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Abstract: A tunable metasurface based on silicon doped indium oxide has been investigated. The
amplitude of reflected light was actively tuned with a gate bias, demonstrating 57% reflectance

change and 366 nm of resonance wavelength shift. © 2019 The Author(s)
OCIS codes: (160.3918) Metamaterials; (050.6624) Subwavelength structures; (240.6680) Surface plasmons.

1. Introduction

Transparent conducting oxides (TCOs) have drawn significant attention due to their fabrication simplicity and
electrical tunability in the near- and mid-infrared wavelength range [1]. Gate-tunable metasurfaces and optical
modulators based on tin doped indium oxide (ITO) have been widely reported for engineering light amplitude and
phase [2-4]. Silicon doped indium oxide (ISO) is an alternative TCO candidate for transparent electrodes, compact
modulators and tunable metasurfaces [5]. In this work, gate-tunable metasurfaces based on ISO were fabricated and
characterized. A maximum change in the reflectance (AR/R) of 57% and up to 216 nm of resonance wavelength
shift were measured.

2. Fabrication of the Metasurface Structure

As shown in Fig. 1, the metasurface consists of a reflecting substrate, a 20-nm-thick ISO film, a 40-nm-thick
hafnium dioxide (HfO,) film, and 50-nm-thick subwavelength gold resonator arrays. The resonator arrays are
designed with a period (d) of 1 pm and width (w) of 405 nm.
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Fig. 1. (a) Cross-section schematic of the ISO metasurface; (b) Top view of the fabricated metasurface structure; (c) Scanning electron
micrograph image of the metallic grating arrays.

Fig. 2. Fabrication process flow of the metasurface structure. (a) Deposition of all underlying thin films including Au, ISO, and HfO,; (b)
Formation of metallic grating arrays using EBL and a metal lift off process; (c) Deposition and patterning of passivation SiO»; (d) Formation of
metal contacts; (¢) Patterning and etching of all films to expose underlying Au for contact.

The fabrication process flow is illustrated in Fig. 2. Firstly, titanium (Ti) and gold (Au) metal layers with thickness
of 5 nm and 100 nm, respectively, were deposited using electron beam evaporation onto the silicon (Si) substrate.
Then, the ISO thin film was sputter deposited onto the metallic reflecting layer. Using atomic layer deposition
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(ALD), the HfO, dielectric layer was deposited. The gold resonator arrays were realized using electron beam
lithography (EBL) and metal lift off. Silicon dioxide (SiO,) was deposited and patterned for passivation. On top of
this, metal pads were deposited, again using electron beam evaporation and liftoff. The metal pads comprise a 15-
nm-thick Ti sticking layer and a 50-nm thick layer of Au. Lastly, the HfO, and ISO layers were patterned and etched
to expose the reflecting metal layer for electrical contact.

3. Experimental Results

Reflection spectra were measured with a Fourier Transform Infrared (FTIR) spectrometer coupled to a 36X
objective microscope. Light reflected from the sample was detected with a liquid nitrogen cooled mercury cadmium
telluride (MCT) detector. A clean Au substrate was used as a reference. A gate bias was applied to the metallic
grating arrays using the larger contact pads while the reflecting substrate was connected to ground.

——2DFDTD
—— Measured

60

—

L 08 o 0.8
=] o
E . E 20
g 2
é’ 0.6 1] l:cJ é 0.6 0
5] E v
% Au &

0.4 i i i' 0.4 0

0.2 0.2 -40

2 4 6 8 2 4 6 8 2 3 4 5
Wavelength (zzm) Wavelength (zm) Wavelength (pzm)
(a) (®) (c)

Fig. 3. Reflectance spectrum without bias and the simulated electrical field distribution (|E|) at the resonance wavelength; (b) Electrically tuning
of reflectance from metasurface; (b) Relative reflectance change: AR/R = [R(V) — R(0)] / R(0).

Metasurface reflection spectra are shown in Fig. 3. A 2D-finite different time domain (FDTD) solver was used to
calculate the reflectance spectrum without bias. The near-normal incidence TE-polarized (in-plane electric field
perpendicular to the resonators’ long axis) light resonantly couples to surface plasmons, producing a dip in
reflectance (Figure 3(a)). Simulated (2.64 pm) and measured (2.72 pm) resonance wavelengths show good
agreement. The simulated electric field distribution (|E|) on resonance is shown in the figure inset, and demonstrates
significant field intensity in the underlying ISO layer. Figure 3(b) shows the reflectance spectrum for applied biases
of -8 V, 0V, and 6V, demonstrating the tunability of the metasurface structure. Figure 3(c) plots the relative
reflectance change, AR/R= [R(V) — R(0)] / R(0), defined as the normalized ratio of the change in reflectance with
and without bias. A maximum AR/R of 57% was achieved at a wavelength of 2.73 um. A resonance wavelength
shift of -216 nm was demonstrated with a bias of +6 V. With a bias of -8 V, the resonance wavelength shift
measured was +150 nm and AR/R was 50% at a wavelength of 2.6 pm.

4. Conclusions

We have demonstrated a tunable metasurface based on ISO. A reflectance change of 57% was measured at a
wavelength of 2.73 pm. A total resonance wavelength shift of 366 nm was observed with a change in bias from -8V
to +6V. This new TCO material shows promise for tunable metasurface applications.
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