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Fig. 1 Electromagnetic properties of ITO. (a) ITO electrical doping model; (b) change of carrier concentration with

voltage; (c) change of dielectric constant with voltage; (d) change of accumulation layer thickness with original

carrier concentration
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Fig. 2 Structure of proposed phase modulating metasurface modulator. (a) Three-dimensional diagram; (b) unit cell
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Phase Modulating Metasurface Based on Indium Tin Oxide

Sun Zhanshan, Fu Yungi, Lin Yi , An Qiang
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Hunan 410072, China

Abstract

Objective

in optoelectronic devices that modulate spatial light,

such as optical communication,

As one of the most important constitutive electromagnetic properties of light, phase plays a crucial role

imaging, sensing, and

detection. Several methods have been proposed to realize actively tunable phase response. Micro electromechanical

0705001-9
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systems (MEMs), liquid crystals, and phase change materials have been widely used to modulate the scattered
phase. However, their low response speeds still set a technical bottleneck for these devices. Moreover, multiple
quantum-well metasurfaces have been proposed to exhibit a high-speed phase modulation; however, the limited
modulation range fails to satisfy practical applications, such as wide-angle beam steering. Graphene-based
metasurfaces have also been widely studied to operate phase modulation, but the use of Pauli-blocking effect usually
need high power consumption in the near infrared region. Therefore, a phase modulator with a wide phase
modulation range, high modulation speed, and low power consumption is required. Thus, this study proposes a phase
modulating metasurface to achieve broad phase tunability with low control voltage.

Methods The proposed structure is investigated using Comsol Multiphysics 5. 5. First, perfectly matching layers
are employed along the incident direction to eliminate boundary scattering. Then, periodic boundary conditions are
used for the lateral boundaries of the unit cell. The reflected phase is measured beyond the top surface of the metal
metasurface, called the De-embed phase plane. The optical model of indium tin oxide (ITO) is established using the
Thomas-Fermi theory and Drude model. The modulator is operated at the telecommunication wavelength of
1550 nm. The size parameters of the structure are as follows: period P =400 nm; metal disk diameter D = 280 nm;
connecting line width W =230 nm; metal layer thickness T; =30 nm; the thickness of Al,O, layer T, =5 nm; and
the thickness of the ITO film T, =20 nm (Fig. 2).

Results and Discussions We simulated the scattered phase and amplitude of the proposed structure. For a gate
voltage of —2-5 V, the phase change reaches 330° [Fig. 3(c)]. This strong optical-matter interaction is because of
the critical coupling between the incident light and metasurface. The critical coupling is excited when the resistance
and radiation losses of the structure are equal. The incident light excites the eigenmode through radiation coupling,
and the energy is converted into resistive loss under the critical coupling condition to fully suppress the reflection.
This reflection suppression can be intuitively understood using the perfect absorber model. When the light reflected
from the metal resonator and back metal plate have opposite phases, a standing wave will be generated in the incident
plane, and the energy will be concentrated around the metal resonator. Since the metal structure is a lossy medium,
the incident energy will be absorbed by this strong damping. The phase modulation occurs in the transition state of
under-damped and over-damped oscillations, indicating that this transition inevitably passes through the critical
coupling region. Therefore, the wide phase modulation range and absorption intensity will have a strong coupling and
the phase modulation range will increase with high loss. The smallest amplitude is ~1% due to the critical coupling.
The electric field distribution at a gate voltage of 1.5 V under the wavelength of 1550 nm is present [ Fig. 3(d)]. It
can be found that the electric field is greatly restricted to the ITO accumulation layer. This is because the dielectric
constant of the ITO accumulation layer is in the epsilon-near-zero (ENZ) region when a voltage of 1.5 V is applied,
making the energy highly concentrated. Therefore, a slight change in the gate voltage can significantly influence the
scattering characteristics. The optical phase array (Fig. 6) and tunable lens (Fig. 8) are constructed by carefully
arranging the unit cell of the modulator.

Conclusions In this study, a phase modulating metasurface based on ITO film is designed. The combination of the
ENZ characteristics of ITO and the plasma resonance effect of the upper metal electrode significantly enhances the
light-matter interaction. By designing the metal-insulator-metal (MIM) capacitor structure, a phase modulation
range of >>330° is achieved under the gate voltage —2-5 V. Consequently, the optical phase array and tunable focal
length lens are successfully realized. The designed phase modulating metasurface is significant for applications, such
as optical detection, imaging, and communication.

Key words optical communications; phase modulation; metamaterials; optical phase array; tunable lens; indium
tin oxide
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