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Abstract: We numerically demonstrated switchable metasurfaces using a phase change material,
VO, by temperature change. The Pancharatnam-Berry metasurface was realized by using an array
of Au nanorods on top of a thin VO, film above an Au film, where the optical property of the VO,
film is switched from the insulator phase at low temperature to the metal phase at high temperature.
At the optimal structure, polarization conversion efficiency of the normal incident light is about
75% at low temperature while that is less than 0.5% at high temperature in the visible region (A ~
700 nm). Various functionalities of switchable metasurfaces were demonstrated such as polarization
conversion, beam steering, Fourier hologram, and Fresnel hologram. The thin-VO;-film-based
switchable metasurface can be a good candidate for various switchable metasurface devices, for
example, temperature dependent optical sensors, beamforming antennas, and display.
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1. Introduction

Metasurfaces have attracted much attention as fascinating optical elements because
of flat and ultrathin subwavelength structures that manipulate the phase, amplitude, and
polarization of an incident light [1-3]. In contrast to conventional optical elements, metasur-
faces provide abrupt phase changes of an incident light, which enable metasurfaces to have
a unique functionality to form an arbitral wavefront of a light beam, for example, beam
shaping [1,4-7], polarization control [8-12], ultrathin lens [13-16], and holography [17-21].

There are several methods to realize an additional phase change at the metasurface.
First, multi-resonance plasmonic elements were adapted on the metasurface which has the
same reflectivity with desired phase changes [1,22,23]. Another method, the Pancharatnam-
Berry (PB) phase, has been widely used because of continuous change of phase delay with
constant transmittance (or reflectance) by simple geometrical rotation [24-26]. However, in
order to get the anomalous refraction behavior, the incident beam should have a circular
polarization. All dielectric Huygens” metasurfaces with high-refractive-index dielectric
rods are the alternative way to get high transmission without polarization sensitivity by
overlapping electric and magnetic resonances at the same wavelength [27-29].

Recently, it has been reported that the optical properties of the metasurface could
be actively controlled by using various tuning methods, for example, mechanical stretch,
field effect, and phase change behavior [30-33]. Especially, phase change materials (PCMs)
such as germanium antimony tellurium alloy (GepSb,Tes, GST) and vanadium dioxide
(VO,) have been intensively investigated due to their switchable ability of optical prop-
erties [34-36]. VO, is one of the most interesting PCMs because of the unique metal-
insulator-transition behavior which could be realized both thermally and electrically [37].
Unlike the GST, the phase transition of the VO, from the insulating phase to the metallic
phase occurs by temperature around 70 °C which could exist in nature [35,36]. However,
most of switchable metasurfaces using VO, were realized in the mid-infrared (IR) or THz
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region not yet in the visible range [38—40]. One recent paper reported that reconfigurable
multistate optical system for dynamic display was demonstrated by phase transition of
VO, film modulated by temperature, hydrogen-doping, and electron-doping [41]. In this
paper, we demonstrated a switchable metasurface with a VO, thin film in the visible region
(A =700 nm). The reflectarray metasurface was designed based on PB-phase principle,
and possible applications of switchable metasurfaces, such as polarization conversion,
beam steering, Fourier hologram, and Fresnel hologram were numerically performed. We
believe that VO, based metasurfaces in the visible region can provide a practical platform
for various applications of dynamic switch by temperature.

2. Materials and Methods
2.1. Optical Properties of VO,

The PCMs have fascinated many researchers due to their optical and electrical ca-
pabilities of active control. In this paper, we used the classical dispersion model based
on the Drude-Lorentz model to realize the optical constant of a thin VO, film in both
the insulator and the metal phase for dispersive Finite-Difference Time-Domain (FDTD)
method with auxiliary differential equation [42,43]. It is worth noting that low temperature
for insulating phase of VO is below 30 °C and high temperature for metallic phase is
above 90 °C [35,36,42,44]. The equation to describe the complex permittivity of the VO,

can be expressed by

oy

(W =tet ¥ T
p=12 Yp Tpw

)

where two poles of the Drude-Lorentz model were used to describe the dielectric constant
of the VO, film at low temperature and at high temperature, summarized in Table 1. Here,
there is no Drude oscillator due to the plasma frequency far from the visible or near-IR
region and the sufficiently large Drude collision rate [44].

Table 1. The parameters of two poles of the Drude-Lorentz model for the dielectric constant of VO,
from the visible to the IR region, directly taken from Ref. [44]. Here, the unit of wy and 7, are A

VO, (Low T) £ =34 VO, (High T) £ =4.5
p fr wWp Tp p fp Wp Tp
1 1.1828 3.735 0.7 1 0.6383 3.1514 0.54
2 1.1502 09555 0.64 2 27.0133  0.3132 0.5

Figure 1 shows the spectral response of the refractive index, n and the extinction
coefficient, k of VO, by using the paramters in Table 1. As the wavelength increases,
k of VO, at high temperature increases gradually, however, that at low temperature is
slightly changed.
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Figure 1. Dispersion of refractive index, n and extinction coefficent, k of the VO, thin film modelled
by Drude-Lorentz equation, Equation (1).
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2.2. Design of Geometrical Orientation of Au Nanorod

Based on PB-phase principle, a rotational angle of Au nanorod was determined. First,
a desired phase was calculated. For horizontal beam steering, every single column of Au
nanorod should make a constant phase change which was realized by rotating Au nanorod
with half of the desired phase change. In case of Fourier hologram, a desired image was
prepared with binary data, first. And then, the phase distribution was determined by
two-dimensional fast Fourier transformation (2-D FFT) of the image with a random phase.
Finally, the orientation of each Au nanorod was set as half of the calculated phase at a
center position of Au nanorod. Design process of Au nanorods for Fresnel hologram was
the same as Fourier hologram except the calculation of the phase distribution, which was
calculated by Fresnel’s pingpong algorithm [45].

2.3. Numerical Method

We investigated optical performances of reflectarray metasurfaces with VO, thin film
by three-dimensional FDTD simulation [43]. For analyzing an amplitude and phase of a
reflected light, the total-field /scattered-field method with the normal incident plane wave
was used. Furthermore, a minimum spatial resolution was fixed at 4 nm for representing
surface plasmon effect. In the beam steering and hologram simulation, the normal incident
light was circularly polarized.

3. Applications and Discussions
3.1. Optimization of Reflectarray Metasurface with VO Thin Film

VO, has the metal-insulator-transition behavior, and VO, based metasurface ma-
nipulating the polarization control has widely been demonstrated in the IR and THz
region [37,41,46]. However, high-efficient VO, based metasurface in the visible range has
not been reported yet. In this section, we proposed a simple metasurface with VO thin film
with Au nanorod array, which provides a great advantage for the fabrication. Figure 2a
shows the schematic view of a reflectarray PB-phase metasurface. An array of Au nanorods
is on top of a thin VO, film which lies on the Au thick film. The structural parameters
of the Au nanorod are defined at Figure 2a. The optimized structural parameters of the
Au nanorod (see Figure S1 in Supplementary Materials) are w = 80 nm and L = 200 nm
when the period () and the thickness (f) is fixed at 300 nm and 30 nm, respectively. Here,
the thickness of the VO, film is set as 80 nm which is close to the optimum value for
polarization conversion (see Figure S3 in Supplementary Materials), and the thickness
of the Au film is fixed at 150 nm. Figure 2b shows temperature dependent reflection
spectra with different input polarization which direction corresponds to the /- or s-axis
of the Au nanorod shown in the inset. At low temperature, the dips of R; and R; were
found at 620 and 660 nm, respectively. According to Figure 2c, a phase difference, A¢ is
around zero in the spectral region between two dips, however, A¢ is almost 77 in the longer
wavelength. The same spectral response was observed at high temperature as the dips of
R; and R; found at 690 nm and 730 nm, respectively. Especially, a spectrum subtracting
two phase-difference spectra shown in Figure 2c is 7t near 700 nm. Hence, when tempera-
ture increases over the critical temperature, reflection at A ~ 700 nm maintains over 65%,
however, phase difference switches from 7 to zero. This implies that the structure could
have a functionality of a metasurface only at low temperature.
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Figure 2. Reflectarray metasurface with VO, thin film (a) Schematics. (b) Temperature dependent
reflection spectra with different polarization directions of the normal incident light. (c) Temperature
dependent phase-difference spectra between [-axis and s-axis polarizations, and phase spectrum
subtracting the two spectra.

3.2. Manipulation of Reflected Light
3.2.1. Polarization Conversion of Reflected Light

First, we numerically investigated polarization conversion efficiency by the optimized
VO, based reflectarray metasurface structure consisted of a 45°-rotated Au nanorod. The
details of the structure and characterization of 45°-rotated Au nanorod metasurface were
described in Figure S2 at Supplementary Materials. Figure 3a,b show the polarization
conversion ratio (PCR) at low temperature and that at the high temperature, respectively,

defined as
Rer

PCR = ———,
RCI‘ + RCO

@
where R, is the reflectance of the co-polarized light defined as |Ey,/Ey ; \2, and R, is the
reflectance of the cross-polarized light defined as |E, »/ Ey ;|*. Here, E; is the amplitude of
the incident electric field and E, is that of the reflected electric field. It is worth noting that
if PCR =1, all the reflected light is the cross-polarized light, and if PCR =0, all the reflected
light is the co-polarized light. As shown in Figure 3a, PCR is over 0.90 at low temperature
in the NIR region (>750 nm). Furthermore, PCR is high at high temperature, but very low
PCR(~ zero) is found near 700 nm. From these results, the proposed structure can act as
a high efficient polarization conversion metasurface at all temperature in the NIR region.
However, near 700 nm, polarization conversion occurs only at low temperature. As shown
in Figure 3c, reflection spectra at w = 80 nm (the white lines marked in Figure 3a,b) clearly
show this polarization conversion property. In the NIR region, R is over 80%, while R¢o
is below 10% at both low and high temperature. However, at A ~ 700 nm, R, is about 75%
at low temperature, but almost zero (~0.5%) at high temperature.

3.2.2. Switchable Beam Steering

Second, switchable beam steering was investigated with the optimized VO, based
reflectarray metasurface at A = 700 nm by temperature change. The PB-phase metasurface
is consisted of 12 Au nanorods by steps of 15° change from the left to the right (see the
right inset of Figure 3d). In the calculation, the input beam with the left-handed circular
polarization (LCP) or the right-handed circular polarization (RCP) was used, and the
polarization state of the reflected beam was analyzed by the angular radiation pattern
from near-to-far-field transformation algorithm [47]. Figure 3d shows the polarization
dependent angular radiation patterns of the reflected light. When the input polarization
was LCP at low temperature, the reflected light was RCP with radiation angle, ~11°
along the horizontal direction, which is well matched with the designed radiation angle
defined as tan~!(12a/). However, at high temperature, the reflected light had the same
polarization in the normal direction. In case of the RCP input beam, the beam steering
behavior was only observed at low temperature, too. Hence, switchable beam steering was
successfully demonstrated at A = 700 nm by temperature change.
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Figure 3. Characteristics of metasurface. (a) Thickness-dependent reflection spectral map at low
temperature and (b) at high temperature. (c) Reflection spectra of the co-polarized and cross-polarized
light at low temperature and high temperature marked with white lines in (a,b). (d) Manipulation of
beam steering with different input polarization at A = 700 nm. Inset in the right is the in-plane cut
view of Au nanorods in the metasurface.

3.2.3. Beam Steering with Continuous Phase Change of VO, Film

We numerically investigated PCR of the optimized reflectarray metasurface with
various degree of metallic phase of VO, film. The Drude-Lorentz parameters for dielectric
constant of VO, with partial metallic phase were estimated by Bruggeman effective medium
theory (see Supplementary Materials) [35,48]. As shown in Figure 4a, reflection spectra is
red-shift as a volume fraction of metallic phase of VO,, f increases because of decreasing n.
Consequently, PCR spectra is also red-shift (see Figure 4b). Especially, PCR is maintained
over 70% at A = 700 nm when f increases until 0.5. However, PCR suddenly decreases
with further increasing f, and finally becomes zero at metal phase (f = 1). In consideration
of complete phase change within small temperature difference, PCR is very sensitive to
temperature near the critical temperature [35]. In order to confirm sensitivity of PCR to
temperature, we investigated beam steering as a function of degree of metal phase in VO,
film. According to Figure 4d, as f increases, the cross-polarized light reflected at radiation
angle, ~11° becomes weak. In contrast, the co-polarized light in normal reflection becomes
strong which is well matched with Figure 4c. This result implies that radiation direction
could be switched continuously without change of radiation angle by continuous phase
change of VO; film.

3.3. Fourier Hologram

One of famous applications with metasurfaces is a hologram. According to the distance
from a hologram to a reconstructed image, types of holograms can be classified [49]. The
image hologram is a hologram to record a real image of the object formed by a lens. So the
reconstructed image lies on the hologram. The Fresnel hologram is a hologram to record
the near-field diffraction pattern of the object. Therefore, the reconstructed image is located
near the hologram. The Fourier hologram is a hologram to record an interference pattern
between Fourier transforms of the object and a collimated beam. So the object is placed
in the front focal plane of a lens and the hologram is in the back focal plane of the lens.
The reconstructed image is located in the far field, so to visualize the image, it is necessary
to use another lens to form the image. We demonstrated switchable metasurface Fourier
hologram at A = 700 nm which was designed by a computer generated hologram (CGH)



Photonics 2021, 8, 57

6 of 10

technique [50]. Figure 5 shows the performance of Fourier hologram generated by the
optimized VO,-film based reflectarray metasurface. The letter images at the left column in
Figure 5 were prepared with 32 x 32-pixel binary images. Two middle columns in Figure 5
indicate the phase maps calculated by 2-D FFT and corresponding Au nanorod arrays,
respectively. At low temperature, the holographic images were reconstructed as shown
in the second right column. The speckle pattern on the holographic image is due to the
random phase. At high temperature, the normal reflected lights were observed as shown
in the right column, which correspond to the zeroth order diffraction. From this, we expect
that the far-field image generated by VO, based reflectarray metasurface Fourier hologram
can be switchable by temperature.

1.0 Lo o
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Figure 4. Characteristics of reflectivity in reflectarray metasurface with VO, thin film at different
volume fraction of metal phase. (a) Reflection spectra of the co-polarized and cross-polarized light
(b) PCR spectra (c) Reflection and PCR at A = 700 nm. (d) Manipulation of beam steering.
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(b) m .

|
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Figure 5. Switchable Fourier hologram generated by VO, based reflectarray metasurface with the
character (a) K (b) N, and (c) U. The columns from the left to the right indicate the original binary
image, phase map, magnified in-plane cut-view of Au nanorod array, and reconstructed far-field
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images with A = 700 nm projected in the polar coordinate at low temperature and high temperature.
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3.4. Fresnel Hologram

To investigate optical switching of the near-field hologram image in the visible region,
we demonstrated the Fresnel hologram with the optimized VO, based reflectarray meta-
surface at A = 700 nm. First, we prepared a 32 x 32-pixel binary image of a smiling face
(Figure 6a) and calculated the phase distribution (Figure 6b) by CGH technique based on
Fresnel’ pingpong algorithm [45]. According to the phase distribution, the optimal Au
nanorods were arranged based on PB-phase principle (Figure 6¢c). Here, we designed a
reflectarray metasurface hologram with an image plane at 10 pm from the metasurface.
Figure 6d shows the time-averaged intensity distribution at the image plane at low temper-
ature, which agrees well with the original smiling face. However, at high temperature, the
reconstructed image appears weakly because R, component contributes to generate the
smile image. Therefore, if the polarizer to remove the co-polarization component or off-axis
hologram technique is adapted, switchable hologram on temperature could be realized. For
the quantitative analysis, we calculated the signal-to-noise ratio (SNR) of the time-averaged
intensity. In case of low temperature, SNR ~ 16.5 dB, however, SNR ~ 8.2 dB at high
temperature. The SNR could be enhanced if the area of metasurface hologram increases.
We also obtained the depth-of-field (DOF) in the holographic image at low temperature.
According to the time-averaged intensity distributions obtained from different z-position
shown in Figure 6f, DOF is estimated about 4A ~ 3 um.

(b)

(a)

SN N =me™—

(e)

max

LR R R R B
AN Y K P
A\ =y
| HR KX e

10pm

—4) -3h  2A -\
(image plane)

Figure 6. Switchable Fresnel hologram performed by VO, based reflectarray metasurface at
A =700nm. (a) Original smile image (b) Phase map (c) In-plane cut-view of Au nanorod array
(d) Time-averaged intensity distribution at the image plane at low temperature, and (e) at high
temperature. (f) Evolution of the time-averaged intensity distribution with a distance from the image
plane (z = 10 um). The white scale bars in (d,e) indicate 3 pm.

4. Conclusions

We numerically demonstrated switchable metasurfaces using a thin-VO,-film based
reflectarray of Au nanorods in the visible region at A = 700 nm. First, the optical constants
of VO, from insulating phase at low temperature to metallic phase at high temperature
was modelled by the Drude-Lorentz equation with Bruggeman effective medium theory
in the visible to the IR region. An Au nanorod on top of a thin VO, film above a thick Au
film was optimized for high polarization conversion efficiency only at low temperature.
The optimized reflectarray metasurface shows polarization conversion efficiency about
75% at A =700 nm at low temperature, while the polarization conversion efficiency is less
than 0.5% at high temperature. We numerically demonstrated various performances of
switchable metasurfaces, such as polarization conversion, beam steering, Fourier hologram,
and Fresnel hologram. The PB-phase principle was adapted to realize an arbitral phase
distribution by controlling the angle of Au nanorods. We believe that the thin-VO,-film-
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based switchable metasurface in the visible region can be a practical platform for various
applications of dynamic optical switch devices by temperature, such as optical sensors,
beam forming antennas, and display.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2304-673
2/8/2/57/s1, Figure S1: Optimization of the Au nanorod in a VO, based reflectarray metasurface,
Figure S2: Characterization of a VO, based reflectarray metasurface consisting of the 45°-rotated Au
nanorods, Figure S3: Reflection spectra with different thickness of VO, film, Figure S4: Dispersions
of dielectric constant (¢) with various volume fractions (f) of metallic phases of VO,, Table S1: The
values of volume fraction f and depolarization factor g at different temperature and the parameters
of two poles of the Drude-Lorentz model for dielectric constant of VO,.
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