Gate-tunable optical filter based on conducting oxide
metasurface heterostructure

JINQIANNAN ZHANG, %3 LONG TAO,! ALEKSEI ANOPCHENKO,! JINGYI YANG,?
MICHAEL SCHELL,* ZHONGYUAN Yu,®> Ho WAl HOWARD LEg**”

1Department of Physics, Baylor University, Waco, TX 76798, United States

2China Science and Technology Exchange Center, Beijing 10045, China

3State Key Laboratory of Information Photonics and Optical Communications, Beijing University of Posts and Telecommunications, Beijing

100876, China

4The Institute for Quantum Science and Engineering, Texas A&M University College Station, TX 77843, United States

*Corresponding author: Howard Lee@Baylor.edu

Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX

A gate-tunable plasmonic optical filter incorporating a
subwavelength patterned metal-insulator-metal (MIM)
metasurface heterostructure is demonstrated. An
additional thin transparent conducting oxide layer is
embedded in the insulator layer to form a double metal-
oxide-semiconductor (MOS) configuration. Heavily n-
doped indium tin oxide (ITO) is used as the TCO material,
whose optical property can be electrically tuned by the
formation of a thin active epsilon-near-zero layer at the
ITO-oxide interfaces. Full wave electromagnetic
simulations show that 20 dB modulation strength is
achievable with 4 V applied bias. This work is an essential
step toward a realization of next-generation compact
photonic/plasmonic integrated devices. © 2018 Optical
Society of America
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Metamaterials are of great interest due to their exceptional
performance in manipulating electromagnetic waves at optical
frequencies. Compared to the conventional bulk metamaterials,
metasurfaces - surface equivalent of metamaterials - can control
light with flat optical structures less than a wavelength thick [1, 2].
Plasmonic metasurfaces are metallic nanostructures composed of
periodic holes, slits, or resonator arrays in subwavelength scale
which show distinct optical behaviors at plasmonic resonance. To
date, the applications of plasmonic metasurfaces include flat lenses
[3, 4], sensors [5, 6], wave plates [7, 8], polarizers [9], and color
filters [10-15]. Among these applications, color filters have been a
long-lasting focus of interest for ultracompact integrated photonic
systems. However, for a given material with fixed intrinsic optical
properties, the response of the filter could not be altered once it is
fabricated. Several attempts have been carried out to dynamically

modulate the phase or amplitude of the transmitted/reflected light
of metasurfaces, which includes using a mechanical altering
mechanism [16] or thermal [17, 18], optical [19], and electrical [20]
stimuli. However, these tunable metasurfaces require high
operating power and exhibit slow response time and weak
modulation in amplitude.

Recently, it has been shown that transparent conducting oxide
(TCO) materials provide advantages for designing various tunable
plasmonic and nanophotonic devices [21-28]. By applying a
relativelylow electric field across the insulator-TCO-metal interface,
an accumulation layer of charge carriers near the interface is
formed, thus leading to a large refractive index change in the
accumulation layer of the TCO for efficient optical modulation [29-
34]. Since the drift velocity of electrons to form the accumulation
layer is fast (exceeds THz), with the small footprint and low
capacitance of nano-devices, the modulation speed could easily
exceed tens of GHz [27, 30].

In this paper, we propose a novel compact and flat color filter based
on metasurface heterostructure in which the light transmission can
be electrically controlled. The proposed structure is a modified
periodic metal-insulator-metal (MIM) configuration with ultrathin
layers of indium tin oxide (ITO) and hafnium dioxide (HfO)
sandwiched between two gold nanostrips. When electrically biased,
the ITO layer changes its optical property due to the formation ofan
electron accumulation layer at the ITO-HfO: interface and hence
changing the resonant property of the structure. The numerical
simulation shows that a high modulation ratio of 20.5 dB of
transmission can be achieved near the epsilon-near-zero (ENZ)
region, where the permittivity of the ITO approaches zero.
Moreover, the structure exhibits the maximum resonance shift of
40 nm under 5 V bias. The scheme opens up the tantalizing
opportunity of designing next generation tunable, ultra-compact,
and efficient wavelength selective filters.

The schematic of the proposed color filter is depicted in Fig. 1. A
subwavelength nano-slit array is patterned on the top of the SiO:



substrate with period p. Inspired by the MIM plasmonic structure,
the nanostrip with width w consists of two gold layers and an active
ITO layer sandwiched between two HfO: insulation spacers. The
thicknesses of Au and HfO; layers are 90 nm and 5 nm, respectively.
The thickness of the ITO (H) is designed from 30-100 nm. In this
design, the insulting HfO: layer allows a voltage bias up to 5V
without electrical breakdown [30, 35]. The refractive index of SiO2
is modeled with the standard Sellmeier expansion[36] whereas
that of Au and HfO; are taken from experimental data[37].
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Fig. 1. Schematic of the proposed tunable color filter. Inset: Cross-
section of the unit element of the designed structure.

plasmonic resonance, modifying the material in the gap region
could lead to a strong change of the transmission properties.
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Fig. 2. Transmission properties of the optical filters with varying
geometric factors. (a) Map of transmission spectra with varying period
p of the structure. The slit width is kept constant as 90 nm. (b) Map of
transmission spectra for varying slit width s of the structure. The period
is kept constant as 800nm.

We numerically studied the optical response of the color filter using
the Finite Element Method (FEM) (COMSOL Multiphysics). To find
the dependence of the transmission peak on the structural
parameters, we performed parametric sweeps on the period and
width of the nanostrip. The ITO layer thickness was fixed at Hiro =
30 nm, and the slit width was defined as s = p - w. The incident light
with transverse magnetic (TM) polarization (ie. electric field
polarized parallel to the x-axis in Fig. 1) was used. The wavelength-
dependent transmission properties of the color filter varied with
the period (p: 500 nm -1000 nm) and fixed slit width (s=90 nm) as
shown in Fig. 2 (a). It can be seen in the figure that a decrease in the
cavity width results in an increase of transmission efficiency. As
shown in Fig. 2 (b), the scanning is conducted by increasing the slit
width s from 50 nm to 200 nm but keeping p = 800 nm. From the
simulation, we can see the transmission peak redshifts linearly as
the period slit width increases or decreases. In addition, the
bandwidth of the resonant peak slightly narrows down as the slit
width decreases. Since the plasmonic resonance condition is
directly related to the period (p) and the slit width (s) of the
nanostrip array, therefore, by carefully selecting the geometric
factors such as period and slit width of the nanostrip array, one can
achieve a desired transmission peak position and efficiency [38].
Nevertheless, a tradeoff between transmission efficiency and
transmission peak bandwidth should be considered in practical
structure design. Since operating wavelength, we are interested in,
is telecommunication wavelength band, the period and width of the
nanostrip array will be kept as 800 nm and 710 nm, respectively.
Thus configured, filter will provide a transmission peak at 1540 nm.

Figure 3 depicts the electric field profile and z-component magnetic
field profile of the color filter at the peak wavelength of 1540 nm.
The electric distribution shows a superposition of Exand E,, forming
a current loop inside the MIM layer and thereby denotes the
character of the magnetic resonance, which is reconfirmed in Fig. 3
(b) by the strong confinement of the magnetic field in the gap region
between the two gold strips. Due to the high confinement of the
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Fig. 3. (a) Electric field distribution and (b) z-component magnetic field
distribution for a filter structure with p = 800 nm, s = 90 nm, and TM
polarization incidence light at wavelength of 1540 nm

Integration of TCO material (i.e, ITO) into the MIM filter provides
such tunability via field-effect dynamics. To determine the
characteristics of these tunable filtering properties, we first
simulated the carrier concentrations and charge profiles of the ITO
corresponding for different gating voltages (Fig. 4 (a), (b)). Identical
biases were applied to the top and bottom gold strips and the ITO
layer was grounded. Numerical simulations of the electron
concentration distributions were carried out using electronic solver
(DEVICE, Lumerical Solutions) [39]. The device simulator uses the
finite element method to self-consistently solve the Poisson and
drift-diffusion equations. In our electronic simulations, we used a
self-adaptive mesh generation algorithm with a maximum of
20,000 refinement steps and a minimum mesh size of 5x104 nm.

The frequency dependent ITO permittivity emo(w), can be described
with the Drude model as [30]

0)p2
‘EITo((’)) =&, T3 ®,=
o” +10l"  where

Ne’
Em) ()

Here, €x, wyp, and T stand for the permittivity at infinite frequency,
plasma frequency, and the electron relaxation rate respectively. The
plasma frequency relates to the carrier concentration N, effective
electron mass m", and electron charge e. The values of the
parameters are € = 3.9, ' = 2x10% rad/s, and m" = 0.28xmo where
mo is electron rest mass [40].

By applying a positive bias through the gold and ITO layer, an
accumulation layer of electrons is formed at the HfO,-ITO interface,
thus changing the carrier distribution. Figure 4 (c) shows the
corresponding carrier concentration N versus the position from
HfO,-ITO interface under different biases.
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Fig. 4. (a) Configuration for field-effect modulation for the proposed
structure. (b) Metal-oxide-TCO structure used to simulate the electric
and optical properties of the ITO accumulation layer. (c) Simulated
carrier concentration distribution of the ITO layer at the first 5 nm range
from the ITO-HfO2 interface. (d) Corresponding real part permittivity
distribution of the ITO as a function of wavelength for 0 V (top), 4 V
(middle), and 5 V (bottom). The permittivity is calculated with a
standard Drude model for the ITO material.

in the resonant cavity is shrunk which leads to a shift of the
transmission peak to a longer wavelength.
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Fig. 5. Simulation results of the structure under bias. (a) Transmission
spectrum from 0 V to 5 V with 0.5 V step. (Inset) The corresponding
peak for each spectrum. (b) Modulation value of the proposed structure
from 1Vto 5 Vwith 1V step size.

The spatial distribution of the real part of ITO permittivity versus
wavelength for different applied voltages is shown in Fig. 4 (d).
Without the applied voltage, the permittivity near the HfO2-ITO
interface is close to 3.9, which indicates that the ITO acts as a
dielectric material (ermo > 0). As the applied voltage increasesto 5 V,
the permittivity decreases to a negative value and hence exhibits
metallic properties (erro < 0). The ENZ region where the permittivity
of the ITO approaches near zero could be observed when applying
bias (i.e. white region for erro = 0 in Fig4 (d)). Therefore, by applying
the bias and coupling to the ENZ region, the electric field
distribution in the proposed optical filter, as well as the
transmission properties, will be altered.

Next, we simulated the transmission of the color filter by
introducing field effect modulation of the ITO material. Figure 5 (a)
shows the transmission spectra for different voltage biases from 0
Vto 5V with astep size of 0.5 V.Under low bias, an obvious resonant
peak shift can be observed, indicating the change of resonant
properties of the structure due to the formation of the accumulation
layer. As the bias is gradually increased, more electrons concentrate
on both interfaces, and thus the permittivity decreases in these two
accumulation layers. Once the ENZ wavelength range (an e.g. white
region in Fig. 4 (d)) approaches to the resonant wavelength of the
structure through the voltage application, the resonant mode will
couple to the ENZ mode [27, 30]. The coupling of the plasmonic
resonance and the ENZ resonance can result in damping and hence
leading to lower transmission (e.g. 4-5 V in Fig. 5 (a)). The
substantial reduction of simulated transmission efficiency above 4
V is consistent with the formation of the ENZ layer in Fig. 4 (d). It is
also worth noting that the resonance peak presents a shift under
bias as shown in the inset of Fig. 5 (a). Two different regimes can be
observed relating to the modification of the resonance. For a
positive bias below 4 V, transmission peak shows blueshift due to
the decrease of permittivity with applied bias. In contrast, the peak
redshifts under a bias higher than 4 V. This is because negative
permittivity of the ITO is formed near the interface, making the
region metallic. As a consequence, the effective thickness of the ITO

To have a further insight into the effect, modulation depth MD (dB)
=10 x log (Tv/To) was calculated as shown in Fig. 5 (b) for a bias
from 1 V to 5 V with a step size of 1 V. Tv and To refers to the
transmission with the applied bias and without bias, respectively.
Clearly, the modulation strength reaches 20.5 dB and 20.3 dB for 4
Vand 5 V bias, respectively, representing a strong modulation near
the resonant wavelength.

The y-component electric field inside the nanostrip at 1540 nm is
shown in Fig. 6 for illustration of the modulating performance.
When no bias is applied, as plotted in Fig.6 (a), the electric field at
two cavity edges is antiparallel to each other, because the ITO layer
and the HfO: layer behave as the dielectric cavity in this case.
Enlarged field profiles near the top HfO2-ITO interface under 0V, 4
V,and 5 Vare shown in Fig. 6 (b), (c) and (d) respectively. The inset
shows the magnified field profile and the corresponding
permittivity distribution of the ITO within a 2 nm area from the
interface. Under 4 V and 5 V bias, as the permittivity decreases to
zero, an electric field is enhanced in the accumulation layer due to
the continuity of the normal component of electric displacement (i.e.
e-E+) through the interface, which is caused by the coupling of ENZ
resonance. Furthermore, the permittivity of the ITO at 5 V is
negative at the interface leading to a negative field intensity
distribution. This can be seen from Fig. 6 (d), the field distribution
agrees well with the epsilon distribution in the accumulation layer.
Therefore, the significant change in transmission is due to the ENZ
coupling which modifies the resonance properties of the structure.
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Fig. 6. (a) Y-component electricfield profile of nanostrip area under 0 V.
The zoom-in field profiles near HfO2-ITO interface region under bias
(b)OV,(c)4Vand (d)5V.
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Fig. 7. Map of transmission spectra for varying ITO layer thicknesses
under an applied bias of (a) 0 V and (b) 5 V. The solid curve relates to
transmission peak position under 0 Vand 5 Vin (a) and (b), respectively.
The transmission peak at 0 V in (a) is replotted in (b) (dashed black
curve) as a reference to illustrate peak shifting. (c) Map of modulation

strength for different ITO layer thicknesses at 5 V applied bias.

Finally, to further analyze the role of the accumulation layer in
modifying resonance, we investigated the transmission spectra
with different ITO layer thicknesses ranging from 30 nm to 100 nm
under 0 Vand 5 V bias. From Fig,. 7, taking the non-bias condition as
an example, the resonance first shifts to shorter wavelength, then
remains around 1425 nm with the increases of the ITO thickness.
The shifting regime for the thin ITO layer (< 50 nm) can be
attributed to the resonance condition of the propagating plasmonic
mode since the plasmonic resonance is sensitive to the cavity length.
Forthe thicker ITOlayer, larger cavity length leads to alower quality
factor and widening the transmission bandwidth. When we
compared the 5 V bias to the 0 V bias (Fig. 7 (a), (b), (c)), the
modulation worked for all ITO layer thicknesses. Since the thickness
ofthe accumulation layer is relatively small (Debye length ~2-3 nm,
Fig. 4 (c)), the modulation strength could be enhanced with thinner
ITO thicknesses since the plasmonic confinement is comparable
with the thickness of the formed accumulation layer.

In conclusion, we demonstrated electro-optical tuning in a
metasurface color filter composed of MIM heterostructure
nanostrip arrays. By carefully choosing geometrical parameters, a
desired resonant peak can be realized. The ITO layer inside gold
strips enables electro-optical modulation of transmission
properties which manifests in altering the transmission efficiency
and shifting the transmission peak position with external bias. The
structure leads to a modulation strength exceeding 20 dB with 4 V
voltage bias. An electrically-modulated nanoscale color filter could
be the basis for novel applications in imaging, display, and
optical/bio-sensing devices.
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