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Plasmonic color filtering and color printing have attracted considerable
attention in recent years due to their supreme performance in display and
imaging technologies. Although various color-related devices are designed, so
far very few studies have touched the topic of dynamic color generation. In this
article, dynamic color generation is demonstrated by integrating plasmonic
nanostructures with vanadium dioxide based on its tunable optical properties
through insulator-metal transition. Periodic arrays of silver nanodisks on a
vanadium dioxide film are fabricated to realize different colors, relying on the
excitation of localized and propagating surface plasmons, and Wood’s anomaly.
By tuning spatial periodicity of the arrays and diameter of the silver nanodisks,
various colors can be achieved across the entire visible spectrum. Further,
using insulator-metal transition of vanadium dioxide, the colors can be actively
tuned by varying temperature. The approach of dynamic color generation

based on the phase transition of vanadium dioxide can easily realize diverse

a metal—dielectric interface, which include
propagating surface plasmon (PSP) and
localized surface plasmon (LSP), respec-
tively.®¥  Physically, surface plasmons
enable localization and enhancement
of the light field on nanoscale. Various
polarization-dependent or -independent
color-related devices have been designed
via hole-type or pillar-type metallic nano-
structures.'?5-23] Plasmonic nanostruc-
tures can normally generate all the colors
covering the visible spectrum by applying
different structural parameters.[t25-23]
In addition to color filtering and color
printing, plasmonics can also be har-
nessed for sensors,** photovoltaics,!?’!
and nanoimaging.?°!

color patterns, which makes it beneficial for display and imaging technology
with distinct advantages of multifunctionality, flexibility, and high efficiency.

1. Introduction

Color filtering and color printing are essential technologies
in digital displays, optical data storage, and imaging sensors.
Traditionally, color generation uses pigments that absorb
light at certain wavelengths to produce complementary
colors. However, the spatial resolution of pigment-based color
printing and display is limited to the level of 10 um. Further-
more, it is difficult to find various pigments to reproduce all
colors in the visible spectrum.l?l Recently, plasmonic color
filtering and color printing demonstrate promising possibili-
ties. Surface plasmons are the collective electron oscillations at
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Although plasmonic nanostructures can
generate various colors on nanoscale, nor-
mally the colors cannot be reconfigurated
once the structural parameters are selected.
The idea of dynamic color generation is
attractive since it can realize diverse color patterns, which is a
feature required in practical applications."? Recently, active and
tunable plasmonic devices have been proposed./?”l Tunable nano-
photonic devices allow to integrate plasmonic nanostructures
with graphene, 2 liquid crystals,3®3! transparent conducting
oxide,3233 and phase-transition materials.?+¢ With these mate-
rials, the amplitude, phase, and polarization of light can be easily
tuned by changing external control parameters, such as the
applied electric voltage or temperature. In addition, mechanically
tunable optical devices have been explored as well.l’”] One recent
work from our group realizes a freely tunable broadband polari-
zation rotator for terahertz waves.l*® However, despite various
active optical devices have been designed, very few efforts have
been devoted to dynamic color generation.['+21:221

Vanadium dioxide (VO,) has been the focus of material
research since its discovery.?”) The compound undergoes an
insulator-metal transition around 68 °C, accompanied with
structural variation from the monoclinic phase to the rutile
phase. The electrical and optical properties of VO, undergo
large changes through the phase transition, and consequently,
VO, plays an important role in optical memory,*! field-effect
transistors,!l modulators,*?l and intelligent windows.*3! Inter-
estingly, the phase transition of VO, can also be triggered by ter-
ahertz electric field*¥ and applied electrical current.[*>40l A VO,
film can easily be fabricated by pulsed laser deposition,*>#! the
sol-gel method,*% ratio frequency magnetron sputtering, 3649l
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reactive-biased target ion beam deposition,* and electron
beam evaporation.*’l Recently, surface plasmon resonance of
silver nanoparticles on VO, has been successfully explored.[*8-5%

In this article, we demonstrate the integration of plasmonic
nanostructures and VO, in generating various colors dynami-
cally for the first time. Periodic silver-nanodisk arrays are fabri-
cated on VO, film in order to generate different colors, where
LSP, PSP, and Wood’s anomaly (WA) are excited. By designing
spatial periodicity of the array and diameter of the silver nano-
disks, various colors can be generated over the whole visible
spectrum. Furthermore, by taking advantages of the insulator—
metal transition of VO,, we can dynamically tune the colors by
changing temperature. After demonstrating physical features,
we construct a pattern made of different silver-nanodisk arrays
on VO, film to show the capability of color reconfiguration by
varying the temperature.

2. Results and Discussion

2.1. Optical Properties of VO, Film

Before combining plasmonic nanostructures and VO, to gen-
erate tunable colors, we investigated the color of VO, films
before and after the insulator-metal transition. In our study,
the VO, films were fabricated by electron beam evaporation.
The fabrication process is presented in the Experimental
Section. Figure la shows the scanning electron microscope
(SEM) of a VO, film sample. The VO, film is polycrystalline,
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featured by many nanoparticles on top. The observed major
peaks in the Raman spectrum of the VO, film at 20 and 80 °C
are consistent with literature (see Figure S1 in the Supporting
Information).”] The optical properties of VO, film at dif-
ferent temperatures were measured on a temperature stage
of a UV-vis-NIR microspectrophotometer with normal and
unpolarized incident light. Figure 1a also shows the reflec-
tion images of a 150 nm thick VO, sample at 20 and 80 °C,
respectively. The size of the measured region is 100 um. Cor-
responding to the temperature variation, the color of VO,
sample changes when temperature is increased to 80 °C due to
the insulator-metal transition of VO,. It is noteworthy that the
phase transition of VO, is reversible, and consequently the VO,
sample can recover its original color when temperature is
decreased to room temperature. Figure 1b illustrates the
measured reflection spectra of the 150 nm thick VO, sample
at 20 and 80 °C, respectively. The reflection spectrum of
the VO, sample changes with temperature, which is due to
the observed color variation. We also calculated the reflection
spectra of the VO, sample at 20 and 80 °C, respectively, with
a finite-difference time-domain software (FDTD solutions
from Lumerical Inc.). The simulated reflection spectra of a
150 nm thick VO, sample at 20 and 80 °C are illustrated in
Figure 1lc. The temperature-dependent reflection spectra of
the VO, sample are similar to that of experimental data. The
small discrepancy between the experimental and simulated
results can be ascribed to the difference of the VO, refractive
index between our sample and the corresponding literature
data.bl
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Figure 1. Optical properties of 150 nm thick VO, film on glass substrate. a) Scanning electron microscope (SEM) image of the VO, film, the scale
bar represents 400 nm; reflection images of the VO, sample at 20 and 80 °C, the bar is 50 um. b) Measured and c) simulated reflection spectra of

the VO, sample at 20 and 80 °C, respectively.
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2.2. Optical Properties of VO, Film Comprising Periodic Silver-
Nanodisk Array

The tunability of color with VO, film alone, as that shown in
Figure 1, is not sufficient to cover the entire visible spectrum.
Since the resonant wavelength of plasmonic nanostructures
strongly depends on their geometry and the surrounding
medium, we hereby combine a VO, film and plasmonic nano-
structures to realize active color generation. We introduce a
composite structure of a VO, film and plasmonic nanostruc-
tures, as illustrated in Figure 2a. The upper layer is a 2D peri-
odic array of silver (Ag)-nanodisks. The periods along the two
orthogonal directions are identical, and the diameter of nano-
disks and the spatial period of the disk array can be tailored to
produce different colors. Because the imaginary component of
the VO, refractive index in both insulating and metallic phase is
nonzero for visible spectrum,P! a silicon dioxide (SiO,) film is
used to separate the VO, film from the silver-nanodisk array
in order to reduce the electromagnetic loss. The substrate is
glass. The samples were fabricated by electron beam lithog-
raphy, and experimental details are presented in the Experi-
mental Section. Figure 2b illustrates the SEM micrograph of a
sample with nanodisk diameter as 120 nm and spatial perio-
dicity as 300 nm. Figure 2¢,d shows the reflection images of the
sample in Figure 2b at 20 and 80 °C, respectively. At room tem-
perature, the sample appears greenish; however, when the tem-
perature increases to 80 °C, the color changes to yellow due to
the insulator—metal transition of VO,. Because of the symmetry
of the structure, the color of the sample is independent of the

www.advopticalmat.de

incidence polarization, which is exactly the feature required in
many applications. Figure 2e shows the measured reflection
spectra of the sample at 20 and 80 °C, respectively. At 20 °C, there
is a peak at 560 nm in the reflection spectrum, corresponding
to the greenish color. The peak shifts to 540 nm at 80 °C,
and the peak width increases, resulting in the yellow color.
The simulated reflection spectra of the sample at 20 and 80 °C
are shown in Figure 2f. The peak wavelengths in the simu-
lated reflection spectra at 20 and 80 °C are similar to that of
the experimental results. Yet the broadening of the peak cor-
responding to the insulator-metal transition of VO, is less
than that of the experimental results, which is due to the
difference of VO, refractive index between our sample and
the data in literature. Imperfection in sample fabrication
may also contribute to the discrepancies of the simulated
and experimental results. We also observed the reflection
images and spectra of periodic silver-nanodisk array without
the VO, film at different temperatures (see Figure S2 in
the Supporting Information). It is obvious that temperature
variation-induced deformations of the silver particles do not
affect the colors and reflection spectra, which implies that the
color changes are not related to the deformations of the silver
particles.

In order to better understand the features of the reflection
spectra, we analyze further the electric field distribution at
the resonant wavelength. Figure 2gh illustrates the electric
field distribution at 560 nm with VO, in the insulating phase
for x-polarized incidence, as calculated by FDTD simulation.
One can find that the electric field mainly concentrates at the
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Figure 2. Optical properties of VO, film comprising periodic silver-nanodisk array. a) Model of the composite structure. b) SEM image of a sample
with a nanodisk diameter of 120 nm and period of 300 nm; the scale bar represents 600 nm. Reflection images of the sample c) at 20 °C and d) at
80 °C, respectively; the bar length is 30 um. e) Measured and f) simulated reflection spectra of the sample at 20 and 80 °C, respectively. g) In-plane
and h) vertical cross-section electric field distribution at 560 nm with VO, in the insulating phase for x-polarized incidence, respectively, as calculated
through finite-difference time-domain (FDTD) simulation.
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edges of the silver nanodisk at the interface between Ag and
SiO,, which can be attributed to the LSP related to the silver
nanodisk.’?l In addition, the wavelength of the LSP of a single
silver nanodisk with diameter of 120 nm locates at 575 nm
based on FDTD simulation, which is close to that of the reso-
nant peak. Actually the resonant wavelength of LSP can also
be determined quantitatively by solving the Clausius—Mossotti

equation,*®59>3] which satisfies
2+
D =Ap\/1+ S o 1)+ (1 0jeso )

where fis the volume filling fraction of the metal nanostructure
(silver nanodisk) in the composite, 4, is the wavelength corre-
sponding to the plasma frequency of metal (silver), and o is the
volume filling fraction of VO, in the VO,-SiO, multilayer film,
&vo, (T) is the temperature-dependent permittivity of VO,, and
Esio, 18 the permittivity of SiO,, respectively. When VO, trans-
forms from insulator to metal, the real part of the permittivity
decreases while the imaginary component increases in the
visible spectrum.P! As a result, when temperature is raised to
80 °C, the peak shifts to shorter wavelengths and the peak width
increases, which leads to the color transition from greenish to
yellow.

Experiments
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2.3. Effect of Nanodisk Diameters on Optical Properties
of Samples

The resonance of plasmonic nanostructures can readily be
tuned by adjusting the geometric parameters of the nanodisks.
Figure 3a shows the reflection images of samples with nanodisk
diameters ranging from 100 to 190 nm with increment of 10 nm
at 20 and 80 °C, respectively, whereas the spatial periodicity
of the disk array remains at 300 nm. It follows that the color of
the sample changes with the increase of nanodisk diameter at
both 20 and 80 °C. Figure 3b—d illustrates the measured reflec-
tion spectra of samples with three selected nanodisk diameters
at 20 and 80 °C (see Figure S3 in the Supporting Information for
all diameters). Due to the fact that the reflection peak originates
from LSP at the silver nanodisk, by increasing nanodisk dia-
meter, the peak position shifts and broadens, leading to the gene-
ration of different colors. Yet when nanodisk diameters exceed
160 nm, even though the peak wavelength can reach 650 nm,
the peak becomes too wide to generate a pure red color. In addi-
tion, the broad peak width makes color change insensitive to
further increase of disk diameter, despite the fact that indeed
the peak shifts to longer wavelength. Therefore, it is difficult
to generate a pure red color by merely changing the nanodisk
diameter. Instead, red color can be achieved by adjusting spatial
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Figure 3. Optical properties of samples with different nanodisk diameters. a) Reflection images of samples with nanodisk diameters ranging from
100 to 190 nm in steps of 10 nm at 20 and 80 °C, with the period of the silver-nanodisk array fixed at 300 nm. The size of measured region is 100 um x
100 um. b—d) Measured reflection spectra of samples at 20 and 80 °C with nanodisk diameter of 110 nm for (b), 140 nm for (c), 170 nm for (d).
e—g) Simulated reflection spectra of samples at 20 and 80 °C with nanodisk diameter of 110 nm for (e), 140 nm for (f), 170 nm for (g).
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periodicity of the silver-nanodisk array. Figure 3e—g illustrates
the simulated reflection spectra of samples with three selected
nanodisk diameters at 20 and 80 °C (see Figure S4 in the Sup-
porting Information for all diameters). The peak variation in
the simulated reflection spectra as a function of the nanodisk
diameter agrees reasonably with experimental data. In addition,
we also measure the reflection images and spectra of samples
with different nanodisk diameters but the thickness of SiO,
layer decreases to 10 nm (see Figures S5 and S6 in the Sup-
porting Information). For the same diameter of nanodisk, the
color varies when the thickness of SiO, layer changes.

2.4. Effect of Array Period on Optical Properties of Samples

Now, we focus on the effect of spatial periodicity of the silver-
nanodisk array on the reflection spectrum. A periodic metallic
nanostructure can support PSP, which propagates at the inter-
face between the metal and the dielectric, and originates from
the interaction between the surface charge oscillation and the
electromagnetic field of incident light.] The wavelength of the
PSP can be expressed asl’l

P EmEa

—_— 2
7 Ve e @

where P represents the spatial periodicity, &, and &4 are the
dielectric constants of metal and dielectric, respectively, and i
and j are integers indicating the scattering orders. In addition
to the PSP, the periodic metallic nanostructure can generate
WA, which is related to the diffraction of light parallel to the
nanostructure surface.”132223 The wavelength of the WA can
be written asl®13]

/IPSP =

P

As can be inferred from these two formulas, the periodicity of
the array strongly affects the wavelength of the PSP and WA. For
a silver-nanodisk array with periodicity of 200, 300, and 400 nm,
the wavelengths of the first-order (1,0) PSP at Ag—SiO, interface
are 412, 505, and 630 nm, respectively, whereas the wavelengths
of the first-order (1,0) WA at the Ag-SiO, interface occur at 292,
438, and 584 nm, respectively. The excitation of PSP and WA
can affect the reflection spectrum."? Therefore, different spa-
tial periodicities yield different reflection spectra.

Figure 4a illustrates the simulated reflection spectra of sam-
ples with different spatial periods with VO, in the insulating
phase, with the nanodisk diameter fixed at 190 nm. When the
spatial periodicity of the disk array is 300 nm, there is a wide
peak at 620 nm. This peak shifts to 670 nm and the peak width
decreases when the periodicity of the silver-nanodisk array
increases to 400 nm. The calculated wavelength of the LSP of
a single silver nanodisk with a diameter of 190 nm is 635 nm,
which is very close to that of the resonant peak. In contrast,
when the spatial periodicity of the disk array is selected as
300 nm, even though such structure possesses PSP and WA,
the difference of the wavelength of PSP (or WA) and that of

)CWA =

Jes (3)

Adv. Optical Mater. 2018, 1700939

1700939 (5 of 10)

www.advopticalmat.de

the resonant peak is large. Therefore, we conclude that the peak
mainly originates from the LSP on silver nanodisk. For the
silver-nanodisk array with spatial periodicity as 400 nm, how-
ever, there is a dip at 585 nm due to the occurrence of the first-
order (1,0) WA. In addition, the wavelength of the first-order
(1,0) PSP at Ag-SiO, interface approaches that of the resonant
peak. Therefore, LSP tends to produce a peak in the reflection
spectrum, whereas PSP and WA tend to produce a dip in the
reflection spectrum.!?l The interaction between LSP, PSP, and
WA leads to an increase in the peak wavelength and decrease
in the peak width.’* Figure 4b illustrates the electric field
distribution at the peaks for a silver-nanodisk array with disk
diameter as 190 nm and spatial periodicity as 300 and 400 nm,
respectively. One may find that the electric field mainly focuses
on the edge of the disk at the interface of Ag and SiO, in both
cases. The electric field is more intense for the array with period
of 400 nm due to the stronger interactions among LSP, PSP,
and WA. Figure 4c shows the simulated reflection spectra of
samples with different spatial periodicity with disk diameter as
100 nm. When the spatial periodicity decreases, the width and
intensity of the peak increase, whereas the position of the peak
(wavelength) remains constant. We have simulated a single
silver nanodisk with disk diameter as 100 nm, which shows
strong LSP resonance at 550 nm. It is very close to the resonant
wavelength of the nanodisk array. For the silver-nanodisk array
with spatial period as 200 nm, even though the structure can
support PSP and WA, the characteristic wavelengths of PSP and
WA are quite far away from 550 nm. Therefore, we conclude
that the resonance peak in the simulated spectra is mainly con-
tributed by the LSP on the silver nanodisk. For the silver-nan-
odisk array with periodicity of 300 nm, the wavelength of the
first-order (1,0) PSP at Ag-SiO, interface approaches 550 nm,
while the wavelength of the WA is away from that of the res-
onant peak. The interaction between LSP and PSP leads to a
decrease in the peak width. Figure 4d shows the electric field
distribution at the peaks for a silver-nanodisk array with disk
diameter as 100 nm and spatial periodicity as 200 and 300 nm,
respectively. Similar to that shown in Figure 4b, in both cases
the electric field mainly concentrates at the edge of the silver
nanodisk on the interface of Ag and SiO,. The electric field is
more intense for the array with spatial periodicity as 300 nm
due to the stronger interaction between LSP and PSP.
Experiments confirm the aforementioned picture. Figure 4e
shows SEM micrograph for a silver-nanodisk array with a nano-
disk diameter of 190 nm and periodicity of 400 nm, and reflec-
tion images at 20 and 80 °C. The color of the sample is red at
20 °C, and it changes to orange at 80 °C due to the insulator—
metal transition in VO,. Figure 4f shows the reflection spectra
of this sample. A peak appears at 660 nm in the reflection spec-
trum at 20 °C, which is narrower than that with nanodisk diam-
eter as 190 nm and spatial period as 300 nm (see Figure S3j
in the Supporting Information), thereby leading to the genera-
tion of red color. The peak at 660 nm splits into two peaks when
temperature increases to 80 °C due to the variation in the VO,
refractive index, therefore producing orange color. Figure 4g
presents the experimental results for a silver-nanodisk array
with a nanodisk diameter of 100 nm and period of 200 nm.
The color of the sample is deep green at 20 °C, and it changes
to blue at 80 °C. Figure 4h shows the reflection spectra of the
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Figure 4. Effect of array period on optical properties of samples. Properties of silver-nanodisk array with a nanodisk diameter of 190 nm with VO, in the
insulating phase: a) simulated reflection spectra of silver-nanodisk array with different periods; and b) vertical cross-section electric field distribution at
peaks for silver-nanodisk array with periods of 300 and 400 nm. Properties of silver-nanodisk array with a nanodisk diameter of 100 nm with VO, in the
insulating phase: c) simulated reflection spectra of silver-nanodisk array with different periods; and d) vertical cross-section electric field distribution at
peaks for silver-nanodisk array with periods of 200 and 300 nm. e) SEM image and reflection images at 20 and 80 °C for the silver-nanodisk array with
a nanodisk diameter of 190 nm and period of 400 nm. f) Reflection spectra of the sample in (e) at 20 and 80 °C. g) SEM image and reflection images
at 20 and 80 °C for the silver-nanodisk array with a nanodisk diameter of 100 nm and period of 200 nm. h) Reflection spectra of the sample in (g) at
20 and 80 °C. The sizes of all reflection images are 100 ptm x 100 pm, and all bars in the SEM image are 600 nm in length.
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corresponding sample. We observe a peak at 500 nm in the
reflection spectrum at 20 °C corresponding to deep green. The
peak in the reflection spectra shifts to 480 nm when tempera-
ture increases to 80 °C, and the sample appears as blue.

2.5. Color Reconfiguration of a Pattern

Thus far, we have demonstrated a temperature-dependent
color change on a VO, film comprising a periodic silver-nan-
odisk array. When the temperature changes, the colors of sam-
ples vary because of the insulator-metal transition of VO,. To
quantify this effect, we calculate the chromaticity coordinates
based on the measured reflection spectra of the various sample
structures at 20 and 80 °C presented in Figures S3 and S6 (Sup-
porting Information) and Figure 4, and plot the coordinates
in the International Commission on Illumination (CIE) 1931
chromaticity diagram, as shown in Figure 5a,b, respectively.
The chromaticity coordinates change when the nanodisk diam-
eter, the spatial periodicity, and the applied temperature are
changed. These colors in the chromaticity diagram are close to
that observed by a charge-coupled device detector.

Since we can realize abundant colors by using VO, and peri-
odic silver-nanodisk arrays, we can construct a temperature-
dependent color image on VO, film. Figure 6a,b demonstrates
the SEM micrograph of a pattern containing five different
structures. As shown in Figure 6b, four regions of the sample
comprise periodic silver-nanodisk arrays with different nano-
disk diameters and periods, while the rest of the area does not
possess any array. The reflection images of the pattern at 20 and
80 °C are shown in Figure 6¢,d. One may find that five colors
can be identified in the image at 20 °C depending on different
microstructures shown in Figure 6a,b. When temperature

a 20°C
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increases to 80 °C, the colors of the image change simultane-
ously due to the insulator-metal transition of VO,. Thereafter,
when the sample is cooled down to room temperature, the
sample resumes to its original colors due to the reversibility of
the phase transition of VO,. Actually, the colors of the image
can vary with further decreasing the thickness of SiO, layer. As
shown in Figure 6e, the pattern has the same nanostructure in
Figure 6a, but the thickness of SiO, layer is decreased to 10 nm.
We can find that once the temperature increases to 80 °C, the
colors of the image also change, as illustrated in Figure 6f. It
is indicated that some of the color changes come from the fact
that the VO, film changes its color when its insulator-metal
transition happens, while some of the color changes may origi-
nate mainly from the different behavior of LSP in the systems
before or after insulator-metal transition of VO,, and they are
also slight influenced by small variation of both PSP and WA
due to insulator—metal transition of VO,. In this way, we are
able to make any pattern with multiple colors on the VO, film
by designing different nanostructures, and we can reconfigure
colors by changing temperature. In principle, the spatial reso-
lution of this approach can be less than the unit size of the
nanostructure.

3. Conclusion

In conclusion, we realize abundant color variation on a VO, film
comprising periodic arrays of silver nanodisks, where the color
can dynamically be tuned via the insulator-metal transition of
VO,. Since the surface plasmon resonance is sensitive to the geo-
metrical parameters of the silver nanodisk array, we can design
different plasmonic nanostructures to display rich color variation
beyond the diffraction limit.’! Recently, the aluminum-based

b 80°C

0.9

04

X

Figure 5. Color range of the composite structure in the CIE 1931 chromaticity diagram. Chromaticity coordinates corresponding to the measured reflec-
tion spectra in Figures S3 and S6 (Supporting Information) and Figure 4 for a) at 20 °C and b) at 80 °C, respectively. The 20 circular points correspond
to silver-nanodisk arrays with a period of 300 nm and nanodisk diameters ranging from 100 to 190 nm in steps of 10 nm, with the thickness of SiO,
layer of 50 and 10 nm. The diamond symbol corresponds to the silver-nanodisk array with a nanodisk diameter of 190 nm and period of 400 nm. The
rectangular symbol corresponds to the silver-nanodisk array with a nanodisk diameter of 100 nm and period of 200 nm. The star symbol corresponds
to the region without a silver-nanodisk array.
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20°C

Figure 6. Optical properties of a pattern containing five different structures. a) SEM image of the pattern; the bar is 40 um in length. b) Magnified SEM
images of the four array-containing regions, where all bars are 400 nm in length. Reflection images of the pattern c) at 20 °C and d) at 80 °C, respec-
tively; the bar is 40 um in length. Reflection images of a pattern e) at 20 °C and f) at 80 °C, respectively, where the pattern has the same nanostructure
as the nanostructure in (a) but the thickness of SiO, layer is decreased to 10 nm; the bar is 40 um in length.

plasmonics approach has become popular in designing various
colors because of its advantage of low cost, good stability, and
compatibility with the complementary metal-oxide-semicon-
ductor technology.67:1012-15.17-1921] e expect that it is possible
to replace silver with aluminum in our design. In addition to
the nanodisks, other polarization-dependent structures can
also be applied to design various colors for special applications.
Although the colors of the VO, composite structures change with
longer response time, which is a typical diffusion-related feature,
it may change much faster by introducing electrical current.*>4l
Instead of using VO,, we may use other optically tunable mate-
rials to integrate plasmonic nanostructures to dynamically con-
trol color.?’-3°1 We should also point out that although we have
focused on the dynamic color generation in the reflection mode,
it is also possible to realize color variation in transmission mode
based on similar mechanism. Our study opens a paradigm for
display and imaging with distinct advantages of multifunction-
ality, flexibility, and high efficiency.

4. Experimental Section

Sample Fabrication: A 75 nm thick vanadium (V) layer was first
deposited on a glass substrate via electron beam evaporation with
a rate of 0.5 A s and a base pressure of 1 x 107 Torr. The V film
was transformed into a VO, film with a thickness of 150 nm after
heat annealing for 180 min in oxygen at 450 °C under a pressure of
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10 Pa. Then, a 50 nm thick SiO, layer was deposited on the VO, film
by electron beam evaporation at a rate of 1 A s™' and a base pressure
of 1 x 107 Torr. Subsequently, a 120 nm thick positive electron beam
resist (AR-P 672.03) was spin coated onto the sample. The sample was
then exposed via electron beam lithography with acceleration voltage
of 30 kV, working distance of 9.5 mm, and area dose of 450 uC cm™.
The write-field size was 200 um x 200 um with a step size of 10 nm.
After exposure, the resist was developed in a developer (X AR 600-56)
for 90 s and subsequently rinsed in isopropyl alcohol for 30 s. Next, a
60 nm thick silver layer was deposited on the sample using electron
beam evaporation with rate of 1 A s~ and base pressure of 1 x 107 Torr.
Finally, lift-off was carried out in a remover (AR 300-76) at 80 °C after
1h.

SEM and Optical Characterization: The sample morphology was
observed by a field-emission scanning electron microscope (Zeiss,
ULTRA 55). The Raman spectrum of the VO, film at 20 and 80 °C was
obtained by a confocal micro-Raman system (Princeton Instruments).
The laser wavelength was 514.5 nm, and the spot size was about 2 um.
For optical measurements, the samples were placed on a temperature-
stage, and the reflection spectra of the samples at different temperatures
were measured by a UV-visible-NIR microspectrophotometer (CRAIC
QDI2010) in normal and unpolarized incidence with a halogen source.
The reflection color images of the samples at different temperatures
were captured by a charge-coupled device equipped with a UV-vis-NIR
microspectrophotometer.

Numerical Simulation: The simulated reflection spectra of the
samples were calculated by FDTD software (FDTD solutions from
Lumerical Inc.). In the simulation, periodic boundary conditions were
applied in both the x- and y-directions, and perfectly matched layers
were applied in the z-direction. The x-polarized plane wave for normal

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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incidence was considered. The VO, refractive index in the metallic and
insulating phases was taken from literature,’'l and the refractive-index
data for SiO, and Ag were from literature as well.[>"]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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