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Lumped circuit elements (i.e., resistors, capacitors, and inductors) provide the basic building blocks of

microelectronic devices ubiquitous in information processing, storage, and communications. The use of

these modular quasistatic components can be extended to the nanoscale optical regime to achieve high-

density, high-speed analogues of these traditional circuits. We reimagine these devices in the near-infrared

(NIR) regime, making use of a simple nanorod geometry and plasmonic transparent conducting oxides

(TCOs). We evaluate their equivalent impedance as lumped circuit elements and construct bandpass and

band-stop filters operating at NIR wavelengths. Through variation in the TCO nanorod geometry and the

addition of PbS nanocrystals in between and NiCr on top of the TCO nanorods, we present the first

designable NIR lumped nanocircuits with tailorable response. The experimental results agree with both

circuit models and full-wave simulations.
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The ability to modularly arrange circuit elements [e.g.,
resistors (R), inductors (L), and capacitors (C)] using well-
known circuit models allows us to design complex micro-
electronic devices and circuitry for information processing,
storage, and communications operating in radio frequency
(rf) and microwave domains. These elemental units can be
translated to the terahertz, infrared (IR) and visible wave-
length regions to achieve high-density, high-speed optical
analogues [1–4]. However, it is not possible to achieve this
goal by simply reducing the sizes of these elements. The
first challenge arises in the innate difficulty of achieving the
deeply subwavelength critical dimensions necessary using
even state-of-the-art nanoscale fabrication techniques. The
second challenge lies in the material dispersion. Indeed,
even common materials have very different electric and
magnetic responses at 200 THz compared to 200 MHz.

It was proposed by Engheta et al., that it is possible to
have ‘‘lumped’’ circuit elements at optical frequencies
using properly designed and suitably arranged plasmonic
and nonplasmonic nanostructures [5–7]. In contrast to
conventional electronics in which conduction current is
the currency exchanged between devices, these optical
devices utilize the ‘‘flow’’ of displacement current which
is dominant at optical frequencies [5–8]. By taking advan-
tage of the unique material properties of plasmonic mate-
rials at optical frequencies, we can vastly ease the burden
on fabrication. This new concept of metamaterial-inspired

optical nanocircuitry, dubbed ‘‘metatronics’’, has been
applied to various wavelength regimes through a series
of theoretical analyses and numerical simulations [7–9].
Furthermore, circuit modeling has been applied to many
different applications [10–16]. Recently, experimental
verification of nanofilters in the 8–14 �m wavelength
regime has also been achieved [17]. However, in order
to assess possible integration of these optical nanocircuits
with silicon photonic devices, we aim to explore and
utilize plasmonic materials with low-loss in the NIR
regime. In this work, we fabricate and characterize
large-area optical NIR filters made of low-loss metatronic
nanocircuit elements. We further show the possibility of
tailoring the optical response of these filters by changing
the impedance values of the nanocircuit elements, follow-
ing simple rf circuit design equations. We theoretically
investigate these filters using full-wave simulations and
circuit theory.
In the rf domain, the primary functions of information

processing are performed using conventional filters such

as bandpass and band-stop filters, realized through suit-

ably arranged resistors, capacitors, and inductors. The

simplicity and utility of this filter design make it an ideal

assessment for metatronics. Filters functioning at optical

frequencies, analogous to rf filters, can be obtained by

combining these lumped nanocircuit elements. Within

metatronics, the optical material dispersion determines

the type of lumped nanostructure, with dielectric materials

(with positive real part of permittivity) leading to capaci-

tive behavior and plasmonic materials (with negative real

part of permittivity) leading to inductive behavior [5]. By

arranging plasmonic and dielectric materials in parallel
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and in series, we realize bandpass and band-stop filters as
seen in Figs. 1(a) and 1(b).

While plasmonic materials are readily available at opti-
cal frequencies where most metals exhibit a negative real
part of permittivity, these metals often suffer from large
losses. In contrast, it was recently shown that transparent
conductive oxides (TCOs) are promising new candidates as
low-loss plasmonic materials in the NIR [18–20]. In this
study, we use indium-tin-oxide (ITO). ITO has been widely
used as an electrode for displays because of its low elec-
trical resistance and high transmittance in the visible range
[20]. However, we are interested in properties in the
NIR regime where it is possible to model the permittivity
of ITO using the Drude dispersion (see Supplemental
Material, Fig. S1 [21]). Using this model we find that the
real part of the permittivity is negative with reasonable
values for wavelengths longer than 1:3 �m and becomes
highly negative (i.e., effectively metallic) beyond 13 �m.

We fabricated arrays of rectangular ITO nanorods (NRs)
separated by air gaps on glass substrates using nanoimprint
lithography and inductively coupled plasma etching.
Figures 1(c) and 1(d) show representative SEM images
of fabricated NR array samples. In this NR array design,
each constituent plasmonic ITO NR acts as a nanoinductor
with parasitic loss (a nanoinductor accompanied by a nano-
resistor) and the dielectric air gap region functions as a
lossless nanocapacitor.

We found that when these arrays of NRs are illuminated
via an incident plane wave, the behavior of the nanocircuits

is dependent on the polarization of the incident E field,
thus making such circuits ‘‘stereo circuits’’. This was also
observed in our earlier work in the 8–14 �m regime using
an entirely different material [17]. When the E-field vector
is polarized perpendicular to the rods the arrays act as a
‘‘series’’ L-C combination and indeed behave as band-stop
filters. However, when NRs are illuminated by an E-field
vector parallel to the rods, the arrays function as a ‘‘paral-
lel’’ combination of elements and act as bandpass filters.
Since we have all the necessary circuit elements in

our 2D NR array model, we can control the functionality
of this metatronic circuit similar to a conventional rf filter:
by changing the impedances of the circuit elements.
However, in metatronics, this is done by varying the NR
width (w) and separation gap (g) to achieve different
optical responses. We explore a range of these values and
the fabricated sample geometries are listed in Table I as
samples A through E.
The transmittance of these samples (A through E) is

measured using a spectrophotometer [Figs. 2(a) and 2(b)].
In comparison, we evaluate the transmittance from full-
wave simulations [Figs. 2(c) and 2(d)] andwe also calculate
the transmittance via circuit theory [Figs. 2(e) and 2(f)],
fully taking into account the effect of the substrate (See
Supplemental Material [21] for the details). In the circuit-
theory calculations, we used the equivalent impedance of
the circuit elements determined by approximating the struc-
ture using a simple model based on a uniform electric field.
The details of the calculation can be found in Ref. [17].
In order to apply a circuit model, having both monomodal
illumination and reception is necessary and important. We
achieve this by using an array of structures with a period-
icity less than one-half wavelength so that by diffraction
theory, only a planewave (i.e., a singlemode) is transmitted.
The array is made of essentially identical elements, so the
collective response indeed provides us with the function of
individual elements.
When the electric field is perpendicular to the NR array,

the displacement current (dominant at optical frequencies),
flows transversely across the NRs and air gaps as shown in
Figs. 3(a) and 3(b). On the other hand, when the electric
field is parallel to the NR array, the displacement current
flows along both the NRs and air gaps [Figs. 3(c) and 3(d)].
The ratio of the optical potential to displacement current
defines the optical lumped impedance of these nanostruc-
tures. These impedances are dependent on the shape and

FIG. 1 (color online). Schematic of metatronic nanocircuits.
The width and height of the NRs and the width of the air gaps
are denoted by w, h, and g. (a) The E field is perpendicular to
the NRs; therefore, nanoinductors (with nanoresistors) and
nanocapacitors form a series combination, whereas in (b) the
E field is parallel to the NRs, and thus they form a parallel
combination of lumped circuit elements. Scanning electron
microscopy (SEM) images of a fabricated ITO NR array with
w ¼ 320 nm, g ¼ 180 nm, and h ¼ 150 nm (c) in cross section
and (d) top down (inset: photograph of a NR array over a large
area 9 mm� 20 mm).

TABLE I. Dimensions of the samples.

Sample Width (w) Gap (g) w=g Height (h)

A 100 nm 100 nm 1 150 nm

B 300 nm 200 nm 1.5 100 nm

C 320 nm 180 nm 1.8 150 nm

D 370 nm 130 nm 2.8 150 nm

E 400 nm 100 nm 4 150 nm
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size of the structure, the constituent materials properties,
the wavelength of the illumination, and the polarization of
the illumination.

Indeed, we calculated these values for sample E when
illuminated with light operating at a free-space wavelength
of 2:5 �m. When the E field is perpendicular to the NRs,
the equivalent inductance and conductance of a single
ITO NR are 0.396 nH nm and 7:8 �S=nm, respectively.
The equivalent capacitance of the air gap is 0:0133 aF=nm.
However, when the E field is parallel to the NRs the
impedance and conductance of the NR are changed as:
0:436 fH=nm and 1.25 S nm, respectively. The capacitance
of the air gap is calculated as 132.81 aF nm.

We can determine the resonance conditions of these
transmittance values using a simple circuit model. This
enables a metatronic circuit designer to employ a forward
design process and yields simple resonant conditions for
series and parallel combinations of Realð"LÞ=Realð"cÞ ¼
�ðw=gÞ and Realð"LÞ=Realð"cÞ ¼ �ðg=wÞ, respectively,
where in the present case "L ¼ "ITO and "C ¼ "air.

We have demonstrated that by changing the circuit ele-
ment values geometrically, we are able to shift the band-stop
region. The variation of the resonant wavelength as a func-
tion of w=g is shown in Fig. 3(e), using experimental
measurements, full-wave simulations, and circuit theory
calculations. The agreement among our experimental,

numerical, and theoretical results is reasonably and
functionally good. The difference in the circuit theory cal-
culations arises since the dimensions of the NRs studied,
while subwavelength, are not deeply subwavelength.

FIG. 2 (color online). Transmittance spectra of 5 different samples A through E. Experimentally measured data for (a) perpendicular
(b) parallel polarization of the incident wave impinging on the NR arrays. Full-wave simulation results (c) and (d) and circuit theory
calculation results (e) and (f), fully taking into account the effect of the substrate for two polarizations.

FIG. 3 (color online). Electric field profile of the sample
(w ¼ 100 nm, g ¼ 100 nm, and h ¼ 150 nm, sample A) for
(a) perpendicular, and (b) parallel polarizations. Displacement
current for (c) perpendicular and (d) parallel polarizations.
(e) Comparison of the resonance wavelengths (band-stop wave-
lengths) of the transmittance for the five samples with the E field
perpendicular to the NRs (series combination). Note that for
sample A with w=g ¼ 1, the full-wave numerical simulations
result in two resonances. Square: Experimental data, Diamond:
Full-wave simulation data and Circle: Circuit theory data.
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Nevertheless, the very elementary circuit formulas that are
derived for quasistatic scenarios provide a simple design
tool. The broader and redder resonances seen experi-
mentally compared to numerically, are consistent with the
inevitable imperfections in the nanofabrication processes
including surface roughness, NR tapering, and the remain-
ing (unetched) ITO. The agreement clearly shows the NR
arrays function as filters consisting of arrays of nanocircuit
elements and can be designed and modeled as circuits with
responses in the NIR.

It must be emphasized that, it is in principle possible to
cover from 1:5 �m to around 3 �m by changing the w=g
value. To demonstrate this, we have changed the w=g in
small steps using a single nanoimprint template and by
changing the O2 etch time of the nanoimprint resist. From
this single template we tailored the response, covering the
spectrum from 2 to 3 �m (see Supplemental Material,
Fig. S2 [21]). For resonances shorter than 2 �m, we used
a different nanoimprint template with smaller features.

A second approach to tailor the band-stop and bandpass
region of the ITO NR filters is to add materials between the
gaps or on top of the ITO NRs. Adding materials changes
the inductance or capacitance value of the nanocircuit ele-
ments. First, we tune the filters by increasing the capaci-
tance of the gap regions by filling them with high dielectric

constant PbS nanocrystals [22] (sample F) as shown in
Fig. 4(a). The optical properties PbS nanocrystals can be
found in Supplemental Material, Fig. S1 [21]. The mea-
sured and simulated transmittance results for an ITO NR
array in Figs. 4(b) and 4(c) show that the band-stop and
bandpass regions are shifted towards longer wavelengths
due to the higher capacitance value introduced by the nano-
crystals compared to air. Second, in order to change the
inductance value of the circuit elements, we consider the
case where a 5 nm layer of NiCr is added on top of the ITO
layer as shown in Fig. 4(d). This extra NiCr layer brings an
additional inductance in parallel with that of ITO, resulting
in a lowering of the equivalent inductance (since the induc-
tances are considered to be in parallel) and thereby increas-
ing the resonance frequency of the circuit. As a result, the
operating wavelength shifts towards shorter wavelengths
with the addition of this NiCr layer [Figs. 4(e) and 4(f)].
In summary, we have introduced NIR metatronic

elements as building blocks for NIR filter metamaterials.
We have fabricated arrays of NRs with rectangular cross
sections made of ITO and tailored their optical response
by engineering their impedance either through their cross-
sectional geometry or by adding materials. Using the
equivalent circuit theory and FDTD simulations, we have
demonstrated that we can design and analyze the nanoscale

FIG. 4 (color online). Band-stop and bandpass regions were tailored by filling the air gaps of the ITO NR arrays (w ¼ 320 nm,
g ¼ 180 nm and h ¼ 150 nm, sample C) with PbS nanocrystals, as shown in (a) schematic and in (b) measured data, and (c) full-wave
simulations. Red curves: E field perpendicular to the NRs. Blue curves: E field parallel to the NRs. Band-stop and bandpass regions
were tailored by considering NiCr on top of the ITO NRs (w ¼ 400 nm, g ¼ 100 nm, and h ¼ 150 nm, sample E) as shown in
(d) schematic, with (e) measured data, and (f) full-wave simulation.
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circuit element functionalities of such building blocks.
This work opens up possibilities for 3D nanoscale filter
cascades and tunable circuits as well as optical information
processing at the nanoscale. Furthermore, the addition of
phase change materials may be introduced in order to alter
the impedance values of the circuit elements, enabling real-
time control of the filter.
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