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Abstract. Surface plasmon based photonic (or plasmonic) circuits merge electronics and pho-
tonics at the nanoscale, creating the ability to combine the superior technical advantages of pho-
tonics and electronics on the same chip. Recent work has demonstrated their remarkable
applications in subwavelength optics, data storage and transmission, light harvesting and gen-
eration, and microscopy, as well as bioapplications. Plasmonics has become one of the most
intensive research subjects in recent years, and much effort has been made to develop novel
and efficient waveguiding structures and plasmonic materials. We will first review some
major progress in subwavelength plasmonic waveguides and plasmonic materials. Then, focus-
ing on the applications of a class of promising alternative plasmonic materials, transparent con-
ducting oxides, we will introduce some of our up-to-date study, especially on electro-absorption
modulators and beam steering. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE)
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1 Introduction

Surface plasmons (SPs) are electromagnetic waves propagating along metal-dielectric
interfaces. These light waves are trapped at the interfaces because of their resonant interaction
with the mobile electrons of the conductor. As a result, SPs have the extraordinary ability to
confine light in the nanometer scale. On the other hand, traditional photonic devices, such as
dielectric waveguides, have suffered from the diffraction limit, which hinders some applica-
tions of photonics in communications, sensing, imaging, etc. Inevitably, a marriage between
SPs and photonics leads to an exciting branch: plasmonics, named by a research group in
Caltech in 2000.1 Although plasmonics has not been a widely investigated topic for more
than two decades, the recognition of SPs can be traced back to Riechie’s work in
the 1950s.2 He further illustrated light scattering from nanoscale metallic particles in the
1970s.3 The development of nanofabrication techniques has given researchers the ability to
realize complicated structures with a variety of property-controllable materials. Besides,
high-performance computational tools have greatly facilitated the prediction and approxima-
tion of newly designed structures and devices. People have been equipped to explore the
in-depth behaviors of nanoplasmonic devices and systems in optical communications and
information exchange, and have made plasmonics a highly developed and advanced science.4

In this article, we will first review the development of plasmonic waveguides and the current
progress of novel plasmonic materials, and then will focus on electro-optic (EO) modulators
based on plasmonic materials, especially our up-to-date work utilizing transparent conducting
oxides.
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2 Plasmonic Waveguides

Aiming at guiding light in the subwavelength or even deep subwavelength scale, many differ-
ent kinds of plasmonic waveguiding structures have been proposed and studied since the
1990s.5 Typical configurations include metallic nanowires6,7 and metallic nanoparticle
arrays.8,9 Such configurations support a highly confined mode and might be ideal systems
for two-dimensional (2-D) confinement,10 but they suffer from high loss and most of them
work only near the SP frequency. Another conventional plasmonic waveguide is thin metallic
slabs embedded in a homogeneous dielectric medium, or an insulator/metal/insulator (IMI)
waveguide, which could allow SPs to propagate tens of centimeters at infrared frequencies.
However, the associated fields cannot be strongly confined in the transverse direction.11,12 The
inverse structure to IMI, or the MIM waveguide, might be a satisfactory compromise: it pro-
vides both good confinement and acceptable propagation length, and it has also been shown to
support a nanoscale modal size at frequencies ranging from dc to visible.13,14 Even more wave-
guide structures have been investigated to deal with the trade-off between the confined modal
size and propagation losses: metal wedge,15 dielectric loaded metal,16 channel,17 and hybrid
plasmonic waveguide.18 Besides the effort made in designing more reasonable waveguiding
structures, people have also been eagerly exploring novel plasmonic materials that can help
device performance in all aspects. The next section is a brief review of typical materials for
plasmonic applications.

3 Plasmonic Materials

Microelectronics could not develop without silicon, nor does plasmonics without proper mate-
rials. Metals are commonly used plasmonic materials with advantages of high conductivity and
small ohmic losses.19 However, popular metals, such as gold and silver, have high optical
losses due to both intraband and interband transitions, which has been the major obstacle
in the design of efficient devices.20,21 Besides, metals suffer from other shortcomings.
For instance, (1) the fabrication process of thin metal films is challenging;22,23 (2) metals,
e.g., copper and silver, face degradation problems when exposed to air or humidity;24,25

(3) the dielectric permittivity of metals is almost unadjustable because of their ultrahigh
carrier concentrations. The utilization of novel plasmonic materials could not only overcome
the bottleneck of high losses, but also provide other advantages, such as design flexibility,
easy fabrication and integration as well as tunability. The choice of a specific material
depends on the desired working frequency and application. Typical alternative plasmonic
materials include conventional semiconductors, metal compounds, and 2-D materials, such
as graphene.

3.1 Conventional Semiconductors

Conventional semiconductors, such as silicon, germanium, and III-V semiconductors, have
been thoroughly studied and widely applied in the microelectronic and optoelectronic
industries. Since integrating plasmonic devices on the mature and developed platforms pro-
vided by conventional semiconductors is an inevitable trend, it is of great importance to
explore and realize the potential for plasmonic properties from conventional semiconductors.
The solution is a widely known technique: doping. The free carrier concentration in doped
semiconductors in industry is usually smaller than 1017 cm−3, far less than that in metals,
which is in the order of 1022 cm−3 (Ref. 5). In order to achieve semiconductor plasmonics,
a much higher doping level is a necessity. Some research on highly doped semiconductors
exhibiting metallic behavior has already been reported.26–30 However, the solid solubility
in conventional semiconductors sets an upper limit for the doping level. For example, it is
almost impossible to achieve a carrier concentration of 1021 cm−3 in silicon.19 As a result,
plasmonics based on conventional semiconductors could work only at mid-infrared (MIR)
or even a lower frequency regime. It is still challenging to use conventional semiconductors
for near-infrared (NIR) applications.
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3.2 Metal Compounds

As it needs abundant free carriers to support SPs, most of the alternative plasmonic materials
contain a metal component. On the other hand, compared with metals, the carrier concentration
in these materials has been reduced due to nonmetallic elements, which would result in lower
optical losses. Silicides, germanides, and metal nitrides are typical metal compounds used as
plasmonic materials. These materials are important and are also advantageous from the perspec-
tive of standard fabrication methods and integration with existing CMOS platforms.19 Besides,
they offer the possibility to be optically tuned by varying their composition. According to pre-
vious studies,31–35 they do not perform better than noble metals as plasmonic materials. However,
they have a great potential to be optimized by exploring more complicated compounds or better
compositions.

Transparent conducting oxides (TCOs) are doped metal oxides that receive much research
focus. They have a large bandgap, which make them visibly transparent. They can be heavily
doped to exhibit high electrical conductivity, and more importantly, their plasma frequencies lie
in the NIR regime. The exploration of TCOs as the plasmonic metamaterial for NIR applications
can be traced back to decades ago.36–38 Some comparative studies have been reported.19,32,39,40

Indium tin oxide (ITO), a well-known representative of TCOs, has been widely used as trans-
parent electrodes in solar cells and for displays.41–44 The carrier concentration in TCOs can be
controlled by manipulating the concentration of oxygen vacancies and interstitial metal dopants,
which result a change in optical properties. TCOs can be fabricated with a standard physical
vapor or chemical vapor deposition process and integrated with other standard technologies.
ITO is expensive due to the limited source of indium. Other widely investigated TCOs include
aluminum zinc oxide (AZO), gallium zinc oxide, and so forth.39,45 TCOs have been shown as a
promising candidate for tunable plasmonic devices. Some applications of TCOs as tunable plas-
monic materials, especially in EO modulators, will be further addressed in this article.

3.3 2-D Materials

In recent years, great effort has been made on the investigation of 2-D plasmonic materials,
especially graphene.46–50 Their unique properties have made them attractive in many applica-
tions.51–56 Graphene-based plasmonics for surface-enhanced Raman spectroscopy, photodetec-
tion, modulation, and sensing has been predicted,57–60 mainly relying on the tunability of its
optical conductivity. Other 2-D atomic crystals under investigation for plasmonic applications
include MoS2, BN, TaS2, NbSe2, and WS2.

53,61,62 The major problem for 2-D materials is the
difficulty in mass production. Besides, their application in NIR or visible range still remains a
challenge.

4 EO Modulators Based on Plasmonic Materials

4.1 Introduction

As one of the most critical devices in optoelectronic integrated circuits, EO modulators have long
been suffering from the poor EO properties of conventional materials, even for some well-known
EO materials, such as lithium niobate,63,64 which inhibit significant modulation within a compact
modulator. Some phase modulators are on the order of millimeters.65,66 In recent years, many EO
modulators have been proposed for the purpose of a small footprint and better performance. For
instance, silicon resonator modulators enhance the EO effect due to the large quality factor of the
resonant cavity and, thus, can shrink their dimensions to tens of micrometers.67–69 However,
resonator modulators usually suffer from bandwidth limitation and temperature fluctuation
as well as fabrication tolerance. On the other hand, nonresonant modulators exhibit broadband
performance, but they lose compactness.70

Development in plasmonics also opens a new vista for EO modulators.71–75 Some EO mod-
ulators utilize a metal-oxide-semiconductor (MOS) structure and show a hybrid plasmonic
mode,75,76 thus having the advantages of lower losses and easy integration with CMOS plat-
forms. A recent reported plasmonic phase modulator has a very small length (29 μm) and
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high speed (40 Gbit∕s), which realizes EO modulation by exploiting the Pockel effect in non-
linear polymer.70 The choice of an active EO material is another important concern that affects
device performance. In addition to lithium niobate, silicon, and polymers, graphene has also
been reported as an active material for a nanoscale EO modulator working around telecommu-
nication wavelengths.77 As previously mentioned, the family of TCOs plays an important role in
novel EO modulators.

The optical dielectric constant of TCOs can be approximated by the Drude model:

ε ¼ ε 0 þ jε 0 0 ¼ ε∞

�
1 −

ω2
p

ωðωþ jγÞ
�
; (1)

where ε∞ is the high-frequency dielectric constant, ω is the angular frequency of the light wave,
and γ is the damping coefficient of free carriers related to optical losses. The plasma frequency is
defined by

ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ne2

ε∞ε0m�

s
; (2)

which depends on carrier concentration N and the electron effective mass m�. According to the
above equations, the optical material’s dielectric constant shifts with different carrier concen-
trations. In Ref. 78, the unity-order index change of ITO film in an MOS structure is reported by
voltage-induced accumulation carriers at the ITO-insulator interface. Therefore, by engineering
the carrier concentrations in TCOs, the absorption of active material, which is directly related to
its index, or dielectric constant, could be tuned. TCOs are widely used in electro-absorption (EA)
modulators.79–81

The absorption coefficient of some specific materials can also tuned by optical signals, which
leads to another kind of plasmonic modulator, namely all-optic modulators.82–84

4.2 EA Modulators Based on ITO MOS-Like Structure

4.2.1 ITO/Electrolyte Gel modulator

In our recent study,85 we employed a similar structure as MOS but replaced the sandwiched
oxide material with electrolyte gel to form simple multilayer modulators based on ITO. The
interface between a metal (or heavily doped semiconductor) and electrolyte is of interest in
most electrolyte applications, where two parallel layers of positive and negative charges called
an electric double layer (EDL) are formed. To some degree, an electrolyte can be treated as a
medium with a huge dielectric constant. Another advantage of using an electrolyte as the gating
material is that the device behavior can be conveniently controlled by varying the concentration
of chemical compounds in the electrolyte.86,87

We fabricated an ITO film on transparent glass by physical vapor deposition. After applying a
thin layer of electrolyte gel on the surface of the ITO, a heavily doped silicon chip or another
identical ITO sample with the ITO side facing the electrolyte gel is tightly pushed toward the
substrate ITO to form the multilayer modulator, as shown in the inset of Figs. 1(a) and 1(b),
respectively.

We built an experimental setup56 to measure the light reflectance of the modulators by sweep-
ing the incident angle. The reflectance was measured in a sequence of (1) without an externally
applied voltage, (2) with an externally applied voltage VP, and (3) with an externally applied
voltage that has a reversed polarity but the same magnitude. The modulation depth, Mðθ1Þ, is
defined as: Mðθ1Þ ¼ jRþVp − R−Vpj∕R0, where R0 is the measured reflectance without an
applied voltage, and jRVP

− R−VP
j is the magnitude of the difference of the two reflectances

with applied voltages. For λ ¼ 1520 nm TM-polarized light, the modulation depth at a specific
angle of θ1 ¼ 70 deg can be calculated as Mð70 degÞ ¼ 20.7%, as shown in Fig. 1(a). The
double EDLs shown in Fig. 1(b) result in an even higher modulation depth, Mð70 degÞ ¼
38.8%, with TE-polarized light at λ ¼ 1520 nm. We attribute the modulation to the change
of the free carrier concentration in either the 5-nm-thick depletion layer or accumulation
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layer in the ITO at the interface, which is assisted by the redistribution of the ions in electrolyte
gel induced by the applied voltage. The results also show that the ITO-based multilayer modu-
lator is not sensitive to the polarization of the incident light beam.

The measured reflectance of the ITO modulator was numerically fitted by calculating the
reflectance through the multilayer structure based on the transfer matrix method.88 Table 1 sum-
marizes the carrier concentration and corresponding dielectric constant of the active ITO layer
(5 nm) induced by an externally applied voltage at λ ¼ 1520 nm.

The switching speed of the modulator is directly influenced by the relaxation of the ions in
the electrolyte gel. For the modulator structure shown in Fig. 1(a), another experiment was car-
ried out to test this relaxation effect.

As shown in Fig. 2, we applied a 30 s positive pulse at time t1 and a 30 s negative pulse at
t2. We can observe relatively fast modulation when the pulses are excited; however, a very long
time is needed for the ITO-gel modulator to recover to the baseline level. The phenomenon could
be caused by the different mobilities of the major carriers in the 5-nm region in the ITO at the
interface. Both the ions in the electrolyte gel and the free carriers in the ITO needed to form the
EDL will probably limit its applications at high frequencies. This experiment was conducted
with λ ¼ 1310 nm TM-polarized light, where the modulation depth Mð65 degÞ ¼ 12.4%, so
the ITO/electrolyte gel modulator is a potential broadband device. The problem is the modulator
has a short lifetime and a very slow switching speed.

4.2.2 ITO∕HfO2∕Al modulator

In order to make more efficient modulators, we apply high-k dielectric material in our designed
EO modulator structure,85,89 as illustrated in Fig. 3(a). High-k material HfO2 is utilized as the
gate oxide for its ultrahigh permittivity as well as process stability.90 Aluminum is chosen here
for its excellent conductivity, low absorption in the NIR regime, as well as low cost. Another
advantage of using an aluminum layer is that light absorption can be directly measured by 1 − R
(R is the power reflectance).

The modulator was measured the same way as the ITO/electrolyte gel modulator. The mea-
sured reflectance as a function of the incident angle at different wavelengths is shown in Figs. 3
(c)–3(f). The results were also numerically fitted to find the change of the optical constant of the
active ITO layer. The fitting parameters of the active ITO layer (5 nm), together with further
Drude model fitting curves, are shown in Fig. 3(b). From Fig. 3, broadband EO modulation has
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Fig. 1 Reflectance as a function of incident angle for (a) the heavily doped Si/electrolyte gel/
indium tin oxide (ITO) and (b) the ITO/electrolyte gel/ITO modulators with different applied volt-
ages. Inset: illustration of the modulators.

Table 1 Carrier concentration and dielectric constant of active Indium tin oxide (ITO) layer.

Voltage (V) Carrier concentration (cm−3) Dielectric constant

0 N0 ¼ 9.82 × 1020 εuntuned ¼ 3.7þ j1.0

10 Ndep ¼ 5.34 × 1020 εdep ¼ 4.23þ j0.5

−10 Nacc ¼ 4.75 × 1021 εacc ¼ −0.47þ j4.9
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been achieved and the largest modulation depth obtained at a specific angle, θ1 ¼ 78 deg, is
Mmaxð78 degÞ ¼ 37.42% for λ0 ¼ 1620 nm. We call the angle where the maximum modulation
depth is achieved the modulation angle.

We attribute the modulation mainly to the change of the free carrier concentration in the
5-nm-thick voltage-induced active layer in ITO. For instance, when a negative bias is applied,
excess electrons will be induced at the ITO–HfO2 interface, which results in carrier accumulation
in the active ITO layer; on the contrary, the active layer will be depleted under a positive bias.

Besides, we examined the variation of modulation depth with regard to applied voltages of
different magnitudes. Starting from 0 V, we measured the power reflectance at the modulation
angle at a �2 V step. The measured results for λ0 ¼ 1550 nm are shown in Fig. 4(a). According
to our observation, there may exist a threshold voltage around 2 V for the modulator to start
working. After that, the modulation depth and applied voltage follow almost a linear relation.

Furthermore, we have investigated the modulation speed of the ITO∕HfO2∕Al modulator.
We observed two stages of modulation, namely, fast modulation and slow modulation, as shown
in Figs. 4(b) and 4(c). In fast modulation, the reflectance almost instantly shifts up or down with
the applied voltages and quickly recovers to the baseline level when turned to zero bias.
However, the fast modulation contributes to a small magnitude of modulation depth. After
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Fig. 3 (a) Schematic for ITO∕HfO2∕Al modulator. (b) Fitting dielectric constant (real and imaginary
part) of active ITO layer (the rest ITO layer keeps untuned with the value of the blue markers): blue,
green, and red markers correspond to parameters with zero bias, positive bias, and negative bias,
respectively; solid and dashed lines are from further fitting by the Drude model. (c) to
(f) Reflectance as a function of incident angle for the modulator under different applied voltages
for different wavelengths (solid lines) and the fitting curves (dashed lines).
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the first stage, the reflectance keeps increasing or decreasing under the applied voltage. We can
see that the slope gets smaller and smaller as time elapses, which indicates a slower and slower
absorption change. The imperfection in fabrication, the device resistance-capacitance (RC)
delay, and the role of the ITO–HfO2 surface states may be the factors that limit the performance
of the modulator.

The ITO-based modulators could be very compact and work over a large wavelength spec-
trum. The switching speed still needs further optimization. In our study, another key point we are
focusing on is tuning the active ITO into the dielectric constant epsilon-near-zero (ENZ) state,
where the potentially largest modulation depth would be observed. In the next section, we will
review some of our theoretical study on TCOs working as ENZ materials.

5 ENZ-Slot Waveguides Based on Transparent Conducting Oxides

5.1 ENZ Material and Slot Waveguide

The development of metamaterials enables material permittivity to be engineered to almost any
arbitrary value.91 Particularly, some recent research has been focused on ENZ, or index-near-zero
material, which has a dielectric constant (or refractive index) with a small magnitude in a fre-
quency range of interest. Novel applications of ENZ materials have been investigated, such as
tunneling and squeezing electromagnetic energy through subwavelength narrow channels,92,93

design of matched zero-index materials,94,95 and shaping the radiation pattern of a source.96,97

According to the Drude model [Eqs. (1) and (2)], the ENZ effect of a material shows up when
ω ≈ ωp. Metals have such a high plasma frequency that they exhibit a large real dielectric con-
stant in NIR range. Most semiconductors have doping limitations that result in their plasma
frequencies located beyond MIR. The appropriate carrier concentrations in TCOs (1019 to
1021 cm−3), together with advantages of low intrinsic loss and tunable optical properties, as
well as easy fabrication and integration, have made them excellent plasmonic materials in
NIR.19 Several other ENZ metamaterials have also been reported.98–100

In our recent work, we studied a structure combining ENZ material with a slot waveguide,
namely ENZ-slot waveguide, and found some unprecedented properties. A slot waveguide101,102

consists of a narrow low refractive index slot sandwiched at the center of a single-mode high-
index waveguide, which can greatly confine light and enhance optical fields in the slot region.
The slot waveguide works well only for the TM mode where the magnetic field is parallel to the
slabs. When the free carrier effect is considered in complex dielectric constants, the continuity of
electric flux density between two media holds, i.e., ε1E1n ¼ ε2E2n or E1n ¼ ðε2∕ε1ÞE2n. If ENZ
materials were applied as the slot, enormous enhancement of the E-field would take place and
more power could be confined in the ENZ-slot.

As a simple example showing field enhancement and power confinement of the ENZ-slot
waveguide, the structure shown in Fig. 5(a) is analytically examined. Figure 5(b) plots the
electromagnetic field intensity, power percentage in the slot, and effective index of the structure
as a function of slot dielectric constant εslot. We can see the dramatic change of these terms when
εslot is approaching zero. In particular, the effective index sharply decreases from 1.6 to ∼1when
εslot decreases from 0.1 to nearly zero due to the larger power confinement within the low
index slot.
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Fig. 4 (a) Power reflectance as a function of applied voltage at the modulation angle for
λ0 ¼ 1550 nm. (b) and (c) Power reflectance as a function of time at the modulation angle for
λ0 ¼ 1550 nm. (b) Fast modulation and (c) slow modulation. Inset: reflectance change within 60 s.
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5.2 EA Modulators Based on TCO-Slot Waveguide

According to the experimental data in Ref. 78, ITOs with different carrier concentrations could
work as ENZ materials at specific wavelengths.103 As shown in Fig. 6(a), the ENZ effect of
ITO is achieved at λ0 ¼ 1136 nm and λ0 ¼ 843 nm under carrier concentrations N1 ¼
1.65 × 1022 cm−3 and N2 ¼ 2.77 × 1022 cm−3, respectively. As suggested, the accumulation
of carriers could be realized by electric signal in an MOS-like structure [Fig. 6(b)], which indi-
cates the optical tunability of ITO.

The dielectric constant of ITO at epsilon-far-from-zero (untuned) state and ENZ state is
shown in Table 2, where we can see the magnitude has changed tens or even hundreds of
times due to the externally applied voltage. The huge change in the magnitude of the dielectric
constant may find applications in EA modulators. In dielectric heating theory, the power dis-
sipation density can be written as

pd ¼
1

2
σE2 ∝

1

2
ε 0 0E2 ∝

1

2
ε 0 0∕jεj2; (3)

which can be greatly enhanced when jεj → 0. Figure 6(b) depicts typical EA modulator con-
figurations based on a TCO-slot waveguide. The modulator would be off with low absorption at
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Fig. 5 (a) Structure of a simple three-layer waveguide (value of nsilicon used for λ0 ¼ 1550 nm is
3.47). (b) Plots of electric field, magnetic field, power percentage in the slot, and effective index of
the structure versus slot dielectric constant.

Fig. 6 (a) Real part of the dielectric constant of ITO as a function of wavelength at three different
carrier concentrations based on the Drude model.87 (b) Illustration of the epsilon-near-zero (ENZ)-
slot waveguide.80
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the untuned state and on with high absorption at the ENZ state, due to the change of the dielectric
constant. Note that the working wavelength chosen for the EA modulators is λ0 ¼ 1136 nm.

ITO EA modulators based on a dielectric waveguide [Fig. 7(a)] and a plasmonic waveguide
[Fig. 7(b)] were proposed and simulated. Their modes were solved by the finite-difference time-
domain (FDTD) method. Note that we applied a 10-nm-thick ITO in the waveguides, of which
5 nm at the ITO–SiO2 interface were assumed to be tuned. From the results, we can see sig-
nificant field enhancement and confinement within the ENZ-slot and a considerable shift in the
effective index. More importantly, a huge change in waveguide attenuation (21.85 dB∕μm for
dielectric waveguide and 20.64 dB∕μm for plasmonic waveguide) is achieved.

The insertion loss of the EA modulators was evaluated by three-dimensional (3-D) FDTD
simulation. For a 150-nm-long modulator embedded in a plasmonic rib waveguide, the insertion
loss is 0.48 dB and the modulation depth is 3.42 dB, which is very close to the one predicted by
the 3-D mode solver. A 200-nm-long modulator embedded in a dielectric rib waveguide shows
an insertion loss of 0.56 dB and a modulation depth of 3.53 dB.

In Ref. 81, we utilized a similar theory and demonstrated EA modulation based on an ENZ-
slot waveguide, where another TCO material, AZO, is serving as the tunable slot. We also
showed that the optical bandwidth of these modulators can be over several terahertz due to
slow Drude dispersion. These TCO-slot waveguide-based EA modulators are compact and
could potentially work at ultrahigh speed, being mainly limited by the RC delay introduced
by electric circuits.

Actually, the EAmodulators we proposed in Sec. 4 are mainly based on this theoretical study,
and we intend to search for the ENZ effect in an active ITO layer, which was supposed to pro-
duce the maximum modulation depth. According to the parameters in Table 1 and Fig. 3(b),
more effort is still needed in optimizing the design and the fabrication process.

5.3 Laser Beam Steering by TCO-Slot Waveguide

In both the analytical calculation of a simple ENZ-slot waveguide in Sec. 5.1 and the numerical
simulation of the EA modulators, we see that the effective indices of the waveguides undergo the
considerable change. Thus, we can engineer the effective index of the ENZ-slot waveguide by

Fig. 7 The electric field profiles, effective indices, and propagation loss for different ITO-slot wave-
guide at untuned state and ENZ state, respectively: (a) in a dielectric rib waveguide and (b) in a
plasmonic waveguide.

Table 2 Dielectric constant of ITO at untuned and epsilon-near-zero (ENZ) state.

Wavelength (nm) ε0 εENZ

1136 3.0274þ j0.586 −0.0014þ j0.1395

843 3.7541þ j0.2579 0.0045
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tuning the refractive index of ITO film. This phenomenon may find applications in laser beam
steering.91 Laser beam steering techniques are being widely investigated because of their appli-
cations in laser-based sensing, communication and power projection, and other fields.
Mechanical and nonmechanical methods, such as beam steering with a rotating (Risley)
prism, macro-optical mirrors, microlens arrays, and liquid crystal polarization gratings, have
been proposed,104–106 heading to the purposes of compactness, low power, high speed, light-
weight, and a large field of regard. To advance this technique, we proposed a novel beam steering
structure based on the tunable ENZ-slot waveguide.

In order to realize beam steering, we added periodic gratings on top of the ITO-slot wave-
guide [Fig. 8(a)] and made use of the tunable effective index of the structure to steer the incident
laser beam. According to the grating equation,

k0 sin θ þ 2πl
Λ

¼ k0neff ⇔ sin θ þ lλ0∕Λ ¼ neff ; (4)

where λ0 is the wavelength of the incident beam, k0 ¼ 2π∕λ0 is the wave number, Λ is the period
of the gratings, l ¼ f�1;�2: : : g is an integer representing the propagating mode of interest, neff
is the effective index of the waveguide, and θ is the steering angle. Given a fixed grating period
and wavelength, the incident beam can be steered by tuning the effective index, which, as dis-
cussed above, is able to be fulfilled by electrically tuning the optical property of ITO.

For an incident beam of λ0 ¼ 1136 nm, the attenuation would be too large for the waveguide
when ITO is at the ENZ state. Since long-distance propagation is a major concern here, in order
to achieve easy detection we chose the working wavelength to be 843 nm, which is the cross-
wavelength for ITO under N2. Here the damping factor γ ≈ 0,78 so the attenuation of the ENZ-
slot waveguide decreases quite a bit: α0 ¼ 0.328 dB∕μm when untuned and α2 ¼ 0.107 dB∕μm
under N2. Besides, the effective index is also significantly shifted from 2.29 to 1.65, which
promises a wide steering angle.

For convenience, in Eq. (4), we assume Λ ¼ 653 nm, λ0 ¼ 843 nm, and l ¼ 1, which make
lλ0∕Λ ¼ 1.29. Figure 8(b) plots the complex effective index of the waveguide in terms of the
carrier concentration. The effective index that can be obtained ranges from 1.53 to 3.22 (values
>2.29may correspond to a higher harmonic mode). Therefore, the value range for sin θ that can
be achieved is from 0.24 to 1, which also results in a steering angle θ from 14 to 90 deg. Note that
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Fig. 8 (a) Illustration of beam steering based on ENZ-slot waveguide with periodic gratings.
(b) Complex effective index in terms of carrier concentration.
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the minimum effective index is achieved when the active ITO layer (5 nm) at the ITO–SiO2

interface is at the ENZ state.
FDTD simulations were performed to verify the predictions. The phase plot, normalized

intensity magnitude plot, and far-field intensity plot of the dominate electric field Ey for the
steering angles of 14 and 60 deg are shown in Fig. 9.

The phase and magnitude plots illustrate the propagation direction of the steered beam in the
near-field, which is normal to the phase line, or along the magnitude trend. Note that the mag-
nitude plots show only the electric field above the ENZ-slot due to a much higher electric field in
the slot. Far-field intensity plots can clearly identify the steering angle. According to the figures,
laser beam steering is achieved by the effective index change of the ENZ-slot waveguide. The
maximum steering angle we got from simulations is θ ≈ 75 deg.

As one example, we showed some theoretical studies of TCOs behaving as the ENZ material
in ENZ-slot waveguides and their applications in EA modulation and laser beam steering. ENZ-
slot waveguides highly confine electromagnetic fields in the slot region, so the behaviors of the
waveguides can be greatly changed by tuning the slot material. Besides, they can be easily fab-
ricated layer by layer. With the advantages of TCOs in low intrinsic loss, excellent tunability as
well as ease of fabrication and integration, the combination, TCO-slot waveguides, is of great
promise in building novel optoelectronic devices for NIR applications.

6 Conclusion

Assisted by modern fabrication techniques and computational tools, plasmonics has opened up
new horizons for conventional electronics and photonics in almost every aspect. In this article,
we briefly reviewed the current progress in plasmonic waveguide platforms and plasmonic mate-
rials, which serves as the key factor to allow science to be transformed into usable technologies.
Then, based on TCOs, which nearly have all the properties that a novel plasmonic material
requires, especially for NIR applications, we introduced some waveguiding structures and
revealed their potentials to be EA modulators with compactness, ultrahigh speed, and easy fab-
rication. Another application of TCOs in laser beam steering was also presented. Although only
preliminary results are provided here, we look forward to the successful development of such
techniques, which may lead to a significant breakthrough in on-chip optical interconnects.

Fig. 9 Phase, normalized magnitude, and far-field intensity of Ey for steering angles of (a) 14 deg
and (b) 60 deg.
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