
tailed (e.g., fine structures) comparison between theory
and experiment. Strong coupling of scattered waves has
been observed in the NR arrays and successfully com-
pared with both theoretical models and simulations.
Through careful postsynthesis processing, it is shown that
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the intrinsic plasma frequency can be varied in a con-
trolled way. As an example of application, it is demon-
strated that the patterned NR arrays can be used for
environment dielectric sensing. These initial results sug-

gest potential for further improvement and opportunities
to develop a good understanding of infrared plasmonics
using ITO and other TCO semiconducting materials. In
depth studies of this topic are currently underway.

METHODS/EXPERIMENTAL
Synthesis of ITO NR Arrays. A single-zone quartz-tube furnace

was used for synthesizing ITO NR arrays. In and SnO powders
were mixed homogeneously with anatomic ratio of 9 to 1. The
mixture was then placed in an alumina crucible located at the
center of the furnace, where the temperature was set at 900 �C.
A mixture of 0.2% ultra-high-purity (UHP) oxygen gas balanced
by UHP nitrogen gas was used as carrier gas and the sources for
oxygen in the process. The total gas flow rate was set at 120
sccm. YSZ (100) substrates were used to grow NR arrays, and
they were placed at a temperature zone of 800 �C downstream
of the alumina crucible. Indium and stannous oxide powder
were purchased from Sigma-Aldrich (100 mesh, with 99.99%
trace metal basis). All gases used in this study were from Airgas,
Inc. Single crystal and double-side polished YSZ (100) substrates
were purchased from MTI Corp. YSZ substrates were cleaned
with deionized water, acetone, andmethanol in sequence. They
were then dried using nitrogen gas and cleaned in oxygen
plasma cleaner prior to NR and film growth.

Patterning. To create patterned NR arrays, it is critical to
ensure that only one NR is grown out of one unit from the
pattern. First, a 150 nm thick ITO film was grown on YSZ (100)
substrate. Following that, a 3% 950K PMMA in Anisole (950 A3,
MicroChem, Inc.) was spin-coated on the substrate (4000 rpm,
60 s). Electron-beamwriting was then performed on FEI Quanta
600F environment SEM to write hole (100 nm in diameter)
arrays with different pitch distance (from 600 to 1500 nm). The
exposed sample was subsequently developed and titanium
(1 nm) and gold films (10 nm) were deposited by electron beam
evaporation (with Edward Auto 500; gold shot used is 99.99%
trace metal basis from Sigma Aldrich.; titanium shot is 99.995%
trace metal basis from Ted Pella), followed by lift-off in acetone.
The optimum diameter of a gold dot for a single NR growth was
found to be 100 nm.

Etching. RIE to remove residual ITO film was done at room
temperature using Samco RIE-10NR reactive ion etcherwith CH4

and H2 (1:4) gases at a pressure of 50 mTorr and a power of
100 W. This process was followed by oxygen plasma clean at
250 W, to remove polymer residue formed.

Annealing. Samples were annealed in the same furnace
setup used for growing ITO NRs. All annealing experiments
were carried out at 475 �C and a pressure of 350mTorr. The flow
rate wasmaintained at 100 sccm for all gases used, as described
in the text.

Characterizations. The microstructure was characterized using
a Hitachi S4800-II SEM. NR growth direction and crystallinitywere
determined using Joel 2100F TEM and the composition was
determined by Hitachi HD2300A scanning TEM equipped with
dual EDS detectors. Spectrum Spotlight 300 FTIR microscope
from PerkinElmer was used for collecting transmittance and
reflectance spectra. The reflectance spectra were normalized
with respect to a gold mirror while transmittance spectra were
normalized to YSZ substrate. As the response of liquid-nitrogen-
cooled mercury�cadmium�telluride detector drifts with time,
the absolute reflectance and transmittance were expected to
have some deviations. To minimize this deviation, reference
spectra were taken at every 500 scans or 5 min, whichever was
shorter. Polarization details were described in the main text.

SiO2 Coating on NRs. A solution of 5 mL of concentrated
ammonium hydroxide and 5 mL of water with 20 mL of
2-propanol was prepared. A 0.1 mL portion of tetra-ethyl-
ortho-silicate (TEOS) was then added and stirred at room
temperature to ensure a homogeneous solution. The NR array
was dipped into the solution andheld in awater bath at 40 �C for

30min. After the NR array was removed from the solution, it was
thenwashedwith acetone. In this way the coating thickness was
precisely controlled, and it increased with processing time.

Simulations. FDTD simulation of the ITO NR array was per-
formed with MEEP,39 while for isolated NR simulation, a self-
developed 3D-FDTD codewas employed. FEM simulations were
performed on a HP desktop with 24GB memory, enabled by
COMSOL Multiphysics RF module. The details of simulation
setups were provided in the Supporting Information.
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