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1. Introduction

Broadband tuning of polarization states is pivotal yet challenging in modern

photonics technologies, especially for miniaturized or integrated systems.
Metasurfaces potentially provide an effective approach to resolve this
challenge. However, once a metadevice is fabricated, its functionalities are
determined, and it is hard to actively tune the polarization states. Here, the
electrically tunable broadband polarization states by combining phase-change
material (vanadium dioxide) and dispersion-free metasurface are
demonstrated for the first time. The polarization states are modulated through
the electrically driven, Joule-heat-induced phase transition of vanadium
dioxide, where the output polarization state can be continuously tuned from
horizontal one to vertical one, or from circular polarization to linear
polarization. With accurate on-chip control of the phase transition, continuous
and reversible modulation of polarization is verified in a scanning display.
Moreover, a proof-of-concept demonstration for dynamically independent
control of multiple polarization display is carried out. Different images are
produced by applying electrical currents in N separate channels to generate a
dynamic multiplexing polarization display with 2V encoding states. Such an
active metasurface can be readily integrated with electronics and has potential
applications in display, encryption, camouflage, and information processing.

Tuning the polarization states of light
plays a crucial role in the classical optical
system and modern photonics tech-
nology. However, the bulky volume of
conventional waveplates made of bire-
fringent materials is highly unfavorable
for miniaturized optical systems and
integrated photonic circuits. As an al-
ternative, metasurfaces have attracted
enormous attention over the past years
because they have facilitated ultrathin
optical devices!*”] to tune the local ampli-
tude, phase, and polarization of light on a
2D platform. Subwavelength waveplates
based on metasurfaces have already
been extensively investigated due to their
compactness and design flexibility.®12]
However, one major challenge limiting
the application of these subwavelength
waveplates is that their functionality is
fixed after fabrication, imposing the chal-
lenge to exert any further active control
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on the polarization states of light.

To solve this problem, active metasurfaces have been recently
developed to provide optical devices with both dynamic tunability
and miniaturization.['*15] The general method to produce active
metasurfaces is to combine metasurfaces with some dynamically
tunable elements, such as graphene,!'*® semiconductors,'’!
nonlinear materials,?*?!l' phase-change materials,[2223! liquid
crystals, 22l field-programmable gate array (FPGA),[*”] and
some mechanical rotating structures.?®! Various active func-
tionalities, including tunable polarization,1¢1%-222]1 dynamic
color display,2*3% switchable reflection and transmission,2#3!]
dynamic beam switching,!?! spatial light modulators,?®! and re-
configurable holograms*2*} have been demonstrated. In these
active optical devices, the optical properties can be dynamically
controlled by certain external stimuli, including voltage, light,
and heat, resulting in distinct responses under different con-
ditions. Particularly, the refractive index of liquid crystals can
be tuned optically,**! thermally,?®! or electrically.?®] There-
fore, liquid crystals are widely used to implement tunable
metasurfaces.[?*%1 Although some studies discuss tunable po-
larizers, their ability to be tuned is limited.'%1922] In particular,
electrically tunable, broadband, and efficient wave plates have
not yet been explored.
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Figure 1. Schematic of electrically driven tunable broadband polarization states. The active metastructure is constructed by Si substrate, Au mirror layer,
SiO, spacing layer, gold L patterns, and VO, layer (from bottom to top). The inset shows the model of a unit cell without being covered by VO,. An
electrode is fabricated near the metasurface, which is connected to external circuitry. When the applied current is lower than a critical value, the VO,
is in the insulating phase, and the reflected light is transformed into a y-polarized light with x-polarized incidence (red arrows) or left-hand circularly
polarized light with y-polarized incidence (green arrows) depending on the structural parameters. Therefore, the sample functions as a broadband half-
or quarter-wave plate, as schematically shown in the left panel. When the current is increased, the VO, is transformed to the metallic phase, and the
polarization state of reflected light remains the same as the x-/y-polarized incident light, indicating that the sample functions as a broadband mirror, as

schematically shown in the right panel.

Phase-change materials are a category of active materials that
can introduce tunability to metasurfaces. Among the diverse
phase-transition materials, vanadium dioxide (VO,) is particu-
larly fascinating.3*35] First, it is a reversible phase-change ma-
terial with a low critical temperature of ~340 K.’} At room
temperature (300 K), VO, is an insulator with a monoclinic
structure. When the temperature increases above 340 K, it trans-
forms into metal with a rutile structure. The phase transition
causes a large change in the electrical and optical proper-
ties of VO,. Consequently, it has been widely used in field-
effect transistors,[*”38] actuators,?**% intelligent windows,*!]
active metamaterials,[*~*] reconfigurable phase and polariza-
tion control,[?2?°1 dynamic color generation,[**) and waveguide
switches.[*l Second, in addition to direct heating, the phase
transition of VO, can also be induced by electric current, 78l
strain,!*! and light,’®) which can greatly increase the range
of modulation methods. Furthermore, in practical applications,
electric modulation is more useful than temperature modula-
tion due to its compatibility with electronics. However, there have
been few studies on dynamically reversible metasurfaces that are
based on electrically tuned phase transition of VO,,’'3) and
only very limited work focuses on the active manipulation of
amplitudel2 and phase.l**! The electrical control of polariza-
tion states is still lacking.

In this study, electrical tuning of broadband polarization states
by combining VO, with dispersion-free metasurfaces is experi-
mentally demonstrated for the first time. Based on the Joule-heat-
induced phase transition of VO,, the tunable broadband feature
is achieved in subwavelength half-wave and quarter-wave plates,
where the polarization state of the reflected light can be elec-
trically tuned from a horizontal polarization to a perpendicular
polarization, or from circular polarization to linear polarization.
Moreover, by taking advantage of the precise and continuous elec-
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trical control, we realize a dynamically reversible infrared scan-
ning display metadevice. As a proof-of-concept demonstration
for dynamically independent control on the chip, multiple differ-
ent images are produced by applying currents in N independent
spatial channels, and a dynamic display with 2~ encoding states
(N = 3 in our current experiments) is demonstrated, realizing a
dynamic multiplexing polarization display. Our work combines
dispersion-free metasurfaces and phase-change materials, pro-
viding a new platform to produce electrically tunable broadband
metadevices and inspiring further applications in optical display,
encryption, and information communication.

2. Results

2.1. Electrically Tuning Broadband Polarization States

To tune dynamically broadband polarization states, we designed
an anisotropic dispersion-free metasurface that was integrated
with the phase change material (VO,) as shown in the schematic
in Figure 1. The metasurface uses a metal-insulator-metal
(MIM) structurel®**2 to achieve broadband functionality, in
which an array of anisotropic Au “L” nanoantenna is introduced
to support distinct modes as described previously.[''12] In this
configuration, the dispersion of the resonant modes of the “L”
nanoantennas can be compensated by the thickness-dependent
dispersion of the SiO, spacing layer, resulting in a dispersion-
free response.l'?) Then, we added a VO, film above the whole
waveplate, so that the optical response of the metasurface can be
modified through the phase transition of VO,. Here, to achieve
electrical control of the phase transition of VO,, we connected the
two ends of a silver electrode to external circuitry by using silver
conductive paint. A DC power supply was used to apply current
to the silver electrode, and the current value in the circuitry was

© 2021 Wiley-VCH GmbH
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Figure 2. Electrically driven phase transition of a VO, film. a) Optical images of 60-nm-thick VO, film subjected to different currents. The scale bar is
100 um. b) Temporal response of electrically tuned phase transition of VO, measured at the wavelength of 800 nm. c) A falling edge when the modulation
frequency was 0.10 Hz; ¢ty represents the ON switching time (65 ms). d) A rising edge when the modulation frequency was 0.1 Hz; to¢¢ represents the

OFF switching time (245 ms).

measured by the built-in amperemeter of the DC source. When
the electrical current is applied, the phase transition of VO, can
be induced by the Joule heat. As illustrated in Figure 2a, the
color of the region around the silver electrode changes with the
increase of current, which is attributed to the phase transition of
VO, induced by the Joule heating, as shown in Figure S1 (Sup-
porting Information). Further, we applied rectangular-shaped
current pulses to the sample, and measured the reflectance
at the wavelength of 800 nm, as shown in Figure 2b. When a
current pulse was applied, the VO, was transformed into the
metallic phase, leading to the decrease of reflectance. However,
when the current pulse was turned off, the VO, was transformed
back to the insulating phase, and the reflectance returned to its
original value. Figure 2c,d shows the falling and rising edges,
respectively, when the modulation frequency was 0.1 Hz. Then
the ON switching time (tyy) and OFF switching time (,z) can
be achieved® from the time taken for the reflectance decreasing
from 90% to 10% of the maximum value or vice versa, respec-
tively. We can find that ¢,y and typ; are around 65 and 245 ms,
respectively. Compared to the method of direct heating, where
both t,y and tope are usually more than several seconds, the
electrically driven Joule-heat-tuned method demonstrated here
can significantly improve the operation speed.

When the input current is lower than a critical value (1)), VO,
is an insulator, and a broadband half- or quarter-wave plate can
be realized by modifying the geometric parameters of the MIM
structure as illustrated in the left panel of Figure 1. If the incident
light is x-polarized, the reflected wave will be y-polarized or cir-
cularly polarized depending on the structural parameters. How-
ever, when we increase the input current to the critical value I,
the temperature will rise to above 340 K and VO, will transform
into a metallic phase. In this case, the infrared light cannot be
transmitted through the VO, film into the underlying anisotropic
plasmonic nanostructure, and the device functions as a broad-
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band mirror as illustrated in the right panel of Figure 1. With
the same incident x-polarized light, the reflected wave remains
x-polarized. The electrically tunable broadband waveplate based
on the phase transition of VO, is reversible. When the current
decreases, the VO, is transformed back to the insulating phase,
and the sample functions as a broadband half- or quarter- wave
plate again, as schematically shown in the left panel of Figure 1.

Then, we fabricated the anisotropic metasurface to verify the
electrically driven broadband half-wave plate experimentally. The
anisotropic metasurface was sequentially fabricated by mag-
netron sputtering, plasma-enhanced chemical vapor deposition,
e-beam lithography, and e-gun evaporation (see the Experimen-
tal Section for details). Figure 3a is an optical image of the sam-
ple, where the distance between the sample and the silver elec-
trode is 100 um. Figure 3D is the scanning electron microscopy
(SEM) image of the same sample. The thickness of the gold (Au)
reflection layer and silica (SiO,) spacing layer were designed to
be 100 nm and 550 nm, respectively. The length and width of
the Au “L” nanoantenna were set as 900 nm and 200 nm, respec-
tively, and the period of the structure was 1800 nm. The 60 nm
VO, film completely covered the anisotropic metasurfaces. We
calculated the reflection spectrum of the structure using finite-
difference time-domain method software (FDTD solutions from
Lumerical Inc.) (see the Experimental Section for details). Fig-
ure 3c,d presents the simulated reflection spectra of the struc-
ture under x-polarized incidence with VO, in the insulating and
metallic phase, respectively. When VO, is in the insulating phase,
the x-polarized reflectance approaches 0 in the wavelength range
from 3.5 to 6.75 um, while the y-polarized reflectance is larger
than 60% in this wavelength range, as shown in Figure 3c. There-
fore, the structure functions as a broadband half-wave plate when
VO, is in the insulating phase. Because the imaginary part of
the permittivity of VO, is small in the infrared spectrum when it
is in the insulating phase, the infrared light can be transmitted

© 2021 Wiley-VCH GmbH
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Figure 3. Electrically driven tunable broadband half-wave plate. a) Optical image of the electrically tunable broadband half-wave plate; the scale bar is
100 um. b) SEM image of the sample in (a); the scale bar is 1500 nm. Simulated reflection spectra of the tunable broadband half-wave plate under x-
polarized incidence with VO, in the c) insulating phase and d) metallic phase, respectively. Measured reflection spectra of the sample under x-polarized
incidence at e) 0 A and f) 0.37 A, respectively. g) Polarization state of the reflected light plotted schematically in the Poincare sphere. h) Measured
reflectivity of the sample under x-polarized incidence at a wavelength of 4.7 um as the current was increased. The sample can work as a half-wave plate
when the current is lower than 0.328 A and can be transformed to a mirror when the current is larger than 0.34 A. The transition point is located at 0.332
A or so, as indicated by the dotted line. The polarization conversion efficiency (1) is also evaluated at different applied current.

through the VO, film into the underlying anisotropic plasmonic
nanostructure and rotate the polarization direction. When VO,
is in the metallic phase, the y-polarized reflectance approaches 0
in the wavelength range from 2 to 8 um, while the x-polarized re-
flectance is larger than 40% in this wavelength range, as shown in
Figure 3d. Therefore, the polarization state of the reflected light
is the same as that of the incident light when VO, is in the metal-
lic phase. As a result, we can switch the polarization state of the
reflected light between a horizontal polarization and a perpendic-
ular polarization through the phase transition of VO,.

We measured the reflection spectra of the sample at different
currents using a Fourier-transform infrared spectrometer (Vertex
70v, Bruker), equipped with focal plane array (FPA). Figure 3e,f
presents the measured reflection spectra of the sample under
x-polarized incidence at 0 and 0.37 A, respectively. When no
electrical current is applied, the x-polarized reflectance is lower
than 10% in the wavelength range from 4 to 6 um, while the y-
polarized reflectance is larger than 50% in this wavelength range.
The result indicates that the structure indeed acts as a broad-
band half-wave plate. When the current increases to 0.37 A, the y-
polarized reflectance approaches 0 in the wavelength range from
2 to 8 um, while the x-polarized reflectance is larger than 40%
in this wavelength range. Therefore, the polarization state of the
reflected light is the same as that of the incident light. When the
current is turned off, the metasurface becomes a broadband half-
wave plate again due to the decrease of the temperature, demon-
strating the dynamic reversible modulation of the polarization
state across a broad wavelength range.

To investigate the intermediate states of the phase transition,
we also measured the reflection spectra of the sample under
x-polarized incidence at several discrete currents ranging from
0 to 0.37 A. Figure 3h shows the measured reflectance of the
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sample under x-polarized incidence at the wavelength of 4.7 um
as the current increases. The results indicate that there are two
different processes responsible for the observed variation in
reflectance. The reflectance begins to vary at a current of 0.31 A.
As the current increases from 0.31 to 0.332 A, the y-polarized re-
flectance significantly decreases while the x-polarized reflectance
slowly varies. This phenomenon can be attributed to the fact that
only a part of the VO, above the sample has transformed into
the metallic phase. However, when the current is larger than
0.332 A, the y-polarized reflection almost disappears, while the
x-polarized reflectance increases quickly as the current increases.
In this case, most of the VO, in the sample has transformed
into the metallic phase. For currents larger than 0.37 A, both the
x- and y-polarized reflectances remain constant, which means
that the VO, in the sample has completely transformed into the
metallic phase. To illustrate these polarization state variations, we
plotted the polarization state of the reflected light in the Poincare
sphere as schematically shown in Figure 3g. Under x-polarized
incidence, the reflected light varies from the y-polarized state to
the x-polarized state as the current continuously increases. The
polarization conversion efficiency (1) of this tunable half-wave
plate can be evaluated by following the definition**/ 7 = R, /(R
+ R,,), where R, is the y-polarized reflectance under x-polarized
incidence and R, is the x-polarized reflectance under x-polarized
incidence, respectively. As shown in Figure 3h, the polarization
conversion efficiency reaches ~85% when the applied current is
lower than 0.328 A. When the current is increased around 0.332
A, the VO, undergoes the phase transition and the absorbance
loss of VO, increases obviously during this process.[**! When
the current is increased further (larger than 0.34 A), there is no
obvious polarization conversion and the device functions as a
broadband mirror in this case. As a result, we can produce an

© 2021 Wiley-VCH GmbH
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Figure 4. Electrically driven tunable broadband quarter-wave plate. a) Optical image of the electrically tunable broadband quarter-wave plate; the scale
bar is 100 um. b) SEM image of the sample in (a); the scale bar is 1500 nm. Measured reflection spectra of the sample under x-polarized incidence at c)
0Aandd) 0.42 A, respectively. Measured reflection spectra of the sample under y-polarized incidence at e) 0 A and f) 0.42 A, respectively. g) Polarization
state of the reflected light plotted schematically in the Poincare sphere, where the blue and red lines represent the polarization state of incident light
along the x and y direction, respectively. Measured reflectivity and phase of the sample as the current was increased at the wavelength of 4.4 um under
h) x-polarized incidence and i) y-polarized incidence. The sample can work as a quarter-wave plate when the current is lower than 0.364 A and will be
transformed into a mirror when the current is larger than 0.38 A. The transition point is around 0.368 A, as indicated by the dotted line.

electrically tunable broadband half-wave plate by exploiting the
phase transition of VO,, which allows the polarization state to
be continuously modulated.

Using the same design principle, we also demonstrated an
electrically driven broadband quarter-wave plate. Here, the length
of the “L” Au nanoantenna and the period of the array were
changed to 1100 and 1530 nm, respectively, while other geomet-
ric parameters remained the same as the structure in the half-
wave plate. Figure 4a shows an optical image of the sample, in
which the distance between the sample and the silver-electrode
is 100 um. Figure 4b presents the SEM image of the sample. The
measured reflection spectra of the sample under x-polarized in-
cidence at 0 and 0.42 A are shown in Figure 4c,d, respectively.
The phase difference between the x- and y-polarized reflection
can be measured based on the method presented in our previous
work.[' When no electrical current is applied, the x-polarized re-
flectance is nearly equal to the y-polarized reflectance in the wave-
length range from 4.15 to 4.65 pm, and the phase difference be-
tween the x- and y-polarized reflection is ~1.5x in this wavelength
range. Hence, the reflected light is changed to right-hand circu-
larly polarized (RCP) light under x-polarized incidence. At the ap-
plied current of 0.42 A, the y-polarized reflectance approaches 0
in the wavelength range from 3 to 7 um, while the x-polarized re-
flectance is larger than 50% in this wavelength range. Hence, the
polarization state of the reflected light is the same as that of the
incident light at the applied current of 0.42 A. We also measured
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the reflection spectra of the sample under y-polarized incidence
at 0 and 0.42 A, as shown in Figure 4e,f, respectively. Similar to
the case x-polarized incidence, under y-polarized incidence, the
reflected light becomes left-hand circularly polarized (LCP) at 0
A and remains the same as the incident light at 0.42 A. When we
turn off the current, the structure becomes a broadband quarter-
wave plate again due to the dissipation of Joule heat. These exper-
imental results reasonably agree with the simulated ones (Figure
S2, Supporting Information).

Figure 4h shows the measured reflectance and phase differ-
ence of the sample under x-polarized incidence at a wavelength of
4.4 ym when the electrical current is continuously changed. The
reflectance and phase difference begin to change when the elec-
trical current reaches 0.35 A. As the current increases from 0.35
t0 0.364 A, the x- and y-polarized reflectance decrease simultane-
ously, while the phase difference between the x- and y-polarized
reflectance remain approximately 1.5z. This result indicates that
the sample works as a quarter-wave plate, which transforms an x-
polarized incident light to a RCP light. The operation efficiency
of a quarter-wave plate can be evaluated by the power ratio be-
tween the reflected and incident light.['! It is found that the oper-
ation efficiency of this quarter-wave plate can reach a maximum
of 86% at a current of 0.35 A. As the current increases from
0.364 to 0.38 A, the absorbance loss of the device increases ob-
viously because VO, undergoes to the insulator-to-metal phase
transition.[®) When the current develops more than 0.38 A, the
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Figure 5. Electrically controlled reversible polarization scanning display. a) Schematic of the electrically tunable infrared image of an “NJU” pattern,
where the region within the “NJU” is composed of periodic “L” nanoantenna arrays with the same structural parameters as the sample in Figure 3,
whereas the region outside the “NJU” does not contain any periodic “L” nanoantenna arrays. The red arrow represents the input of currents, whereas
the blue arrow represents the output of currents. Inset: the SEM image of a sample; the scale bar is 100 um. b) FPA image of the sample at increasing
currents of 0, 0.29, 0.30, and 0.31 A. c) FPA image of the sample at decreasing currents of 0.26, 0.25, 0.24, and 0.20 A; all scale bars are 100 pm.

y-polarized reflectance almost disappears, while the x-polarized
reflectance rises gradually as the current boosts. In this case, the
device functions as a broadband mirror and the operation effi-
ciency can reach ~60% at a current of 0.4 A. To illustrate how the
polarization state varies directly with the current, we plot the po-
larization states of the reflected light in a Poincare sphere (blue
curve), as schematically shown in Figure 4g. Under x-polarized
incidence, the reflected light changes from a right-hand circular
polarization state to an x-polarized state as the current is contin-
uously increased.

Figure 4i shows the measured reflectance and phase differ-
ence of the sample under y-polarized incidence at a wavelength
of 4.4 um over a certain range of applied electrical currents. The
reflectance and phase difference begin to change when the ap-
plied current reaches 0.35 A, similar to what was demonstrated
for the x-polarized incidence. As the electrical current increases
from 0.35 to 0.364 A, the device also functions as a quarter-wave
plate, transforming a y-polarized incident light to a LCP light.
In this case, the operation efficiency of the quarter-wave plate
reaches ~64% when the applied current is 0.35 A. As the cur-
rent increases from 0.364 to 0.38 A, the VO, undergoes the phase
transition, and the absorption loss increases obviously.*®) When
the current exceeds 0.38 A, the x-polarized reflectance almost dis-
appears, while the y-polarized reflectance rises gradually as the
current increases. In this case, the device functions as a broad-
band mirror and the operation efficiency reaches a maximum of
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52% at the applied current of 0.4 A. We also plot the polariza-
tion states of the reflected light in a Poincare sphere, as the red
curve shown in Figure 4g. Under a y-polarized incidence, the re-
flected light changes from a left-hand circular polarization state
to a y-polarized state. Accordingly, we have realized an electrically
driven tunable broadband quarter-wave plate by using the phase
transition of VO,.

2.2. Electrically Controlled Reversible Polarization Scanning
Display

We have implemented electrically tunable broadband waveplates
by integrating VO, with anisotropic metasurfaces. To further
demonstrate the reversible and continuous modulation of the
polarization state, a unique scanning infrared display was de-
signed. An “NJU” pattern was created, as shown in Figure 5a.
The region within the “NJU” pattern is composed of periodic “L”
nanoantenna arrays with the same structural parameters as the
sample in Figure 3, whereas the region outside the “NJU” does
not contain any periodic “L” nanoantenna arrays. We added a 50-
nm-thick silver electrode on the right side of the “NJU,” and the
distance between the “NJU” and the silver electrode was around
100 pm. We measured the FPA images of the sample at a wave-
length of 4.7 um, and the optical axes of both the polarizer and an-
alyzer were oriented along the x-direction. As we have discussed,
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when the electrical current is zero, VO, is in an insulating phase
and the periodic “L” pattern acts as a half-wave plate. The incident
x-polarized light can be converted into a y-polarized component
with high efficiency. However, the light remains x-polarized out-
side the “NJU” region. With the analyzer, the reflectance is nearly
zero within the “NJU” region while it is high outside. Therefore,
in the FPA image taken at 0 A, we can clearly observe the “NJU”
pattern, as shown in Figure 5b. When we increase the input cur-
rent, the generated Joule heat produces a specific temperature
distribution, which decreases from the right side (the position of
the silver electrode) to the left side.

Next, we carefully adjusted the input electric current to 0.29 A.
In this case, the VO, in the “U” region was transformed into
a metallic state while the VO, in the “NJ” region remained
unchanged. Therefore, the metasurface in the “U” region was
turned into a broadband mirror and the polarization state of the
reflected light was similar to that observed in the region outside
the “NJU” pattern. The reflectance within and outside the “U”
region was almost identical. Consequently, at a current 0f 0.29 A,
we can only see the “NJ” pattern in the FPA image, as shown
in Figure 5b. When the current was further increased to 0.3 A,
the VO, in the “J” region was also transformed into a metallic
state. Therefore, the “J” in the pattern disappeared and we can
only see the “N” in the FPA image. Finally, when the current was
increased to 0.31 A, all the VO, in the “NJU” region become a
metallic state, and the reflection in the whole sample exhibited
the same polarization state. Therefore, we cannot see any pattern
in the FPA image. Moreover, the polarization scanning display
can be reversed by varying the current. As shown in Figure Sc,
when the input current was slowly decreased from 0.31to0 0.20 A,
the “NJU” pattern re-emerged from the left to the right side, just
like the reverse of the process shown in Figure 5b. This demon-
strates that we can produce a dynamically reversible polarization
scanning display device based on the electrically controlled con-
tinuous phase transition of VO,.

It is worthwhile to mention that, compared with previous stud-
ies in which the patterns were only able to be displayed and erased
integrally,?2°1°2] our demonstration proposes a novel scanning
display and erasure method based on the precise electric tunabil-
ity of the phase transition. The electrically controlled reversible
polarization scanning display allows the pattern information to
Dbe easily displayed and erased reversibly, which could be applied
to dynamic display devices, anti-counterfeit labels, and so on. The
display image is also a significant information carrier which can
directly describe the objective world in addition to the informa-
tion world. For instance, some dynamic metasurface holograms
have already been utilized for advanced optical information pro-
cessing and encryption.[’’! Similarly, FPA images from polariza-
tion scanning display devices also have the ability to store infor-
mation. Sets of geometric codes could be displayed using our
devices instead of the “NJU” pattern, which could potentially be
used for optical information processing and encryption.

2.3. Independent Control of Multiple Polarization Display
On the basis of active modulation of infrared light, we further

propose a platform to implement the independent modulation
of multiple polarization display. We consider N independent pat-
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terns, in which the polarization state of reflected light can be
controlled by N independent switches. The polarization state of
reflected light for each pattern can be defined as “0” or “1” cor-
responding to “on” or “off” state of each switch. Therefore, the
whole sample can support 2V display states and every state can
display different infrared images.

In order to confirm this idea, we designed three different pat-
terns including “apple,” “butterfly,” and “chick,” as shown in
Figure 6a. The region within these patterns is composed of pe-
riodic “L” nanoantenna arrays with the same structural parame-
ters as the sample in Figure 3, whereas the region without these
patterns does not contain any periodic “L” nanoantenna arrays.
We added a 50-nm-thick silver electrode in the vicinity of each
pattern, where the distance between each pattern and the cor-
responding silver electrode is around 100 pm. To avoid the ef-
fect of heat cross-talk, we cut the sample into three independent
parts, each containing an “apple,” “butterfly,” or “chick” pattern.
We measured the FPA images of these samples at the wavelength
of 4.7 um, with the optical axis of both the polarizer and analyzer
setalong the x-direction. The measured FPA images are shown in
Figure 6b. In the absence of electric current, which can be defined
as the “1” state, the VO, is in an insulator state and these patterns
act as a half-wave plate. The reflected light in these patterns is
y-polarized, whereas the reflected light outside these patterns is
still x-polarized. As the analyzer is set along the x-direction, the
reflectance is low inside the patterns, while high outside the pat-
terns. Therefore, we can clearly see these patterns from the FPA
image. However, when current is applied, which can be defined
as the “0” state, VO, is transformed into a metallic state. The re-
flected light both inside and outside these patterns is x-polarized
with almost identical amplitude. Therefore, we cannot see these
patterns on the FPA images. By selectively applying current, we
can achieve eight different states, which can be encoded as “111,”
“110,” “101,” “100,” “011,” “010,” “001,” and “000.” Each state dis-
plays a different infrared image, as shown in Figure 6b.

As we know, dynamic multiplexing can be used for meta-
hologram, where different holographic images can be realized
by controlling the structured laser beam to open different space
channels.*®] As shown in Figure 6, the independent modulation
of multiple polarization display can be regarded as a dynamic
multiplexing polarization display, where different patterns cor-
respond to different space channels and the different polariza-
tion display can be realized by controlling the current. The entire
sample is divided into N different patterns, and the polarization
display of each pattern can be switched by turning on or off the
corresponding electrical currents. The entire sample is able to
show different images by selectively applying electrical currents,
which demonstrates a dynamic display with 2V encoding states
(N = 3 in our current experiments). As a result, we realize the
dynamic multiplexing polarization display and show the polar-
ization encoding display using the electrically tunable broadband
waveplates.

The study is a proof-of-concept demonstration of coding-
metasurfaces, which have been introduced to build up a
connection between the physical world and the information
world.[?79%0] Based on the independent control of the polar-
ization states, reconfigurable coding-metasurfaces that operate
over a range from 3.5 to 6 pm is possible. Through the current-
controlled phase transition of vanadium dioxide, the unit cell can
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Figure 6. Demonstration of the independent control of the polarization display. a) Upper section shows three different patterns of “apple,” “butterfly,”
and “chick,” respectively. These patterns are composed of periodic “L” nanoantenna arrays with the same structural parameters as the sample in Figure 3.
The red arrows represent the input of currents, whereas the blue arrows represent the output of currents. The lower section shows three selected SEM
images of a sample; all scale bars are 100 um. b) FPA images of the sample; all scale bars are 200 um. When there was no current, this was defined as
the “1” state, while if the current was applied, it was defined as the “0” state. By selectively applying the current, eight different states can be realized,
which can be encoded as “111,” “110,” “101,” “100,” “011,” “010,” “001,” and “000.”

be switched between elements “0” and “1,” corresponding to two
orthogonal polarization states of reflected light. We believe that
there are many applications of this technology, such as in signal
processing, information communications, and data storage.
Furthermore, our experimental results provide a new paradigm
to accurately control the polarization state distribution of spatial
light as a result of precise on-chip modification of the optical re-
sponse of phase transition materials. We expect that the results of
this study can be used in the future development of applications
such as 3D video projection, augmented reality, and adaptive
optics.
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3. Conclusion

In conclusion, we demonstrate the electrically driven polariza-
tion states that are able to operate across a broad wavelength
range by integrating VO, with dispersion-free metasurfaces.
Based on the Joule-heat-induced phase transition of VO,, the
polarization state of the reflected light can be continuously tuned
from a horizontal polarization to a perpendicular polarization or
from circular polarization to linear polarization, depending on
the structural parameters. Moreover, based on the dynamically
tunable polarization states, an electrically reversible polarization
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scanning display with a precisely controlled input current
has been demonstrated. Finally, we demonstrate the ability to
dynamically and independently control multiple polarization
display, and we successfully produce eight different infrared
images by selectively modifying the current, which demonstrates
a dynamic display with 2N encoding states (N = 3 in current
experiments), realizing the dynamic multiplexing polarization
display. Although in this work we focus on the electrically tunable
broadband polarization states in the infrared spectrum, we can
adjust the geometric parameters of metasurfaces to operate in
other wavelength ranges. In particular, as the phase transition of
VO, can be triggered via light over subpicosecond timescales,>"!
the polarization state of the reflected light could be tuned rapidly.
Therefore, we anticipate that the electrically driven broadband
polarization states can be applied to information transmission,
microscopy, and polarimetric imaging.

4. Experimental Section

Fabrication of Samples: The metasurfaces were fabricated on silicon
substrates. Frist, 100-nm-thick gold (Au) and 550-nm-thick silicon oxide
(SiO,) films were deposited on the substrate by magnetron sputtering
and plasma-enhanced chemical vapor deposition (PECVD), respectively.
The 50-nm-thick periodic “L” nanoantenna arrays were fabricated on top
of the Au/SiO, layer using e-beam lithography and a lift-off process. An an-
nealing process in an oxygen atmosphere was then performed after e-gun
evaporation of the V film to produce the 60-nm-thick VO, layer. Then, 50-
nm-thick silver electrodes were fabricated on the VO, film using maskless
ultraviolet lithography and a lift-off process.

Optical and Electrical Measurements: The reflection spectra and the
FPA images of the samples were measured using the single element and
FPA modules of a Fourier-transform infrared (FTIR) system (Vertex 70v,
Bruker), respectively. Each unit in the FPA image represents a 200 um X
200 um region of the sample which was photographed using a 256 x 256
focal plane array detector of the FTIR system. To achieve electrical control
of the samples, electrodes were prepared on the two ends of the silver
electrodes by using silver conductive paint to connect to external circuitry.
A DC power supply was used to apply current to the silver electrodes. The
current value in the circuitry was measured using the built-in amperemeter
of the DC source.

Numerical Simulations: The simulated reflection spectra were per-
formed using finite-difference time-domain method software (FDTD So-
lutions, Lumerical Inc.). Periodic boundary conditions were applied to the
unit structures in the simulations. The refractive indices of the VO, thin
film in the insulating phase and metallic phase were extracted from the
literature.[8'] The refractive indices of SiO, and Au were extracted from
the literature.[®2] Numerical calculations of the temperature distributions
were carried out using COMSOL MULTIPHYSICS, a commercial software
package based on the finite element method.
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