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Although plasmonic nanostructure has attracted widespread research interest in recent years, it is still a major
challenge to realize large-scale active plasmonic nanostructure operation in the visible optical frequency. Herein,
we demonstrate a heterostructure geometry comprising a centimeter-scale Au nanoparticle monolayer and VO2
films, in which the plasmonic peak is inversely tuned between 685 nm and 618 nm by a heating process since the
refractive index will change when VO2 films undergo the transition between the insulating phase and the metallic
phase. Simultaneously, the phase transition of VO2 films can be improved by plasmonic arrays due to plasmonic
enhanced light absorption and the photothermal effect. The phase transition temperature for Au∕VO2 films is
lower than that for bare VO2 films and can decrease to room temperature under the laser irradiation. For light-
induced phase transition of VO2 films, the laser power of Au∕VO2 film phase transition is ∼28.6% lower than
that of bare VO2 films. Our work raises the feasibility to use active plasmonic arrays in the visible region. ©2018
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1. INTRODUCTION

Plasmonic arrays, such as metamaterials and metasurfaces, have
attracted great interest due to their fantastic properties in
controlling electromagnetic waves in the applications of light
engineering, imaging, and holography [1–12]. Metamaterials,
which can control the propagation of light in unprecedented
ways, have already shown the manipulation of light in visible
and near-infrared regions through utilizing the nanoholes and
U-shapes [13,14]. Metasurfaces have been used to control the
wavefronts of circularly and linearly polarized light in the visible
and near-infrared regions, in which the aligned nanostructures,
such as metallic nanorods, V-shapes, and silicon (Si) cut-wire
resonators generate abrupt phase changes along the surface
[15–18]. Holography has been achieved by metasurfaces com-
prising V-shapes and plasmonic nanorods in the visible range
[11,19]. Recently, active plasmonic arrays have attracted great
attention due to their flexibility in the manipulation of light.

Active media such as liquid crystals, graphene, and phase-
change materials have been proposed to integrate with plas-
monic nanostructures toward active manipulation of their
optical properties [20–25]. Chiral liquid crystals with a self-
organized helical structure have been used to achieve the modu-
lation of reflected wavefronts for circularly polarized light
depending on their helix phase in the visible region [20]; an
electrically tunable metasurface consisting of graphene and
optical antennas is utilized to achieve the perfect absorber in
the mid-infrared region [21].

Besides the two materials mentioned above, as a typical
phase transition material, vanadium dioxide (VO2) is also
widely used for active plasmonic devices that exhibit the advan-
tages of flexibility and reversibility in controlling the optical
properties of the plasmonic nanostructures in the mid-infrared,
near-infrared, and visible regions [26–32]. However, in order to
work in visible and near-infrared regions, the feature size of
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plasmonic nanostructures is usually smaller than 100 nm. In
this case, the electron beam lithography (EBL) and focused-
ion-beam lithography (FIB) should be used to fabricate the
subwavelength nanostructures. Unfortunately, considering
the disadvantages of being time-consuming and having a high
cost, plasmonic arrays are usually limited in the area of
100 μm × 100 μm, which severely hampers their practical ap-
plication. It has been reported that the colloidal noble metal
nanocrystals show strong localized surface plasmon resonances
(LSPRs) and have a potential for preparing the monolayer plas-
monic arrays at large scales with low cost and without being
time-consuming [33,34].

Herein, we demonstrate the inverse manipulation of plas-
mon resonance of a macroscale Au nanorod (Au NR) mono-
layer coated by VO2 films in the visible region. The area of the
Au∕VO2 plasmonic monolayer arrays is up to ∼1 cm × 1 cm.
Owing to the sensitivity of plasmonic nanostructures to the
surrounding environment, the plasmon resonance of Au NR
monolayers can be inversely tuned between 685 nm and
618 nm by controlling the phase transition of VO2 films.
Our experimental results also show that the phase transition
can be achieved by optical pumping besides heating, which
is consequently enhanced by plasmonic Au nanoparticles by
∼28.6%. The Raman characteristic peaks of insulator VO2

gradually become weak during the phase transition and totally
disappear in metallic VO2. The Raman mapping further clearly
shows that the optical-pumping-driven phase transition is
enhanced by plasmonic nanoparticles, which is speculated to
be contributed to both the plasmonic enhanced light absorp-
tion and the plasmonic photothermal effect.

2. EXPERIMENTAL DETAILS

Au nanospheres and Au nanorods are prepared using the seed-
mediated growthmethod [33,34]. Aqueous solutions of 10mM
(1mM � 1 mmol=L) ice-coldNaBH4, 100 mM hexadecyl tri-
methyl ammonium bromide (CTAB), 10 mM AgNO3, and
100 mM ascorbic acid (AA) were configured before the growth
of Au nanoparticles. The seed solution was prepared by adding
HAuCl4 (0.25mL, 10mM), ice-coldNaBH4 (0.6mL, 10mM)
into an aqueous solution of CTAB (9.75 mL, 100 mM). After a
rapid inversion for 2min, it was put in a 28°Cwater bath for 2 h.
The growth of Au nanospheres was realized by sequentially add-
ing CTAB (3.2 mL, 100 mM),HAuCl4 (0.4 mL, 10 mM), and
AA (80 μL, 100 mM) into 16 mL deionized water. Then the
seed solution (200 μL), which was diluted to one-tenth, was
added in the solution. After a gentle inversion for 8 min, the
mixture solution was put in a 28°C water bath for 16 h, and
the Au nanospheres were finally obtained. The growth of Au
nanorods was realized by sequentially adding AgNO3

(0.4 mL, 10 mM), HAuCl4 (2 mL, 10 mM), AA (0.32 mL,
100 mM), and HCl (0.8 mL, 1.0 mM) into a CTAB solution
(40mL, 100mM). Then, the seed solution (10 μL)was added in
the growth solution. After a gentle inversion for 12 min, the
mixture solution was put in a 28°C water bath for 16 h, and
the Au nanorods were obtained.

The Au nanoparticles were then transferred from colloidal
solutions onto quartz substrate. The growth Au nanoparticles
solution was centrifugated twice to decrease the concentration

of the CTAB but to increase the concentration of Au nanopar-
ticles. The cleaned quartz substrate was then immersed in the Au
nanoparticle solution. After remaining in the stillness for 24 h,
the Au nanoparticles were attracted onto the quartz substrate.

80 nm thick VO2 films were subsequently deposited on the
quartz substrate by pulsed laser deposition (PLD) using a
Compex Pro 205 KrF laser operating at 248 nm wavelength.
A vanadium target was used in our experiment to grow the va-
nadium dioxide (VO2) films. Prior to deposition, the chamber
was vacuumized to the base pressure of ∼2 × 10−4 Pa. The
distance between the target and substrate is 5.5 cm. The
deposition conditions of VO2 films for the O2 pressure and
temperature were fixed at 1.7 Pa and room temperature, while
the annealing conditions were maintained at 170 Pa and 500°C
for 70 min. The crystallinity of VO2 films was analyzed using
an X-ray diffractometer (XRD, XRD-7000, SHIMADZU).
The morphology and height distribution were investigated
by atomic force microscopy (AFM, Bioscope Resolve, Bruker).
The topography image of the Au nanoparticles on the quartz
substrate was observed using a field emission scanning electron
microscope (JSM-7600F, JEOL). The absorption spectra
were obtained using a UV/VIS spectrometer (Lambda 750,
PerkinElmer). The phase transition of VO2 films was moni-
tored by Raman spectra and white light reflection spectra using
a confocal Raman imaging microscope system (Alpha 300R,
WITec, Germany) excited with a solid-state laser (λ � 532 nm
and λ � 633 nm).

3. RESULTS AND DISCUSSION

Figure 1(a) shows the scanning electron microscope (SEM)
image of Au NRs on quartz substrate. High-yield Au nanorods
are achieved and the few other shapes may be caused by uncon-
trollable gentle inversion during the growth of Au nanopar-
ticles. The Au NRs distribute uniformly on the substrate;
the average length and width of the Au nanorods are about
84.5 nm and 39.8 nm, respectively. Macroscale monolayer
plasmonic arrays are prepared by absorbing the Au NRs onto
the quartz slide through the electrostatic force in a water sol-
ution. The size is up to 1 cm × 1 cm. The collective oscillation
of conduction electrons in Au nanorods leads to longitudinal
and transverse localized surface plasmon resonance (LSPR)
modes [35,36]. According to Gan’s theory, the extinction
cross-section γ is used to describe the metallic nanorod in
the diploe approximation [36–39]

γ � 2πVN ε3∕2m
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From Eq. (1), it can be found that the plasmon modes are
sensitive to the surrounding environment εm and the position
of the plasmon resonances is redshifted as the εm increases
[40–43]. Thus, the longitudinal plasmonic peak of Au NRs
is blueshifted from 669 to 602 nm after transferring from
the water solution onto the quartz slide due to the decrease
of the refractive index for the surrounding environment
[Fig. 1(b)]. Importantly, the shape and full width at half-
maximum (FWHM) of the plasmonic peak of the Au NRs
monolayer on the quartz substrate are almost not changed and
are similar to those of Au NRs dispersed in water, which indi-
cates that the plasmon resonance feature of a single Au NR is
reserved in the monolayer Au NR arrays deposited on the
quartz substrate. Figure 1(c) shows the schematic of the Au
NR monolayer coated by VO2 films on the quartz substrate.
The Au NRs are random and uniform on the substrate.
Figure 1(d) shows the absorption spectra for Au NRs,

Au∕VO2 hybrid films, and bare VO2 films on quartz substrate.
It clearly shows that the bare VO2 films have no detectable ab-
sorption feature in the region of 600–800 nm. However, a dis-
tinct plasmon resonance peak at 685 nm is observed in the
Au∕VO2 hybrid films, which is assigned to the plasmon reso-
nance of Au NRs. The redshift of the plasmonic peak is due to
the increase of refractive index of surrounding media after coat-
ing of VO2 films. Figure 1(e) shows the X-ray diffraction pat-
tern of VO2 films deposited on the quartz substrate. The X-ray
diffraction pattern reveals that the VO2 films are the stable
monoclinic structure, which is in agreement with the data of
PDF#44-0252. The fingerprint features of VO2 are 28.08° and
57.96°, which can be assigned to the (011) and (022) planes
of monoclinic VO2 crystalline structure. According to the
Scherrer equation, D � K λ∕�B cos θ�, where K is the
Scherrer constant, λ is X-ray wavelength, B is FWHM of
the diffraction peak, and θ is diffraction angle. The grain size
of the VO2 films is ∼24.9 nm. It should be noted that the VO2

films are highly crystalline, and no detectable features of other
phase VO2 are observed. The AFM results show that the aver-
age roughness of the VO2 films is ∼3.5 nm [Fig. 1(f )].

To dynamically manipulate the plasmon resonance of Au
NRs, the absorption spectra of Au∕VO2 hybrid films were
studied at different temperatures (Fig. 2). For bare VO2 films
[Figs. 2(a) and 2(b)], the absorptivity decreases as the temper-
ature increases in the region of ∼500–880 nm, while it
increases after ∼880 nm; however, there are no detectable ab-
sorption features in the visible region during the heating and
cooling, in which only a slight variation of absorption intensity
is observed after the total phase transition (>85°C and<50°C).
In contrast, for Au∕VO2 hybrid films [Figs. 2(c) and 2(d)], an
obvious resonance peak is detected, which is blueshifted from
685 to 618 nm as the temperature increases, and vice versa. The
arrows in Figs. 2(c) and 2(d) indicate the moving direction of
the plasmonic peak with the change of temperature (red: heat-
ing; blue: cooling). Importantly, the plasmonic peak of Au NR
arrays can be inversely tuned by 67 nm by controlling the tem-
perature, which manipulates the phase transition of VO2 films.

Fig. 1. (a) SEM image of Au NRs on quartz substrate.
(b) Experimental absorption spectra of Au NRs dispersed in solution
(black, left axis) and deposited on quartz substrate (blue, right axis).
The inset is the photograph of Au NRs deposited on quartz substrate
(left) and one blank quartz substrate (right). (c) Schematic of Au NRs
on quartz substrate coated by VO2 films. (d) The comparison of ex-
perimental absorption spectra for Au NRs (black), Au∕VO2 hybrid
films (blue), and bare VO2 films (red) on quartz substrate, respectively.
(e) X-ray diffraction pattern and (f ) AFM 3D image of VO2 films
deposited on quartz substrate.

Fig. 2. Experimental absorption spectra of bare VO2 and Au∕VO2

films as a function of temperature. Heating [(a), (c)] and cooling [(b),
(d)] on bare VO2 [(a), (b)] and Au∕VO2 [(c), (d)] films. The arrows in
(c) and (d) indicate the moving direction of the plasmonic peak with
the change of temperature (red: heating; blue: cooling).
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As a reversible phase-transition material, the VO2 films
undergo the monoclinic insulating phase to the rutile metallic
phase at ∼68°C, which consequently changes the optical con-
stant [44,45]. Thus, the refractive index of VO2 films can be
inversely tuned between ∼3 and ∼2 by heating and cooling in
the visible and near-infrared regions [46,47].

The plasmon resonance peaks are extracted and zoomed in
Figs. 3(a) and 3(b), which further obviously validates the tem-
perature variation of the LSPR mode. Figure 3(c) shows the
hysteresis curve of the resonance peak as a function of temper-
ature, and the loop indicates that the Au∕VO2 hybrid films
have a potential for thermal memory. Combining Au NRs with
VO2 films, we successfully demonstrate the reversible manipu-
lation of optical properties for plasmonic arrays in the visible
region. It should be noted that the VO2 films have a great effect
on the LSPR modes of Au NRs; meanwhile, Au NRs also en-
hance the absorption intensity of VO2 films. To estimate the
effect of Au NRs, we compare the absorption intensity between
bare VO2 and Au∕VO2 films (the absorption intensity at 0.35
is used as the baseline). Figure 3(d) shows the temperature hys-
teresis curves of the absorptivity for bare VO2 films and
Au∕VO2 hybrid films at 685 nm, which is the position of
the resonance peak of Au∕VO2 films at the insulating phase.
The variation tendency of the spectra for Au∕VO2 films is
similar to that for bare VO2 films: the absorption intensity de-
creases with the increase in temperature and inversely increases
as the temperature decreases. However, the absorptivity for
Au∕VO2 films is higher than that for bare VO2 films at each
temperature, as seen in Fig. 3(d). When the incident light in-
teracts with Au NRs, the electromagnetic field of the incident
light will excite the electron oscillations. Under the excitation,
the Au NRs have the ability to concentrate the optical field
around their surfaces. The local electric field around Au nano-
rods achieves the maximum under the optical pumping at plas-
mon resonance modes, which leads to strong light absorption of
Au∕VO2 films [36,48]. The absorption intensity of Au∕VO2

films thus increases around the LSPR modes. As a result, from
the absorption spectra, it is observed that the absorptivity for
Au∕VO2 hybrid films is larger than that for bare VO2 around
the LSPR modes.

In order to investigate the effect of plasmonic nanoparticles
on the phase transition of VO2 films, the Raman spectra
are studied at different temperatures in bare VO2 and Au
nanospheres∕VO2 films, excited by a 532 nm laser (Fig. 4).
The Raman fingerprint peaks at 195 cm−1�Ag�, 223 cm−1�Ag�,
and 618 cm−1�Ag� are assigned to a series of phonon modes of
the monoclinic phase [49,50]. The characteristic peaks at
195 cm−1 and 223 cm−1 correspond to the pairing and tilting
motions of V cations, and the peak at 618 cm−1 is assigned to
V-O bonding vibration [51–54]. The Raman peaks of VO2

films become weak and finally disappear with the increase of
the temperature from room temperature (RT) to 60°C; the fea-
ture peaks are recovered when the temperature decreases to RT.
These results verify that the VO2 films undergo the reversible
transition between the insulating phase and the metallic phase
during heating and cooling. Figures 4(a) and 4(b) show the
Raman spectra of bare VO2 and Au∕VO2 films as a function
of temperature under the optical pumping by a 532 nm laser
with 0.2 mW. The phase transition occurs at 50°C and com-
pletes at 54°C in bare VO2 films; however, they decrease to
42°C and 48°C in Au∕VO2 films. When the laser power is in-
creased to 0.5 mW, the phase transition temperature decreases
to 32°C and 28°C for bare VO2 and Au∕VO2 films, respec-
tively [Figs. 4(c) and 4(d)]. The results indicate that the phase
transition temperature of Au∕VO2 films is smaller than that of
bare VO2 under excitation by the same laser power. There are
two key factors on the plasmonic enhanced phase transition of
the VO2: one is the plasmonic photothermal effect, and the
other is the plasmonic enhanced light absorption [55,56].
The plasmonic photothermal effect is a result of photoexcita-
tion in metal nanoparticles. The electrons are excited by a laser
and show a non-equilibrium distribution in Au nanoparticles; a
new Fermi electron distribution is then established at a higher

Fig. 3. (a), (b) Longitudinal plasmon resonance peak of Au∕VO2

films as a function of temperature. (c) Temperature hysteresis curves
for the plasmon resonance peak of Au∕VO2 films. (d) Temperature
hysteresis curves for the absorption variation (relative to the absorption
intensity of 0.35) of bare VO2 and Au∕VO2 films, taken at 685 nm.

Fig. 4. Raman spectra of bare VO2 [(a), (c)] and Au∕VO2 [(b), (d)]
films at different temperatures under optical pumping by 532 nm laser
with the power of 0.2 mW [(a), (b)] and 0.5 mW [(c), (d)]. The black
arrows represent the change of the temperature.
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temperature by electron–electron scattering, which leads to the
electron thermalization. Consequently, the energy exchange
between the electrons and lattice in the Au nanoparticles takes
place by the electron–phonon coupling [57,58]. It is followed
by the energy exchange between the Au nanoparticles and VO2

films through phonon–phonon coupling, which eventually im-
proves the phase transition of VO2 films. Thus, the plasmonic
arrays absorb the photons and convert some photon energy into
thermal energy, which is then transferred to the VO2 films and
further improves the phase transition of the VO2 films from
insulating phase to metallic phase. On the other hand, the
electronic transition process in VO2 films is induced by laser
irradiation [27,59,60]. The excitation rate of VO2 films is en-
hanced by plasmonic Au nanoparticles. With a laser irradiation,
the VO2 films absorb the photon energy, leading to electron
transition from the ground state to an excitation state. The
excitation rate is defined as γext � jp · E j2, where p is the tran-
sition dipole moment and E is the local excitation field [56].
Thus, the excitation rate can be enhanced due to the enhanced
local electric field, which also improves the lighting-induced
phase transition of pristine VO2.

From the comparison between Figs. 4(a) and 4(c), and
Figs. 4(b) and 4(d), it is observed that the temperature of the
phase transition under laser excitation of 0.5 mW is lower than
that excited by 0.2 mW for both bare VO2 and Au∕VO2 films.
To confirm that the phase transition of VO2 films can be
induced by laser irradiation, we further investigate the
Raman spectra as a function of laser power for both bare
VO2 and Au∕VO2 films at RT excited by 532 nm laser.
Figures 5(a)–5(e) show the comparison of Raman spectra be-
tween bare VO2 and Au∕VO2 films at different laser powers.
The intensity of the Raman fingerprint peaks is different be-
tween the bare VO2 and Au∕VO2 films under the same laser
power. The increase of Raman signals in Au∕VO2 films com-
pared to that of the bare VO2 under the same laser power is due
to the surface enhanced Raman scattering (SERS) [Figs. 5(a)
and 5(b)], while the decrease of Raman signals results from
the phase transition of VO2 films [Figs. 5(c)–5(e)]. Figure 5(f )
shows the 195 cm−1 Raman peak intensity as a function of
the laser power. The intensity of the Raman fingerprint feature
first increases to a maximum due to the increased power of
532 nm laser and then decreases for both bare VO2 and
Au∕VO2 films because of the transition from insulating phase
to metallic phase. The phase transition is determined by a slow,
accumulated heat effect [27,61]. The photon energy of the
532 nm (2.34 eV) laser is much higher than the VO2 band
gap (0.67 eV), leading to a band-to-band electronic excitation
[62]. Thus, the laser-induced heating results from the electron–
electron and electron–phonon coupling, which eventually
triggers the phase transition of VO2 films in our experiments.

We also studied the phase transition induced by lighting
only with different laser powers at room temperature, further
confirming the improved phase transition caused by plasmonic
nanoparticles. For bare VO2 films, the intensity of the Raman
feature peak at 195 cm−1 increases to the maximum at 0.6 mW
and then decreases as the power further increases. However, the
laser power toward the maximum of Raman feature intensity is
decreased to 0.4 mW in Au∕VO2 films, and the Raman feature

peak becomes weak as the laser power increases further and dis-
appears at 0.7 mW [Fig. 5(f )]. The laser power for the phase
transition of Au∕VO2 films reduces to 0.5 mW from 0.7 mW
compared with bare VO2 films (28.6% lower), which confirms
that the plasmonic arrays improve the phase transition process
of the VO2. The Raman signals of VO2 films are also enhanced
by the plasmonic Au nanoparticles due to the enhanced local
electric field [Figs. 5(a) and 5(b)] [63–66], which highlights the
possibility of investigating the VO2 phase transition with more
sensitivity. The Raman mapping of VO2 films at 195, 223, and
618 cm−1 at 0.6 mW more obviously demonstrates the plas-
monic arrays enhanced phase transition (Fig. 6), in which
the intensity of Raman peaks is strongest in bare VO2 films;
however, it almost disappears in Au∕VO2 films. The Raman
intensity in the spatial mapping of Raman signals in Fig. 6
is inhomogeneous, and we speculate that is due to the rough
surface morphology of VO2 films, which induces the difference
of absorbed light energy [Fig. 1(f )] [67,68]. The random dis-
tribution of the Au nanoparticles’ self-assembled monolayer
may also contribute to the Raman intensity inhomogeneity
in Figs. 6(d)–6(f ).

The lighting induced phase transition of VO2 is also inves-
tigated by the white light reflection spectra. Figures 7(a) and 7(b)
show the white light reflection spectra of bare VO2 as a function

Fig. 5. Raman spectra of bare VO2 and Au∕VO2 films at different
power by 532 nm laser. (a)–(e) Comparison of Raman spectra between
bare VO2 (black) and Au∕VO2 (red) films at 0.2, 0.4, 0.5, 0.6, and
0.7 mW, respectively. (f ) The intensity of 195 cm−1 Raman peak in
bare VO2 and Au∕VO2 hybrid films as a function of laser power.
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of temperature. As the temperature increases, the reflection in-
tensity declines, indicating that the reflection intensity is reduced
when the phase transition happens, and the reduction is more
distinct at short wavelengths. When the temperature is cooling
down, the reflection spectra are recovered till overlapped with the

reflection curve of insulator VO2 films. From the temperature
hysteresis curve of the reflection intensity at 650 nm [Fig. 7(e)],
it is observed that the phase transition is also reversible.
Figures 7(c) and 7(d) show the white light reflection spectra
of bare VO2 and Au NRs∕VO2 films under excitation by
633 nm laser at room temperature. The reflection intensity de-
creases as the power of the 633 nm laser increases for both bare
VO2 and Au∕VO2 films, which is similar to the thermal phase
transition as shown in Fig. 7(a).

Figure 7(f ) shows the power dependence of reflection
intensity of VO2 films with and without Au nanoparticles. For
bare VO2 films, the phase change occurs at 7.0 mW, and the
metallic phase almost completes at 21.0 mW. However, for
Au∕VO2 hybrid films, it begins the phase transition at 5.0 mW
and completes at 16.0 mW. Thus, the power of the phase tran-
sition for Au∕VO2 hybrid films is lower by 28.6% than that for
bare VO2 films, which is consistent with the Raman results.
Both Raman and white light reflection experimental results
confirm the improvement of the phase transition, which is
due to the plasmonic enhanced light absorption and the
photothermal effect.

4. CONCLUSION

In summary, we have experimentally demonstrated the thermal
modulation of plasmon resonance of macroscale Au NR plas-
monic arrays in the visible region by integrating the phase-
transition materials VO2. It has been inversely tuned between
685 nm and 618 nm due to the change of the refractive index,
originating from the phase transition of VO2 between the
insulating and metallic phases. Besides the thermal phase tran-
sition, the phase transition of VO2 films is also induced by laser
irradiation due to the laser-induced heating. The Raman and
white light reflection results confirm that plasmonic arrays im-
prove the phase change of VO2 films due to the plasmonic en-
hanced light absorption and the photothermal effect. A 28.6%
decrease in laser power for Au∕VO2 films is observed. Our work
highlights the feasibility of applying Au∕VO2 plasmonic arrays
for optical modulation and plasmonic enhanced spectroscopy;
the inverse tuning of the absorption resonance peak in the visible
range also raises a possibility for achieving electrically driven
multi-spectral imaging using one plasmonic filter.
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