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There have been great endeavors devoted to manipulating the polarization state of light by plasmonic
nanostructures in recent decades. However, the topic of active polarizers has attracted much less attention.
We present a composite plasmonic nanostructure consisting of vanadium dioxide that can dynamically
modulate the polarization state of the reflected light through a thermally induced phase transition of
vanadium dioxide. We design a system consisting of anisotropic plasmonic nanostructures with vanadium
dioxide that exhibits distinct reflections subjected to different linearly polarized incidence at room
temperature and in the heated state. Under a particular linearly polarized incidence, the polarization state of
the reflected light changes at room temperature, and reverts to its original polarization state above the
phase-transition temperature. The composite structure can also be used to realize a dynamically switchable
infrared image, wherein a pattern can be visualized at room temperature while it disappears above the
phase-transition temperature. The composite structure could be potentially used for versatile optical
modulators, molecular detection, and polarimetric imaging.
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I. INTRODUCTION

Manipulating the polarization state of light is important
in numerous electromagnetic and photonic applications.
Traditionally, polarization control is realized by passing
light through birefringent materials that present different
refractive indexes for differently polarized light. However,
the volume of the polarizers is too large to integrate within
on-chip nanophotonic devices. Recently, plasmonic polar-
izers have attracted widespread attention thanks to their
compactness and design flexibility [1]. Various polarizers,
such as half- and quarter-wave plates, have been designed
by means of anisotropic nanostructures at visible [2-4],
infrared [5-9], terahertz [10,11], and microwave wave-
lengths [12]. Although most of these polarizers function
over narrow wavelength ranges owing to the intrinsic
dispersion of the metallic nanostructures, the dispersion
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can be canceled out by combining the plasmonic nano-
structures with a dielectric layer [7-11].

Thus far, the majority of the demonstrated plasmonic
nanostructures have been in solid state, implying that it is
difficult to dynamically tune the polarization state of light
once these structures are fabricated. Developing active
polarizers can diversify the functions of polarizers.
Recently, tunable nanophotonic devices have drawn intense
attention, with great promise for practical applications
[13,14]. Tunable plasmonic devices have been realized by
integrating plasmonic nanostructures with active media such
as liquid crystals [15,16], transparent conducting oxides
[17,18], graphene [19-21], and phase-transition materials
[22-25]. With these materials, tunable amplitude, phase, and
resonance frequency have been achieved by changing the
voltage or temperature.

However, only a few studies have been conducted to
achieve active polarizers [11,21]. One recent work from our
group realized a freely tunable broadband polarization
rotator for terahertz waves [11]. In this paper, we combine
plasmonic nanostructures and vanadium dioxide (VO,) to
dynamically tune the polarization state of the reflected
light. VO, has been extensively researched for several

© 2018 American Physical Society
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decades. It undergoes an insulator-metal transition above
68 °C, accompanied by a structural transition from the
monoclinic phase to the rutile one [22,26].

The mechanism for such an insulator-metal transition
is still under debate [27]. It is generally accepted that the
transition might originate from the Mott transition
associated with electron-electron correlations or the
Peierls transition involving electron-phonon interactions
[26,28]. Nevertheless, the phase transition can induce a
large change in the refractive index of VO,, which is
several orders of magnitude higher than the achievable
index modulation via the typical nonlinear effect [29,30].
VO, has previously been explored for memory meta-
materials [31], involving the insulator-metal transition
induced by a terahertz electric field [32], tunable
reflection and transmission [33], and intelligent windows
[34]. Interestingly, the phase transition of VO, can also
be triggered by light [35,36] and electrical current
[37,38]. For example, the ultrafast dynamics of photo-
induced insulator-to-metal transitions makes VO, a
promising candidate for all-optical control devices.

In this work, we present a composite plasmonic nano-
structure with VO, that can dynamically modulate the
polarization state of the reflected light via thermally
induced phase transition of VO,. First, we design aniso-
tropic plasmonic nanostructures with VO, and investigate
the changes in the reflection and absorption characteristics
under x- and y-polarized incidence upon heating the
sample. Then we confirm the experimental results through
simulations and discuss the mechanism of modulation.
Next, based on the differences between the light modula-
tion under x- and y-polarized incidence, we demonstrate
that the polarization state of the reflected light under
particular linearly polarized incidence can be dynamically
tuned by changing temperatures. Finally, we design a
pattern based on the composite nanostructure to realize a
dynamically switchable infrared image, where the pattern
can be visualized at room temperature, while it disappears
above the phase-transition temperature.

II. STRUCTURE DESIGN AND FABRICATION

The configuration of the composite plasmonic nano-
structure with VO, is illustrated in Fig. 1(a). It consists of
four layers: the lowest layer is a gold (Au) film, with a
silicon dioxide (SiO,) layer on top of it. Above these are
two types of periodic gold particles in the shapes of the
letters L and I. Finally, the whole sample is covered with a
VO, layer. In the experiments, the sample is fabricated as
follows. First, a 100-nm-thick gold film and a 150-nm-thick
Si0O, layer are successively deposited onto a glass substrate
using magnetron sputtering. Then, periodic L and | particle
arrays are defined using standard electron beam lithography
followed by a gold lift-off procedure. The lengths of the L
particles along the x and y directions are 300 and 170 nm,
respectively, whereas the length of the | particles is 300 nm.
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FIG. 1. (a) Schematic of the dynamically switchable polarizer.
The structure consists of a periodic array of gold particles in the
shapes of L and |. SiO, and Au films are situated below the array,
whereas the VO, film covers the array. Glass is used as the
substrate. The sample is placed on a temperature-controlled stage.
(b) SEM image of the sample after covering it with VO,; the scale
bar is 1600 nm. (Inset) High-magnification SEM image; the scale
bar is 400 nm.

The width and the thickness of the L and | particles are both
50 nm. The gap between the L and | particles is 100 nm, and
the periods along both the x and y directions are 400 nm.
Next, a 25-nm-thick vanadium film is deposited on the
sample using electron-gun evaporation. Finally, the vana-
dium film is transformed into a 50-nm-thick VO, film by
thermally annealing it for 150 min under an oxygen
atmosphere at 450°C and 10 Pa pressure. Figure 1(b)
shows a scanning electron microscope (SEM) image of the
final sample after covering it with VO,. An array of regular
L and | particles periodically arranged in two perpendicular
directions is clearly observed. The small shape discrepancy
of the L and | particles is due to the inhomogeneous growth
of VO,.

III. RESULTS AND DISCUSSION

A. Reflection and absorption modulation under
the x-polarized incidence

We measure the optical properties of the fabricated
sample at different temperatures under x- and y-polarized
incidence. The sample is placed on a temperature-
controlled stage, and the reflection spectra of the sample
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are measured in the range of 0.65 to 1.6 ym at different
temperatures, using a UV-visible-near-infrared microspec-
trophotometer (CRAIC QDI2010), whereas the reflection
spectra of the sample in the range of 1.6 to 6 ym are
measured using a Fourier-transform infrared spectrometer
(Vertex 70v, Bruker) combined with an infrared microscope
equipped with a focal plane array (FPA) detector (Hyperion
3000, Bruker). Figure 2(a) shows the reflection spectra of
the sample at 20°C and 80°C, under the x-polarized
incidence. At 20°C, there are two reflection dips, at
1.08 and 4.5 ym. There are also two reflection dips at
80°C, but they are located at 0.75 and 3.08 um, respec-
tively. The reflection at 1.08 um is 15% at 20°C, and it
increases to 50% at 80°C. In addition, the reflection at
4.5 uym is 17% at 20°C, and it increases to 74% at 80 °C.
Thus, it is evident that the reflection around the two
wavelengths can be modulated through the thermally
induced phase transition of VO,.

Figure 2(b) presents the absorption spectra of the sample
at 20°C and 80°C under the x-polarized incidence.
The absorption (A) is obtained based on the relationship
A=1—-R-—T, where R and T denote the reflection and
the transmission, respectively. Because of the presence of a
reflective gold mirror, the transmission is zero in the
wavelength range considered. As shown in Fig. 2(b), the
absorption at 1.08 ym is 85% at 20 °C, and it decreases to
50% at 80 °C. In addition, the absorption at 4.5 ym is 83%
at 20°C, and it decreases to 26% at 80 °C. Therefore, the
absorption at the two wavelengths can also be modulated
by the thermally induced phase transition of VO,. It means
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FIG. 2. (a),(b) Experimental reflection and absorption spectra

of the sample for VO, in the dielectric state (at 20 °C) and the

metallic state (at 80°C), respectively, under the x-polarized

incidence. (c),(d) Simulated reflection and absorption spectra

of the sample for VO, in the dielectric and metallic states,
respectively, under the x-polarized incidence.

that we also demonstrate a tunable absorber by integrating
plasmonic nanostructures with VO,.

To further confirm the above experimental results,
we simulate the optical properties of the sample using the
finite-difference-time-domain software FDTD Solutions from
Lumerical Solutions. The complex refractive index data of
VO, in the metallic and dielectric phases are taken from the
literature [29], whereas the complex refractive index data for
Au are interpolated from the literature data [39]. Figure 2(c)
shows the calculated reflection spectra of the sample at 20 °C
and 80°C under the x-polarized incidence. There are two
reflection dips, at the wavelengths of 1.2 and 4.1 ym, at
20°C, which is in good agreement with the experimental
results. However, there is only a single reflection dip, at
0.8 um, at 80 °C. The calculated reflection of the sample at
1.2 ym is 3% at 20 °C, and it increases to 38% at 80 °C. In
addition, the calculated reflection of the sample at 4.1 ym is
20% at 20 °C, and it increases to 72% at 80 °C. The wave-
lengths and intensities of the reflection dips at 20°C and
80°C slightly deviate from the experimental results. These
discrepancies are ascribed to the imperfections in the
fabricated sample, as well as the difference between the
refractive index of VO, in our sample and the corresponding
literature data. Figure 2(d) presents the calculated absorption
spectra of the sample at 20 °C and 80 °C under the x-polarized
incidence. Similar to the previous experimental results, the
absorptionat 1.2 umis 97% at 20 °C, and it decreases to 62%
at 80°C. In addition, the absorption at 4.1 um is 80% at
20°C, and it decreases to 28% at 80 °C.

In order to understand the modulation in the reflection
and absorption spectra under the x-polarized incidence, we
analyze the electric-field distribution at these resonance
wavelengths. Figures 3(a) and 3(b) show the electric-field
distribution for VO, in the dielectric state at 1.2 ym in the
x-y and x-z planes, respectively. It is observed that the
electric field is focused mainly on the edges of the L particle
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FIG.3. (a),(c),(e) Calculated in-plane electric-field distributions
of the sample at 1.2, 4.1, and 0.8 um, respectively, under the
x-polarized incidence. (b),(d),(f) Calculated vertical cross-section
electric-field distributions of the sample at 1.2, 4.1, and 0.8 pm,
respectively, under the x-polarized incidence. The data in (a)—(d)
are for VO, in the dielectric state, whereas those in (e) and (f) are
for VO, in the metallic state.
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owing to the localized surface plasmon of the L particle
[40]. The field localization leads to a dip in the reflection
spectrum and a peak in the absorption spectrum.

Figures 3(c) and 3(d) present the electric-field distribu-
tion for VO, in the dielectric state at 4.1 ym in the x-y and
x-z planes, respectively. The electric field is concentrated
mainly between the gap of two neighboring L particles and
between the gap of two neighboring | particles along the x
axis; which results from the strong coupling between two
neighboring L particles and the strong coupling between
two neighboring | particles [41]. The field concentration
also results in a dip in the reflection spectrum and a peak in
the absorption spectrum.

Figures 3(e) and 3(f) exhibit the electric-field distribu-
tions for VO, in the metallic state at 0.8 ym inthe x-y and x-z
planes, respectively. Similar to the resonance at 1.2 ym for
VO, in the dielectric state, the electric field is focused
mainly on the edges of the L particle, which originates from
the localized surface plasmon of the L particle. However,
owing to the lower refractive index of VO, in the metallic
phase compared to the dielectric phase [29], the dip in the
reflection spectrum and the peak in the absorption spectrum
shift from 1.2 to 0.8 ym.

However, there is no dip in the reflection spectrum or
peak in the absorption spectrum for VO, in the metallic
state similar to the resonance at 4.1 ym for VO, in the
dielectric state, which is due to the “shortness” of neigh-
boring L particles and of neighboring | particles [42], and
thus there is no strong coupling between the neighboring L
particles or strong coupling between neighboring | par-
ticles. Therefore, because of the insulator-metal transition,
the refractive index of VO, has significantly changed,
which eventually modulates the reflection and absorption
spectra under the x-polarized incidence.

B. Reflection and absorption modulation under
the y-polarized incidence

Now we discuss the reflection spectra of the sample at
20°C and 80 °C under the y-polarized incidence. As shown
in Fig. 4(a), at 20 °C, there are three reflection dips, at 1.25,
2.3, and 3.1 um, respectively. However, at 80 °C, there are
two reflection dips, at 1.05 and 3.08 um. The reflection at
1.05 pum is 56% at 20 °C, and it decreases to 24% at 80 °C.
On the contrary, the reflection at 3.1 um is 6.6% at 20 °C,
and it increases to 58% at 80 °C. Therefore, we can modulate
the reflection in the vicinity of these two wavelengths
through the thermally induced phase transition of VO,. In
addition, owing to the opposing natures of the modulations
around the two wavelengths, the structure can also be
considered a tunable filter for reflected light. When VO,
is in the dielectric state, the shorter wavelength light can be
reflected, whereas the longer wavelength is filtered. By
contrast, when VO, is in the metallic state, the shorter
wavelength is filtered, while the longer wavelength can be
reflected.
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FIG. 4. (a),(b) Experimental reflection and absorption spectra
of the sample for VO, in the dielectric state (at 20°C) and the
metallic state (at 80°C), respectively, under the y-polarized
incidence. (c),(d) Simulated reflection and absorption spectra
of the sample for VO, in the dielectric and metallic states,
respectively, under the y-polarized incidence.

Figure 4(b) presents the experimental absorption spectra
of the sample at 20°C and 80°C under the y-polarized
incidence. We can observe that the absorption at 3.1 ym is
93.4% at 20°C, and it decreases to 42% at 80 °C. On the
contrary, the absorption at 1.05 pm is 44% at 20°C, and it
increases to 76% at 80°C. Thus, we can modulate the
absorption around the two wavelengths through the ther-
mally induced phase transition of VO,.

The calculated reflection spectra of the sample at 20 °C
and 80 °C under the y-polarized incidence are presented in
Fig. 4(c). There are two reflection dips, at 1.6 and 2.85 pm,
at 20 °C, and one reflection dip, at 1 pm, at 80 °C. However,
the reflection dips at 20 °C and 80 °C deviate slightly from
the experimental results, and there is no reflection dip at
2.3 um at 20 °C, which might be due to the imperfections in
the fabricated sample and the difference between the
refractive index of VO, in our sample and the correspond-
ing literature data, as we have discussed.

Figure 4(d) presents the calculated absorption spectra of
the sample at 20°C and 80°C under the y-polarized
incidence. Similar to the previous experimental results,
the absorption at 2.85 ym is 86% at 20 °C, and it decreases
to 43% at 80 °C. On the contrary, the absorption at 1 ym is
43% at 20°C, and it increases to 89% at 80°C.

In order to understand the modulation in the reflection
and absorption spectra under the y-polarized incidence, we
analyze the electric-field distribution at these resonance
wavelengths. Figures 5(a) and 5(b) show the electric-field
distribution for VO, in the dielectric state at 1.6 ym in the
x-y and y-z planes, respectively. As observed, the electric
field is focused mainly on the edges of the L particle owing
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FIG.5. (a),(c),(e) Calculated in-plane electric-field distributions
of the sample at 1.6, 2.85, and 1 um, respectively, under the y-
polarized incidence. (b),(d),(f) Calculated vertical cross-section
electric-field distributions of the sample at 1.6, 2.85, and 1 um,
respectively, under the y-polarized incidence. The data in (a)—(d)
are for VO, in the dielectric state, whereas those in (e) and (f) are
for VO, in the metallic state.

to the localized surface plasmon of the L particle. The field
localization leads to a dip in the reflection spectrum and a
peak in the absorption spectrum. Figures 5(c) and 5(d)
present the electric-field distribution for VO, in the
dielectric state at 2.85 ym in the x-y and y-z planes,
respectively. The electric field concentrates mainly on
the gap between the L and | particles, which results from
the strong coupling between the L and | particles. The field
concentration also leads to a dip in the reflection spectrum
and a peak in the absorption spectrum. Figures 5(e) and 5(f)
reveal the electric-field distribution for VO, in the metallic
state at 1 ym in the x-y and y-z planes, respectively. Similar
to the resonance at 1.6 ym for VO, in the dielectric state,
the electric field is focused mainly on the edges of the L
particle, which originates from the localized surface plas-
mon of the L particle. However, as a result of the lower
refractive index of VO, in the metallic phase compared to
the dielectric phase, the dip in the reflection spectrum and
the peak in the absorption spectrum shift from 1.6 to 1 um.
By contrast, there is no dip in the reflection spectrum or
peak in the absorption spectrum for VO, in the metallic
state similar to the resonance at 2.85 ym for VO, in the
dielectric state, which is due to the “shortness” between the
L and | particles when VO, is in the metallic state, and thus
there is no strong coupling between the L and | particles.
Therefore, it is the variation of the refractive index of VO,
caused by the insulator-metal transition that modulates the
reflection and absorption spectra under the y-polarized
incidence.

C. Dynamically switchable polarizer

Earlier in the paper, we discuss the variation in the
reflection spectra of the sample at different temperatures
under x- and y-polarized incidence. Because the sample is
anisotropic, the reflection spectra are different under the
x- and y-polarized incidences. The reflection spectra vary

when the temperature changes because of the phase
transition of VO,. Owing to the differences in the variation
of the reflection spectra with temperature between the
x- and y-polarized incidences, the sample can be used as an
active polarizer. For example, the reflections of the sample
at 20°C under x- and y-polarized incidence at the wave-
length of 3 ym are 43% and 6.8%, respectively. However,
the reflections at 80 °C under x- and y-polarized incidence
at 3 ym are 68% and 58%, respectively. Therefore, if the
incident light is polarized along the 135° direction, the
reflected light is polarized approximately along the 0°
(180°) direction at 20 °C and the 135° direction at 80 °C.

To confirm the concept of the active polarizer, we fix the
polarization of the incident light along the 135° direction
and measure the reflection spectra of the sample at 3 ym
wavelength and different analyzer angles in the range of 0°
to 180° in steps of 15° at 20°C and 80°C. As shown in
Fig. 6(a), the highest reflection is observed for polarization
along the 165° direction at 20 °C, and the lowest reflection
is observed near O for polarization along the 75° direction at
20°C. Therefore, the polarization of the reflected light is
approximately along the 165° direction at 20 °C.

However, the highest reflection is observed for polariza-
tion along the 135° direction at 80°C, and the lowest
reflection is observed near O for polarization along the
45° direction at 80°C. Therefore, the polarization of the
reflected light is approximately along the 135° direction at
80 °C. Remarkably, the phase transition of VO, is reversible;
hence, the polarization of the reflected light reverts to the
165° direction when the temperature is decreased to room
temperature.

As shown in Fig. 6(b), at 20°C, the polarization of the
reflected light is along the 165° direction, but it is changed
to the 135° direction if the temperature increases to 80 °C.
Once the temperature decreases to 20 °C, it reverts to the
165° direction. Therefore, the polarization of the reflected

0.6
o 20°C experiment
©  80°Cexperiment
m— 20°C curve fitting
c 0.4 = 80°Ceurvefitting
S
5
2
®
o 0.2
0
0 45 90 135 180
Polarization angle (deg)
FIG. 6. (a) Experimental reflection spectra of the sample at

3 pm as a function of the analyzer angle at 20 °C and 80 °C when
the incident linear polarization is along the 135° direction.
(b) Schematic of the dynamically switchable polarizer: When
the polarization of the incident light is along the 135° direction,
the polarization of the reflected light is along the 165° direction at
20°C, whereas it is along the 135° direction at 80 °C.

034009-5



ZHI-YONG JIA et al.

PHYS. REV. APPLIED 9, 034009 (2018)

light can be switched dynamically by increasing or
decreasing the temperature.

The experimental data are also fitted according to
Malus’s law. Evidently, the experimental data match the
fitting curves in Fig. 6(a) very well, further indicating that
the reflected light is linearly polarized at 20 °C and 80 °C.
Although we consider the polarization of the incident light
only along the 135° direction, the polarization of the
reflected light can also be tuned by changing the temper-
atures at other angles of incident polarization. For example,
if the polarization of the incident light is along the 60°
direction, the polarization of the reflected light is approx-
imately along the 0° (180°) direction at 20 °C, whereas it is
along the 60° direction at 80°C. In addition, although we
demonstrate the dynamically switchable polarizer at 3 um,
it is possible to adjust the geometrical parameters to realize
the actively switchable polarizer at other wavelengths.

D. Dynamically switchable infrared image

Since the differences in the reflection of the sample
between the x- and y-polarized incidences at 3 um are large
at 20 °C while small at 80 °C, we can realize a dynamically
switchable infrared image based on the composite nano-
structure. In order to confirm this concept, we designed an
NJU pattern where the regions within and outside NJU
are composed of two mutually perpendicular arrays with
the same parameters as those of the structure shown in
Fig. 1(b). The array within the region NJU under the
x-polarized incidence is equivalent to the array outside this
region under the y-polarized incidence. The FPA image of
the sample is measured at the wavelength of 3 ym at 20 °C

(a) 20°C

FIG. 7. (a),(b) FPA images of a sample with an NJU pattern at
the wavelength of 3 ym under the x-polarized incidence at 20 °C
and 80 °C, respectively, where the regions within and outside
NJU are composed of two mutually perpendicular arrays with the
same parameters as those of the structure shown in Fig. 1(b); the
scale bar is 40 um.

and 80°C under the x-polarized incidence, as shown in
Figs. 7(a) and 7(b), respectively. Since the difference in the
reflection between the region within NJU and that outside
NJU at 3 ym is large at 20°C under the x-polarized
incidence, we can observe the NJU pattern in the FPA
image, as presented in Fig. 7(a). However, the reflection
between the region within NJU and that outside NJU at
3 ym is almost the same at 80°C under the x-polarized
incidence; therefore, we cannot visualize the NJU pattern in
the FPA image [Fig. 7(b)]. As a result, we can dynamically
switch the infrared image by changing the temperature.

IV. CONCLUSION

In conclusion, we demonstrate in this paper a dynami-
cally switchable polarizer by integrating plasmonic nano-
structures along with VO,, and by exploiting the insulator-
metal phase transition of the latter. Under a particular
linearly polarized incidence, the polarization state of the
reflected light changes at room temperature and reverts to
its original polarization state above the phase-transition
temperature. The composite structure can also be used to
realize a dynamically switchable infrared image, where a
pattern can be visualized at room temperature, whereas it
disappears above the phase-transition temperature. Apart
from the tunable linearly polarized light, it would be
possible to use the same structure to tune the circularly
polarized light [43], given its geometry symmetry.
Although the polarization state changes with a relatively
long response time, which is a typical diffusion-related
feature, it may change much faster with the introduction of
electrical current or light [35-38]. We anticipate that the
fabricated composite structure could lead to many appli-
cations, such as optical modulators, molecular detection,
and polarimetric imaging on a fully integrated platform.
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