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The plasmonic nanoantenna has attracted intensive attention
over the last decades owing to its unique optical response.
Although various nanoantennas have been designed, so far
very few efforts have been devoted to their dynamic tunabil-
ity. Here we present a study on dynamically tunable bowtie
nanoantennas integrated on a vanadium dioxide thin film
with a thermal phase transition. The insulator–metal transi-
tion of vanadium dioxide changes its electric feature and per-
mittivity; hence, the resonance of the bowtie nanoantennas is
actively tuned by varying the temperature of the device.
Further, by adjusting the gap of the bowtie and the edge size
of the nanotriangle at a different temperature, the shift of the
resonant wavelength of the nanoantenna has been found to
increase for a larger triangle edge size, but less dependent on
the gap width. The features suggest that VO2-integrated
nanoantennas may have applications in dynamically tunable
high-harmonic generation, single-molecule fluorescence en-
hancement, and nanolasers. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.002752

The plasmonic nanoantenna has been extensively investigated in
the past decades [1,2]. These artificial structures confine the
electromagnetic field in subwavelength dimensions and are able
to release radiation from localized sources to the far field [1,2]. So
far for different purposes, various types of nanoantennas have
been designed, including single nanospheres and nanorods [3,4],
nanosphere and nanorod dimers [5,6], Yagi-Uda nanoantennas
[7,8], and bowtie nanoantennas [9,10]. Among these structures,
the bowtie nanoantenna has been extensively investigated owing
to its superior localized field enhancement and spatial gap con-
finement. These properties arise from the combination of local-
ized surface plasmon in the sharp-tipped geometries and the
electrodynamic coupling between two arms of the antenna [11].
Therefore, they can be applied for high-harmonic generation
[12], single-molecule fluorescence enhancements [13], enhanced
Raman spectroscopy [14], and nanolasers [15].

Recently, active plasmonic nanoantennas have attracted much
attention [16]. By combining plasmonic nanoantennas with
tunable materials, such as graphene [17], liquid crystals [18],

transparent conducting oxides [19], or phase-transition materials
[20–23], the optical properties of plasmonic nanoantennas can
be dynamically tuned by changing the voltage or temperature.
However, despite the intensive studies on active plasmonic nano-
antennas, very few efforts have been devoted to tunable bowtie
nanoantennas [24,25], and the tunable range reported in pre-
vious works remains small. In this paper, we try to integrate bow-
tie nanoantennas with vanadium dioxide (VO2) thin film to
realize large tunable ranges. It has been known that VO2 is a
monoclinic insulator at room temperature and transforms to a
rutile metal above 68°C [26]. The phase transition of VO2 is
first-order and reversible, during which its electrical and optical
properties experience large changes. Consequently, it has been
widely applied in field-effect transistors [27], tunable plasmonic
colors and polarizers [28,29], active metamaterials [30–32], and
waveguide switches [33]. Recently, active terahertz nanoantennas
based on VO2 phase transition have been achieved [34], and
switchable nanoantennas utilizing VO2 have been proposed
based on simulations [35].

In this work, we demonstrated dynamically tunable bowtie
nanoantennas integrated with a VO2 thin film by changing the
temperature. First, we investigated the optical properties of the
VO2 thin film at different temperatures. Then, we designed a
composite nanostructure by integrating bowtie nanoantennas
with the VO2 thin film, and we investigated their optical proper-
ties at different temperatures with x- and y-polarized incidence.
Next, we changed the gap width of the bowtie nanoantenna and
examined the dependence of its optical properties with temper-
ature. Finally, we varied the triangle size of the bowtie nanoan-
tenna and investigated the associated optical response at different
temperatures.

We first analyzed the optical properties of the VO2 thin
film. A 100-nm-thick VO2 film has been fabricated on a glass
substrate by electron-gun evaporation of vanadium followed by
thermal annealing in the O2 atmosphere [28,29]. Figure 1(a)
shows the scanning electron microscopy (SEM) image of the
VO2 thin film, indicating that the film was featured with many
nanoparticles on the top surface. We also measured the Raman
spectra of VO2 thin film at 20°C and 80°C, respectively, as
presented in Fig. 1(b). Several characteristic peaks were iden-
tified in the 20°C spectrum as Ag modes at 195, 222, 392, and
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622 cm−1, respectively, indicating the monoclinic structure of
VO2. These peaks, however, disappeared at 80°C, signifying
the insulator–metal transition of VO2 [36]. Figure 1(c) shows
the reflection spectra of the VO2 thin film at different temper-
atures, which were measured by a temperature-controlled stage
with a UV-visible near-infrared (NIR) microspectrophotometer
with normal and unpolarized incidence. One may find that the
reflection of VO2 thin film changed continuously when tem-
perature increased due to the phase transition of VO2 [26]. The
reflection changed much more significantly in the NIR spec-
trum. We also measured the reflection spectra of the VO2 thin
film in heating and cooling processes at the wavelength of
800 nm, respectively, as presented in Fig. 1(d). Figure 1(e)
shows the electrical resistance of the 100-nm-thick VO2 film
at different temperatures. The variations in both the reflection
and the electrical resistance with temperature formed the hys-
teresis due to different nucleation processes occurring in the
phase transition between the heating and cooling processes.
The phase-transition temperature of the VO2 thin film we de-
tected was approximately 58°C. This was lower than its typical
critical temperature, which might be influenced by both oxygen
vacancies [26] in the sample and lattice mismatch between the
VO2 film and glass substrate.

Since the optical properties of the VO2 thin film varied dra-
matically in the NIR spectrum across the phase-transition point,
a combination of a bowtie nanoantenna and VO2 thin film can
thus realize a tunable nanoantenna system. We introduced here
integrated bowtie nanoantennas with VO2 thin film, as illus-
trated in Fig. 2(a). The upper layer is a two-dimensional periodic
array of gold bowtie nanoantennas, which are made of two equi-
lateral triangles separated by a gap. Due to the nonzero imaginary
part of the refractive index of VO2 in both insulating and met-
allic phases at the NIR frequencies, a 30-nm-thick silicon dioxide
(SiO2) layer was used to separate the VO2 thin film from the
bowtie nanoantenna array in order to reduce electromagnetic loss
[37]. Glass was used as the substrate. In the experiments, the
samples were fabricated as follows: a 30-nm-thick SiO2 film
was deposited onto the 100-nm-thick VO2 film by electron-
gun evaporation. Then, periodic bowtie nanoantenna arrays were
defined using standard electron beam lithography followed by a
gold lift-off procedure. Figure 2(b) is the SEM micrograph of a
sample with a triangle length of 280 nm, gap width of 20 nm,

thickness of 50 nm, and spatial periodicity of 700 nm. We
measured the reflection spectra of the fabricated sample on a
temperature-controlled stage with a UV-visible-NIR microspec-
trophotometer with x- and y-polarized incidence. Figure 2(c)
shows the reflection spectra of the sample at different temper-
atures with x-polarized incidence. A dip can be identified at
1110 nm in the 20°C spectrum, which redshifted as the temper-
ature increased. When the sample was heated to 80°C, the dip
shifted to 1280 nm. Figure 2(d) presents the reflection spectra of
the sample at different temperatures with y-polarized incidence.
A similar dip was identified at 1100 nm at 20°C, which also
redshifted as the temperature increased. When the sample was
heated to 80°C, the dip shifted to 1250 nm. Because the phase
transition of VO2 is reversible, when the sample was cooled to
room temperature, the reflection spectra returned to their origi-
nal states for both x- and y-polarized incidence.

To confirm these experimental observations, we simulated
the reflection spectra of the sample using the finite-difference
time-domain software (FDTD Solutions) from Lumerical Inc.
The complex refractive index data of VO2 in the metallic and
dielectric phases were taken from the Ref. [37], and the com-
plex refractive index for Au was interpolated from Ref. [38].
Figure 2(e) shows the calculated reflection spectra of the sample
at 20°C and 80°C with x-polarized incidence. A dip appeared
at 1220 nm at 20°C, which shifted to 1430 nm at 80°C.
Figure 2(f ) shows the calculated reflection spectra of the sample
with y-polarized incidence at 20°C and 80°C, respectively.
Similarly, one may find a dip at 1230 nm at 20°C, which shifted
to 1300 nm at 80°C. The calculated results reasonably agree
with the experimental data.

To better understand the features of the reflection spectra, we
analyzed the electric field distributions at the observed dips.
Figure 2(g) illustrates the FDTD-simulated electric field distribu-
tion at 1220 nm with VO2 in the insulating phase for x-polarized
incidence. In this structure, the gap of the bowtie nanoantennas is
about 20 nm, and the coupling of two triangle tips is not strong

Fig. 1. (a) SEM image of 100-nm-thick VO2 film on glass substrate.
At different temperatures, the characterization of the 100-nm-thick
VO2 film is shown: (b) Raman spectra, (c) reflection spectra, (d) re-
flection intensities at the wavelength of 800 nm, and (e) electrical re-
sistance during heating and cooling processes.

Fig. 2. (a) Model of the composite structure. (b) SEM image of a
sample with a triangle length of 280 nm and gap width of 20 nm; the
scale bar represents 1 μm. Measured reflection spectra of the sample at
different temperatures under (c) x- and (d) y-polarized incidence.
Simulated reflection spectra of the sample at different temperatures
under (e) x- and (f ) y-polarized incidence. In-plane electric field dis-
tribution with VO2 in the insulating phase for (g) x-polarized inci-
dence and (h) y-polarized incidence.
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enough; therefore, two separated hot spots appear within the gap
[12,24]. By further shrinking this gap, these two hot spots will be
merged. The refractive index of VO2 changed with varying tem-
perature. When the temperature increased, the wavelength of the
localized surface plasmon became larger, leading to the redshift in
the dip. Figure 2(h) illustrates the FDTD-simulated electric field
distribution at 1230 nm with VO2 in the insulating phase for
y-polarized incidence. One may find that the electric field mainly
concentrated at the edge of two equilateral triangles, which was
due to the excitation of localized surface plasmon on each equi-
lateral triangle. The dip also shifted with increasing temperature
due to the variation in the refractive index of VO2. However,
the wavelength shift of the dip was larger in the scenario of
x-polarized incidence than that of the y-polarized incidence.
The effect was due to the higher electric field enhancement
for x-polarized incidence than that for y-polarized incidence.

It has been well known that the optical properties of bowtie
nanoantennas can be tuned by adjusting the geometric param-
eters [39,40]. Therefore, it is possible to vary the gap and triangle
size to tune the optical properties at different temperatures across
the phase transition of VO2 in our VO2-integrated bowtie
nanoantennas. First, we examined the effect of gap width on
the optical properties at different temperatures. We fabricated six
samples with different gap widths ranging from 10 nm to 60 nm,
keeping the other parameters identical to the sample in Fig. 2(b).
Figures 3(a) and 3(b) show the measured reflection spectra of
these samples with different gap widths by x-polarized incidence
at 20°C and 80°C, respectively. The dip in the reflection spectra
blueshifted as the gap width increased, due to the decrease in
coupling between the two equilateral triangles [40]. Figure 3(c)
illustrates the variation in the dip position as a function of gap
width at 20°C and 80°C, respectively. The dip blueshifted slowly
as the gap width increased. By changing temperature, this process
does not change very much, characterized by almost invariant
separation between the red and dark lines in Fig. 3(c). To con-
firm these experimental results, we calculated the reflection spec-
tra of the samples with different gap widths and temperature
under x-polarized incidence via FDTD simulation, and the re-
sults are shown for 20°C and 80°C in Figs. 3(d) and 3(e), re-
spectively. Similar to the above experimental results, the dip in
the reflection spectra blueshifted with increasing the gap width.

Figure 3(f ) illustrates the variation in dip wavelength with gap
width at 20°C and 80°C. Similar to the experimental observa-
tion, the dip blueshifted as the gap width increased, whereas the
wavelength shift remained constant across nearly all gap widths
for different temperatures.

We also investigated the effect of the triangle size of the
bowtie nanoantenna on the optical properties. We fabricated
six samples with different triangle sizes ranging from 200 to
300 nm, while keeping the other parameters the same as the
sample in Fig. 2(b). Figures 4(a) and 4(b) show the measured
reflection spectra of the samples with different triangle sizes
with x-polarized incidence at 20°C and 80°C, respectively.
We observed a redshift of the dip in the reflection spectra as
increasing the triangle edge size. This was due to the increased
retardation effects of the exciting electromagnetic field and the
depolarization field inside the bowtie nanoantennas [40].
Figure 4(c) illustrates the variation in dip wavelength with
the triangle size at 20°C and 80°C, respectively. The dip red-
shifted with increasing the size, whereas the shift of the reso-
nant wavelength with temperature has been increased for the
larger triangle size. To confirm these experimental observations,
we calculated the reflection spectra of the samples with different
triangle sizes at different temperatures with x-polarized inci-
dence by FDTD simulation, and Figs. 4(d) and 4(e) show
the results at 20°C and 80°C, respectively. Similar to the exper-
imental results, a redshift occurred for the dip in the reflection
spectra when the triangle size was increased. Figure 4(f ) illus-
trates the variation of the dip position as a function of triangle
size at 20°C and 80°C, respectively. Similar to the experimental
results, the dip redshifted by increasing the triangle size,
whereas the wavelength shift with temperature was larger at
a larger triangle size. The calculated results were in agreement
with the experimental observations except for some minor
differences. It should be mentioned that there exist some dis-
crepancies between the calculated and experimental results (to
see Figs. 2–4). Those discrepancies mainly come from the fol-
lowing facts: (i) the fabricated VO2 and SiO2 films are inho-
mogeneous, where some grains and defects occur; and (ii) the
nanobowties are a little irregular in experiments instead of per-
fect triangles supposed in the simulations.

Fig. 3. Measured reflection spectra of samples with different gap
widths under x-polarized incidence at (a) 20°C and (b) 80°C.
(c) Variation in the marked-dip wavelength in (a) and (b) with a
gap width at 20°C and 80°C. Simulated reflection spectra of samples
with different gap widths under x-polarized incidence at (d) 20°C and
(e) 80°C. (f ) Variation in the marked-dip wavelength in (d) and
(e) with a gap width at 20°C and 80°C.

Fig. 4. Measured reflection spectra of samples with different triangle
lengths under x-polarized incidence at (a) 20°C and (b) 80°C.
(c) Variation in dip wavelength in (a) and (b) with a triangle length
at 20°C and 80°C. Simulated reflection spectra of samples with
different triangle lengths under x-polarized incidence at (d) 20°C
and (e) 80°C. (f ) Variation in dip wavelength in (d) and (e) with a
triangle length at 20°C and 80°C.
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Besides, with increasing the thickness of the Au triangles, the
VO2 layer, and the SiO2 layer, respectively, in the device, the
resonant wavelength of the nanoantenna also changes at different
temperatures 20°C and 80°C (as shown in Fig. 5). Particularly
for a thicker SiO2 layer (below 40 nm), the dip blueshifts a little
bit at 20°C, whereas it blue shifts dramatically at 80°C.

In conclusion, we have demonstrated dynamically tunable
bowtie nanoantennas integrated with VO2 thin film. The reso-
nant wavelength of the bowtie nanoantennas can be effectively
tuned by changing the device temperature. It is the variation
of the refractive index of VO2 caused by the insulator–metal tran-
sition that plays a crucial role in controlling the response of the
system. The shift of the resonant wavelength with temperature has
been increased for a larger triangle size, whereas this shift is nearly
independent of the gap width of the bowtie nanoantenna. The
approach to use VO2 to achieve an active nanoantenna system
can be universal. We anticipate that VO2-integrated nanoanten-
nas will be enlightening for many applications, such as tunable
high-harmonic generation, single-molecule fluorescence enhance-
ments, and nanolasers.
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