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Abstract: In this work, reconfigurable metafilm absorbers
based on indium silicon oxide (ISO) were investigated.
The metafilm absorbers consist of nanoscale metal-
lic resonator arrays on metal-insulator-metal (MIM)
multilayer structures. The ISO was used as an active tun-
able layer embedded in the MIM cavities. The tunable
metafilm absorbers with ISO were then fabricated and
characterized. A maximum change in the reflectance of
57% and up to 620 nm shift in the resonance wavelength
were measured.

Keywords: metafilm; indium silicon oxide; metamaterials;
metasurface.

1 Introduction

Light can be strongly coupled at a metal-dielectric
interface, enabling subwavelength optical components
that overcome the diffraction limit [1]. Metasurfaces or
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metafilms consist of subwavelength or nano-scale artifi-
cial metallic resonators, such as metal stripes, nano rods
or Mie resonators, thus allowing for the manipulation
of the light amplitude, phase and polarization [2-4]. In
the past decade, reconfigurable metasurfaces have been
investigated for a wide range of applications, includ-
ing optical antenna, optical modulation, beam steer-
ing, solar cells, light detection and bio-sensing [5-11].
To enable active tuning, electro-optical tunable materi-
als are incorporated into metasurfaces. By embedding
tunable materials in metal-insulator-metal (MIM) plas-
monic cavities, the optical properties of light waves can
be tuned with a gate bias. Tunable materials, such as
graphene, transparent conductive oxides (TCOs), highly
doped III-V semiconductors and metal nitrides have been
investigated [12-18].

TCOs have drawn significant attention due to their
fabrication simplicity and significant electrical tunability
in the near- and mid-IR wavelength ranges. TCOs are trans-
parent in the visible range owing to their large bandgap.
They demonstrate dielectric- or metal-like optical proper-
ties depending on the carrier doping concentration. TCOs
like indium tin oxide (ITO), aluminum-doped ZnO (AZO),
and gallium-doped ZnO (GZO) have been widely inves-
tigated. In those works, the complex refractive index of
TCOs was actively tuned by field-effect modulation within
MIM plasmonic cavities, resulting in control of light trans-
mission and reflection. Electrically gated amplitude and
phase control opens the path to applications in high-
speed efficient optical modulation and dynamic beam
steering [19-25].

Gate-tunable metasurfaces based on ITO have been
reported for engineering light amplitude and phase
[26-31]. As an alternative TCO, indium silicon oxide
(ISO) is a good candidate for a transparent electrode,
for flexible organic solar cells and for thin-film transis-
tors [32-35]. Silicon doping has been reported to increase
the Hall mobility and reduce the carrier concentration
compared with tin in indium oxide (In,0,) [36]. Very
recently, plasmonic responses have been demonstrated
in ISO thin films, making ISO a promising novel material
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platform for metaphotonic applications. Moreover, the Si-
compatibility of the ISO material and its wide tunability
of the screened plasma frequency across the mid-IR spec-
trum provide additional degrees of freedom for device
engineering [37, 38]. In the current work, we experi-
mentally studied metafilm absorbers based on ISO. The
amplitude of the reflected light was actively tuned with
a gate bias. A maximum change in the reflectance of 57%
and up to 620 nm shift in the resonance wavelength were
measured.

2 Metasurfaces based on ISO

2.1 Device fabrication

As shown in Figure 1, the metafilm absorber consists of
a metallic reflecting substrate, a 20 nm-thick ISO film,
a 40 nm-thick hafnium dioxide (HfO,) film and 50 nm-
thick metallic resonator arrays. The resonator arrays are
formed with interdigitated sub-wavelength gold (Au) rods
that are connected to metal traces. Figure 1B describes
the device operating principle whereby the underlying
Au reflecting layer is connected to the ground and a bias
voltage (V) is applied to the MIM cavity. The resonator
arrays are designed with a fixed period (P) of 1 um but
different widths (W) for each of the three primary device
geometries. The near-normal incidence TE-polarized light
(the in-plane electrical field is perpendicular to the long
axis of the resonator) resonantly couples to the surface
plasmons. The resonance wavelength and effective index
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Figure 1: The gate-tunable metafilm absorber based on I1SO.
(A) 3D schematic of the metafilm absorber. (B) Cross section of the
multi-layer structure describing operating principles.
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of the plasmonic modes depend on the permittivity of the
ISO layer and the geometry of the metallic resonators.

To fabricate the devices, first, a reflecting metal stack
of 5 nm titanium (Ti) and 100 nm Au was deposited onto
a silicon (Si) substrate. The ISO thin film was sputter-
deposited onto the metallic reflecting substrate, using an
Angstrom EvoVac system via the code position of an In,0,
target (99.99% purity) and a SiO, target (99.99% purity)
[37]. Then, a HfO, dielectric layer was deposited using
atomic layer deposition (ALD). The Au resonator arrays
were fabricated on top of the HfO, using electron beam
lithography and metal lift-off. A 600 nm-thick SiO, layer
was deposited using electron-beam evaporation and pat-
terned with a lift-off process. On top of the silicon dioxide
(5i0,) layer, metal pads comprising 15 nm-thick Ti and 50
nm-thick Au layers were deposited. Finally, the HfO, and
ISO layers were patterned and etched to expose the lower
reflecting metal layer for electrical contact. The micro-
scope images of the fabricated metafilm absorbers are
shown in Figure 2. In this work, three devices that have
the same period P=1.0 um but with different widths were
investigated: D1 (W=300 nm), D2 (W=405 nm) and D3
(W =850 nm).

2.2 Material model

The dielectric permittivity of ISO can be described by the
Drude model given by

2
[

e=¢ +ie.=¢ ———F (1)
Tt (@ +iTw)

where ¢_ is the infinite frequency permittivity, I" is the
collision frequency and w, is the plasma frequency, which
depends on the carrier concentration (N) and electron
effective mass (m”) according to the following:

0= @

where e is the elementary charge and ¢ is the vacuum
permittivity. The permittivity of the ISO thin film meas-
ured with ellipsometery (MIR J. A. Woollam VASE) is
plotted in Figure 3.

Several advantages of the ISO platform are related
to its large mobility for improved device response time
[33], its significantly reduced surface roughness at larger
thicknesses for improved device fabricability [37] and



DE GRUYTER H. Zhao et al.: Gate-tunable metafilm absorber =—— 1805
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Figure 2: Fabricated metafilm absorbers.

(A) The optical microscope images of the fabricated metafilm absorbers. (B-D) Close up scanning electron microscope images of the devices
with metal rod widths of 300, 405 and 850 nm.
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Figure 3: The permittivity of the ISO thin film. 10" 107 102!
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its engineering potential for mid-IR localized plasmon Figure 4: /1p as a function of N for both ITO and I1SO with an electron
. . . o e effective mass (m”) of m*=0.35m_and m"=0.90 m , respectively.

resonances, which allow active device applications [37]. e e
Specifically, we will now elaborate on the advantages on
ISO as a novel epsilon-near-zero (ENZ) tunable material modeled using the Drude model at the wavelengths of
for optical modulation. interest.

Optical modulation in MIM TCO devices is driven by Equation 3 defines the plasma wavelength (/lp) under
the accumulation and depletion of free charge carriers. the assumption of parabolic bands with the free charge
Likewise, the optical constants of TCO materials can be carrier effective mass (m”) that is inversely proportional
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to the band curvature. Equation 4 is the classical Drude
model assuming no high frequency contributions to the
dispersion or damping due to collisions. Under these
conditions, when the wavelength equals lp, the material
permittivity will be equal to zero.
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Figure 5: The simulated reflectance spectrum map for a resonator
period of 1.0 um as a function of wavelength and width of the
resonator rod.

The resonance wavelengths corresponding to the widths for devices
D1, D2, and D3 are marked.
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Using ellipsometry and the Hall effect measure-
ment technique, we have measured the screened plasma
frequency (w,) and N of the ISO material integrated into
our presented devices. The ISO materials’ optical con-
stants are well described by the Drude model; therefore,
m" can be estimated using these values. We observed
wp=1.06><1015 rad/s and N=3.2x10%* cm? after a 250°C
vacuum annealing step, which yields an effective mass
of m"=0.9 m,. This is about three times larger than the
typical value of ITO, which is m*=0.35 m,.

Figure 4 illustrates the plasma wavelength (lp) of ISO
as a function of the carrier concentration (N) in compari-
son to ITO. The intrinsic N of TCOs is typically controlla-
ble through the manipulation of the oxygen vacancy and
dopant concentrations between 10 to 10% cm [39]. Com-
pared with ITO, ISO demonstrates wider tunability of the
plasma wavelength, thus extending the ENZ modulation
to longer wavelengths.

2.3 Reflectance characterization
and analysis

The three-dimensional (3D) finite element method
(FEM) was used to calculate the reflectance spectrum
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Figure 6: The simulations by 3D finite element method.

(A-C) Comparison of the simulations and experimental FTIR reflectance measurements for devices D1, D2 and D3. (D) Electric field profile of
device D1 calculated at A=2.0 um. (E) Electric field profile of device D2 calculated at A =2.45 um. (F, G) The electric field profiles of device D3

calculated at A=1.70 um and A =6.05 um.
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of the fabricated ISO metafilm absorber. Measured dis-
persion data were used for the ISO films [37] and the
material dispersion data for Au, Ti, and HfO, were taken
from references [40] and [41], respectively. We used tet-
rahedral meshing with a maximum element size 50 nm
and a minimum element size of 2 nm. The degrees-of-
freedom in our simulations of plasmonic gratings with
different widths were approximately 10°. Figure 5 shows
the simulated unbiased reflectance plotted in a color
map. By fixing the grating period to 1 um, two clear
reflectance dip regions were observed as a function of
the grating width W and of the incident wavelength.
Moreover, we can clearly distinguish two regions of the
parameter space wherein the reflectance simulations
feature a single dip (W from 150 nm up to 600 nm) or
double dips (W larger than 600 nm). Figure 5 also dis-
plays the resonant wavelength positions of the devices
D1, D2 and D3.
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Figure 7: The permittivities of the ISO thin film at the wavelengths
of 1.8, 2.1, 2.7 and 5.8 um.

(A) Real part of the permittivity. (B) Imaginary part of the permittivity.
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The reflectance spectra were measured with a Fourier
Transform Infrared (FTIR, Bruker VERTEX 70) spectrome-
ter coupled to a 36 x objective (N.A. 0.5) microscope. The
reflected light was detected by a liquid-nitrogen-cooled
mercury-cadmium telluride (MCT) detector. A clean Au
substrate was used as a reference.

Figure 6 compares the measured reflectance with
respect to the simulated reflectance spectra of D1 (panel A),
D2 (panel B) and D3 (panel C). The simulation and experi-
mental results qualitatively matched with the dip posi-
tions in all the studied configurations. However, the
simulated results showed lower amplitude than the exper-
imental results. This can be attributed to the fabrication
imperfections, the effect of unintentional annealing (e.g.
resist baking) that can slightly modify the material disper-
sion [37] and the non-perfect normal incidence during the
measurements. Figure 6D and E show the calculated field
profiles at the cavity resonance wavelengths for D1and D2,
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Figure 8: The experimental demonstration of the active tuning for
device D1 (P=1.0 um, W=300 nm).

(A) Measured reflectance spectra. (B) Relative reflectance change:
AR/R=[R(V) - R(0)]/R(0).
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respectively. They both show strong field enhancements
localized on a sub-wavelength scale in the ISO layer. Figure
6F and G display the field distributions at the two cavity
resonance wavelengths of D3. The mode profile at the
shorter resonance wavelength showed field enhancement
in the ISO layer, whereas the field distribution at the longer
resonance wavelength was mostly concentrated inside
the HfO, layer. The larger imaginary permittivity of
ISO at the longer resonance wavelength resulted in
a broader reflectance dip consistent with the calcu-
lated reduction of the field amplitude in the ISO at this
wavelength.

From the measured reflectance spectra for D1, D2
and D3, the resonance dips were observed at the wave-
lengths of 2.1, 2.7, 1.8 and 5.8 um, respectively. The per-
mittivities of the ISO thin film at the above wavelengths
are plotted in Figure 7. At the wavelength of 5.8 um, ¢,
equals to zero as N was around 2.96 x 10%° cm™, close to
the measured carrier concentration of the ISO layer in
this work.

3 Gate-tunable measurement

A gate bias was applied to the metallic grating arrays using
the larger contact pads while the reflecting substrate was
connected to the ground. The carrier concentration near
the ISO/HfO, interface increases or decreases by forming
a carrier accumulation or depletion layer. The permittiv-
ity of the accumulation/depletion layer inside the ISO is
tuned with the gate bias, resulting in the modulation of
the reflected light.

The reflectance spectra of D1 for the applied biases
of -10, -5, 0, +5, and +10 V are shown in Figure 8A.
The resonance wavelength shifted by —-50 nm with a
+10 V bias. Figure 8B shows the relative reflectance
change, AR/R=[R(V)-R(0)]/R(0), defined as the nor-
malized ratio of the change in reflectance with and
without bias. For D1, a reflectance change of up to 33%
was demonstrated at a wavelength of 2.14 um with a bias
of +10 V.

The measured reflectance spectra and relative
reflection change for device D2 and D3 are shown in
Figures 9 and 10, respectively. A maximum AR/R of 57%
was measured for device D2 at a wavelength of 2.73 um
with a bias of 6 V and the resonance wavelength shift was
—216 nm. With a bias of -8 V, the resonance wavelength
shift was +150 nm and AR/R was 50% at a wavelength of
2.6 um.

Two resonances, located at 1.807 um and 5.801 pum,
respectively, were observed for device D3 in the region of
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Figure 9: The experimental demonstration of the active tuning for
device D2 (P=1.0 um, W=405 nm).
(A) Measured reflectance spectra. (B) Relative reflectance change.

observed operation. At a bias of -8 V, the two resonances
were shifted to 1.895 um and 5.175 um, resulting in a
+80 nm and -620 nm shift, respectively. Figure 10 displays
larger resonance wavelength shift and AR/R values at the
longer wavelength resonance. This is consistent with the
expectation of modulation enhancement around the ENZ
wavelength.

These results for the ISO-based metafilm absorber
compare favorably to other materials, thereby showing
promise for widely applicable gate-tunable metasurface
devices. Such gate-tunable devices enable electrically
addressing the individual subwavelength resonator ele-
ments. The obtained large resonance shift can be further
investigated to realize the phased arrays of the sub-
wavelength resonators for flat optical elements, LIDAR
and beam steering/pointing in free space optical
communications.
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Figure 10: The experimental demonstration of active tuning for
device D3 (P=1.0 um, W=850 nm).
(A) Measured reflectance spectra. (B) Relative reflectance change.

4 Conclusions

We have demonstrated tunable metafilm absorbers based
on ISO. Three devices with different geometries were fab-
ricated and characterized. The light reflectance was tuned
with a gate bias applied between the metallic resona-
tor and the reflecting substrate. A reflectance change of
57% was measured at a wavelength of 2.73 um, and the
maximum resonance wavelength shift of 620 nm was
realized with a bias of -8 V. These promising results, to
our knowledge, represent the first demonstration of gate-
tunable metafilm absorbers based on ISO. Future efforts
will be made to investigate high-speed optical modula-
tion; and to study the active phase tuning in individual
resonator elements towards reconfigurable beam steering
applications.
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