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VO, undergoes metal-insulator transition (MIT) at the transition temperature (7.) of 68 °C, accompa-
nied by a sharp optical response change. A unique Au/VO, half-sphere core-shell structure is fabricated
to study the temperature-dependent plasmonic effects and the thermochromic response for smart window
applications. By increasing the Au core size, the surface plasmonic resonance wavelength of the VO,
high-temperature rutile phase is tuned from 600 to 720 nm and confirmed by simulations. Meanwhile, 7.
of VO, is reduced by up to 10 °C, which is thought to be associated with plasmon-induced or percolation-
enhancement-related effects. Modification of 7. occurs on the optical domain only and not in the electrical
domain. The in-depth analysis suggests that the interaction of the plasmon between Au and VO, in the
near field triggers different mechanisms, which reduce the 7. of VO, in particular under high irradiation
levels. However, under normal irradiation levels the main contributing effect is found to be thermal strain

at the nanoparticles‘ surface.

DOL: 10.1103/PhysRevApplied.11.034064

I. INTRODUCTION

Vanadium dioxide (VO,) is a well-known material due
to its first-order metal-insulator transition (MIT) in the
vicinity of room temperature (approximately 68 °C, 7.).
When heated beyond the 7., VO, undergoes a reversible
structural reconfiguration from a monoclinic space group
(P2;/c) semiconductor phase to a rutile space group
(P4, /mnm) metallic phase [1,2]. The MIT results in a
decrease in the electrical resistivity by up to four orders of
magnitude and an increase in the infrared optical absorp-
tion by about one order of magnitude. The modification
of optical properties during the MIT make VO, an attrac-
tive candidate for thermochromic smart window applica-
tions [3], all-optical switches [4], tunable metamaterial
devices [5], and so on. However, the 7. of pure bulk VO,
is too high to be applied specifically for smart window
fenestrations.

The commonly employed approach to reduce the 7.
is by doping with metal ions, such as W, Mo, Ti, Mg,
and rare-earth elements to the VO, lattice [6,7]. However,
increasing the doping level in VO, films generally leads
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to either a reduction in the magnitude of the transition
or a broadening of the transition width [8,9]. The t. has
also been shown to be affected by the lattice strain, and it
has been demonstrated that strain can be introduced by the
careful choice of deposition conditions [10,11]. In addition
to thermal excitation, the MIT can be triggered by opti-
cal [12] or terahertz [13] pulses, electric fields [14], and
charge injection [15].

In recent years, several studies have been published
in which the thermochromic response of VO, was cou-
pled to metal nanostructures supporting surface plasmons
polaritons (SPPs). The plasmonic response of VO, has
been studied in a beam [16] and scattered nanoparti-
cle form [17]. Great interest has been dedicated to the
nanometal-VO, composite systems due to their reversibly
tunable surface plasmon resonance (SPR) effect and
potential applications in temperature-sensitive nanopho-
tonics [18], nanosensors [19], plasmonic switches [20],
and so forth. For example, plasmonic switches based
on the hybridization between SPPs of silver and VO,
thin film have been demonstrated, exhibiting very high
extinction ratios and moderate insertion losses at short
device length [20]. Gold nanoparticles embedded in VO,
thin film can be used as nanoantennas to probe the
MIT [21]. The plasmonic resonance modulation of a single
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Au nanoparticle on the VO, film has been observed
in the visible range at the single-particle level [22]. In
terms of the applications in temperature-sensitive devices,
nanometal-VO, composite structures are supposed to have
a large resonance shift (Aspr) between the semiconduc-
tor and metal phases [23]. SPPs can enhance the optically
triggered MIT by light-induced Joule heating [24] or by
ultrafast injection of hot electrons [25].

Here, we demonstrate the fabrication and characteriza-
tion of a Au/VO, core/shell half-sphere heterostructure.
The influence of plasmonic excitation in the Au core on
the optical and thermochromic properties of the compos-
ite structure is studied experimentally and theoretically.
By varying the Au core size, we are able to tune the
7. of the VO, shell in the optical domain. The analysis
of the induced thermal strain during the cooling step of
the annealing process shows that this could be the dom-
inant reason for 7. reduction. Percolation-related effects
induced by the addition of Au nanoparticles is manifested
by conductivity increase without modifying the transition
temperature in the electrical domain.

II. EXPERIMENTAL SETUP
A. Materials and methods

Fused silica is used as a substrate for the preparation of
the VO, /Au core/shell structure. Before the gold deposi-
tion, the substrates are ultrasonically cleaned by deionized
(DI) water and acetone, then purged by a nitrogen air gun.
The key preparation procedure is described in Scheme 1.
First, the gold is deposited onto the substrate by electron
beam evaporation and forms a relatively uniform Au island
surface. The island size is controlled by different deposi-
tion times: 60, 80, 100, and 120 s. Then, the VO, layer is
produced by dip coating. The precursor for VO, coating
is prepared as described in Qian et al.’s paper [26]. The
vanadium pentoxide powders (300 mg, 99%, Alfa Aesar)
are dissolved into the 30% hydrogen peroxide solution
(30 ml, 30%, AnalaR NORMAPUR) to form a solution
by vigorous stirring at 70 °C. The substrates are immersed
for 30 s followed by withdrawing at a constant speed of
120 mm-s~!. Subsequently, the sample is dried in air and
annealed in an argon atmosphere at 550 °C for 1 h. The
heating and cooling rates are 1 and 3 °C/min, respectively.

B. Simulations

Finite difference time domain (FDTD) simulations are
performed using commercial software (FDTD solution,
Lumerical Inc., Vancouver, Canada). The optical con-
stants of the materials are selected for operation across
the spectral range of 300 to 250 nm [27]. The struc-
ture is modeled as a periodic array of Au core/VO, shell
half spheres placed on a fused silica substrate, the entire
system suspended in air/vacuum, and the incident beam

modeled as a plane wave propagating along the z axis.
To calculate the frequency dependent transmittance, PML
(perfectly matched layer) boundary conditions are set for
the z direction, and Bloch boundary conditions are applied
to the x and y directions of the simulation region. Two-
dimensional (2D) frequency domain power monitors are
placed at fixed z positions below the structure surface to
detect the transmitted beam intensity. Two-dimensional
frequency domain field monitors are placed for collection
of electric field profiles (at the xz plane) and consequent
charge density evaluation at SPR wavelength (at the xy
plane). The other parameters are set as follows: a sim-
ulation time of 100 fs with an auto-shutoff parameter of
10~>, a mesh accuracy of 5 (i.e., 22 mesh points per wave-
length), and mesh refinement algorithm set to “conformal
variant 1 allowing for a nonuniform mesh over the FDTD
domain.

C. Characterization

The surface topography is determined using AFM (DI-
3100, Bruker, Germany) in tapping mode. STEM charac-
terization is performed using a JEOL JEM 2010 with an
accelerating voltage of 200 kV. The transmittance spec-
tra in the range of 250-2500 nm is measured with a
UV-visible-near-infrared spectrophotometer (Cary 5000,
Agilent Ltd) equipped with a Linkam PE120 system Peltier
simple heating and cooling stage. The Ty, (380—780 nm)
and solar transmittance (7o, 280-2500 nm) are calculated
based on the recorded %7 spectra using Eq. (1) [28]. The
data reported in this work are the average value of four
different sampling points

f (plum/IR/sol()")T()‘-) dr
f‘plum/IR/sol()\) dX

(1

Tum/Rssol =

In the equation, 7(\) stands for the spectral transmit-
tance, @um(A) denotes the standard luminous efficiency
function of photopic vision in the wavelength range of
380—780 nm [29], and ¢r(}) and ¢s,(X) represent the
IR/solar irradiance spectrum for air mass 1.5 (corre-
sponding to the sun at 37° above the horizon), respec-
tively [30]. Moreover, ATy, is calculated as Ty =
Tso1200¢c — Tsor90°¢ [31].

D. Sample designations

The samples are designated using the Au deposition
time. S60, S80, S100, and S120 refer to samples with
deposition times of 60, 80, 100, and 120 s, respectively.

III. RESULTS AND DISCUSSION

Figures 2(a)-2(d) shows the AFM topography informa-
tion for the VO,/Au core-shell composite samples with
various Au deposition times. Since other parameters such
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FIG. 1. Schematic diagram of preparation for VO,/Au half-
sphere core-shell structure.

as withdrawal speed and annealing temperature of the
growing VO, shell are kept constant, the thicknesses of
the VO, shell are assumed to remain constant. It can
also be found that the VO,/Au core-shell size increases
approximately from 40 to 80 nm with increasing deposi-
tion time. A STEM image of the core-shell sample (S100)
as shown in Fig. 1(e) confirms the geometrically con-
fined VO, layer on top of the Au half-sphere structures.
The STEM-Energy Dispersive Spectrum (STEM-EDS)
compositional maps of V and Au show the geometry of the

Au/VO, core-shell structure, revealing the individual parts
in Figs. 2(f) and 2(g). From Fig. 1(h), it can be seen that
the Au half-sphere core diameters vary from 10 to 30 nm.

The transmittance spectra of VO, /Au samples with var-
ious Au deposition times are shown in Fig. 3(a). To explain
the regulation effect of SPR, we consider four simple
Au nanospheres ranging from 20 to 30 nm in diameter
that are coated with 15-nm VO, films and simulate the
transmission utilizing the FDTD method. The results are
demonstrated in the Figs. 3(b) and 3(c) inserted graphs.
The solid lines are measured at 20 °C and the dotted lines
are measured at 90 °C corresponding to the semiconductor
phase and metal phase of VO,, respectively. All samples
exhibit extremely high transmittance contrast between the
two phases in the NIR region, which is ascribed to the
thermochromic nature of the VO, thin film. VO, is IR-
transparent below 7. and highly IR-absorptive above t.
due to the large change of the permittivity induced by
phase transition in VO,. For the case of S60, two extra
valleys appear at 630 nm (20°C) and 600 nm (90 °C)
because of the SPR absorption of Au nanoparticles in this
visible region. With the increment of the Au core size,
two marked phenomena can be observed in the transmit-
tance spectra. First, the plasmonic wavelengths for all the
VO,/Au samples at the semiconductor phase are always
larger than those at the metal phase in both experimen-
tal and simulation results [Fig. 2(c)]. This phenomenon
is related to the change in the dielectric constant of VO,
during the phase transformation. Second, there is a redshift

Combined

FIG. 2. AFM images of VO,/Au samples with Au deposition times: (a) 60 s (S60), (b) 80 s (S80), (c) 100 s (S100), and (d) 120 s
(S120). (e) TEM image of Au/VO, half sphere deposited for 100 s of Au. (f)«(h) STEM element mapping images of Au/VO, half

sphere deposited for 100 s of Au.
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(a) Transmittance spectra of Au/VO, composite with various Au deposition times from 60 to 120 s. (b) Simulation results for

Au/VO, composite with various Au semisphere diameters of 20, 25, 28, and 30 nm. (c) Values of Agpr for the samples with different
deposition times of Au from 60 to 120 s at 20 °C and 90 °C. The inserted graph is the simulation values of Agpr for the samples with
different Au core diameters. (d) Tj,m, and AT variation with the deposition time of Au.

of Aspr especially at higher temperature with increasing
Au core size. From Fig. 2(c), the Aspr(9o°c) increases with
the increasing deposition time, which could be due to the
gold particles’ size. According to the modified Mie theory
in quasistatic approximation, the SPR wavelength is lin-
early dependent on the gold particle radius, which explains
the redshift in the SPR wavelength with increasing depo-
sition time [23]. The calculated average values of Ty,
and ATy, for VO, /Au films varying with the deposition
time are shown in Fig. 3(d). It is clear that T}, decreases
with the Au amount as a higher amount of Au absorbs
more light. Interestingly, ATy, increases with the increase
of the deposition time since the VO, thickness remains
unchanged. Possible reasons for this could be due to the
redshift of Agpr in the range of visible light as different
wavelength gives different spectral irradiance densities.
The thermal hysteresis loops of VO, /Au samples mea-
sured at 2500 nm and some typical parameters associated

with the VO, phase transition are shown in Fig. 3. The 7.
is calculated as the averaged 7. derived from both heat-
ing and cooling curves [Fig. 4(a) and inset]. The hysteresis
width defines the sharpness of the MIT (the full width
at half-maximum of the loop). With the increment of Au
deposition time, the value of 7. decreases from 68.5°C
(S60) to 58°C (S120) with increasing hysteresis width
[Fig. 4(b)]. In the following, we discuss the mechanisms
that can explain the reduction of the 7., both plasmonic
and/or external stresses thermally induced when the metal
nanoparticles are incorporated.

A. Plasmonic induced MIT temperature shift

The process by which the electrons will be injected
from the gold core to the VO, shell can lead to a
rise in electron concentration in VO,, since the work
function of Au (®, =4.8 ¢V) is lower than that of VO,
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FIG. 4. Thermal hysteresis loops of optical transmittance of
VO,/Au samples with various Au deposition times measured
at 2500 nm. The inserted graph is the derivative of transmit-
tance with temperature. (b) The transition temperature and the
hysteresis width.

(Pvo, =54 eV). This explanation is according to the
Mott-Hubbard transition whose driving force is electron-
electron interaction [32]. However, compared with the
previous reports [32—35], our unique core-shell structure
provides a higher contact area between Au and VO,, and
the dominant mechanisms that might enhance this effect
are worth studying in depth.

The collective resonant oscillation of electrons in plas-
monic nanoparticles results in an enhanced local electro-
magnetic field. Figure 5(a) shows a typical example of the
field intensity distribution around a composite of Au/VO,
half-sphere (core diameter of 28 nm, coating thickness
of 15 nm) at the SPR wavelength A =0.68 um, calcu-
lated by the FDTD method. The maximal field intensity
enhancement (E/Ej)?> = 52 at the Au/VO, interface is
typical for spherical plasmonic nanoparticles [Figs. 5(a)
and 5(c)]. The resonant oscillation of the electron gas of the
Au nanoparticle is also responsible for energy dissipation
resulting in a potential contribution to the decrease of the

Mott MIT temperature of VO, by utilizing the three pos-
sible mechanisms as follows: (i) the photothermal effect
that results in heat generation and consequent tempera-
ture increase of the surrounding VO, [36], (ii) generation
of hot electrons, which can migrate through the Au/VO,
Schottky junction [25], and (iii) enhanced generation of
charge carriers in VO, by the local electromagnetic field
[Fig. 5(b)]. In the following, we shall estimate the contri-
bution of each one of these mechanisms to the lowering
of the t. observed experimentally. Although these three
mechanisms can occur simultaneously and energy trans-
fer in one of them affects the others, here, we estimate
the contribution of each one as if it is independent from
the others and the whole energy is independently trans-
ferred in one of the mechanisms. A more rigorous model
should consider the three mechanisms simultaneously, but
this is outside the scope of this paper. The following cal-
culation gives a reasonable estimate of the contribution of
each mechanism. The temperature increase as a result of
Joule heating can be estimated by solving the heat diffu-
sion equation at steady state conditions. When considering
a simple case of a Au spherical nanoparticle surrounded by
VO,, the temperature increase at the Au/VO, interface is
given by Eq. (2) [37]

R2
ATmax(lp) = {ReMiw[l — eau(@)]

3kV02
2
I }
, (2)

c\/evo, ()

where Raynp 1S the Au nanoparticle (AuNP) radius,
kvo,=3.5 W-m~'K~! is the thermal conductivity coef-
ficient of VO, in the semiconducting phase, £a,(w) and
evo, (w) are the frequency-dependent dielectric permittiv-
ities of gold and VO,, respectively, c is the speed of light
in vacuum, and /, is incident light irradiance. Figure 4(d)
shows the wavelength-dependent temperature enhance-
ment for a AuNP that is 28 nm in diameter calculated
using air mass (AM) 1.5 solar spectra for incident light
irradiance.

To produce an order of magnitude, a 28-nm diameter
AuNP surrounded by VO, illuminated at resonance wave-
length A =0.68 um with a solar light whose irradiance
is /=12 W/m? experiences a temperature increase of
approximately 2-1078 °C. Consequently, the contribution
of Joule heating to the overall Mott transition is negligible.

The conductivity of VO, is n type, that is, electrons
mainly contribute to the transition and the mobility of
charges does not change at the transition [38], there-
fore, the whole of the conductivity jump is due to the
change in charge carrier density. When a Au nanoparti-
cle comes in contact with VO,, the equilibration of Fermi
levels causes the bending of the valence and conduction
bands of VO, at the interface and a Schottky barrier is

3evo, (w)
2ev0, (@) + eau(w)
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FIG.5. (a)Normalized field intensity distribution of a composite of Au/VO, half sphere (core diameter of 28 nm, coating thickness of

15 nm) at the SPR wavelength = 0.68 um. (b) Possible mechanisms for charge concentration enhancement following SPR excitation.
(c) Maximal field intensity enhancement as a function of Au core diameter. (d) Calculated temperature increase at the surface of Au
NP in the VO, as a function of wavelength for AM1.5 solar irradiance.

thus formed. The lower electronic work function in Au
(4.8 eV) compared to VO, (5.4 eV) leads to the electron
flow from the Au core to the VO, shell [33], which may
induce the destabilization of the semiconducting phase.
Considering the fact that at the plasmonic resonance the
electrons are oscillating with the light field, their high
kinetic energy will certainly accelerate their transfer to
the semiconductor, and even with slightly low kinetic
energy, there is still the possibility of transfer through the
quantum tunneling phenomenon [39—41]. The charge den-
sity (p) of hot carriers generated at the resonance can
be evaluated using the classical Gauss law in differential
form p =Re(e)V - E from the field distribution calcu-
lated using the FDTD method. Plasmonic metals such as
Au are excellent electrical conductors, hence almost all
induced charge is distributed on the Au/VO, interface.
According to Fig. 5(a), the maximal field enhancement
and consequent charge generation is expected at the closest

vicinity of the substrate. Figure 5(a) shows the charge dis-
tribution around the Au/VO, interface of a typical 28-nm
diameter composite core/shell nanoparticle, 0.5 nm above
the substrate. According to Fig. 6(b), a larger nanopar-
ticle will necessarily generate a larger number of elec-
trons resulting in a larger 7. decrease. Its larger contact
area with the VO, surrounding will also help to accel-
erate the process. Taking into account the broadening of
the localized SPR (LSPR) spectrum (600—700 nm range),
we estimate the carriers’ density of up to approximately
10'7 electrons/cm? available for charge transfer. The life-
time of hot electrons in AuNP is at the same order of
magnitude as the metal insulator transition time in VO,
(hundreds of fs), which explains the low Joule heating
temperature enhancement driven by relaxation to phonons
(a few ps time frame). The temperature dependence of
the electrons’ density in VO, can be estimated using the
formula no(7) oc T/2e~Ee/2T where E,=0.6 eV is the
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FIG. 6. (a) Charge density of a composite of Au/VO, half
sphere (core diameter of 28 nm, coating thickness of 15 nm)
at the SPR wavelength 1 =0.68 um, z=0.5 nm calculated by
Gauss law in differential form. (b) Maximal charge density as a
function of Au core diameter. When considering the broad spec-
trum of the LSPR (600—700 nm), the maximal charge density is
expected to reach 10!7 electrons/cm’.

band-gap width in the semiconducting phase, and & is
the Boltzmann constant [1]. The critical charge density
required for the phase transition is on the order of 10'8
electrons/cm?, therefore, the charge density for the low-
est 7. obtained experimentally will be 7.5 x 10'7 without
Au, which is comparable to the highest charge density cal-
culated using the Gauss law applied on an electric field
distribution [Fig. 6(b)]. As a result, the excess electrons
generated at the LSPR are contributing significantly to the
reduction of the 7. in the Au/VO, core/shell configuration.
Plasmonic nanoparticles act as efficient light concentrators.
In the light concentration mechanism, the NPs’ near-field
significantly enhances the interband or other optical tran-
sitions in the nearby semiconductor if there is an overlap
with the LSPR spectra (similar to Forster resonant energy
transfer) in what is called a plasmon-induced resonant

transfer [42—44]. As with direct light excitation, the charge
formation rate in the semiconductor can be obtained from
the stationary kinetic equation governing electron gen-
eration n = nof lytr/VE, [45] where f is the quantum
efficiency, ty is the electron relaxation time, V'is the irradi-
ated volume, and E), is the photon energy. The conduction
band width of the relevant allowed energy transition in
VO, is 2 eV [46], hence the LSPR wavelength of the com-
posite Au/VO,NP (approximately 1.8 eV) does this and if
we can decrease the LSPR wavelength further, we might
even reduce the 7, more. According to Fig. 6(b), the inten-
sity enhancement at the LSPR is expected to provide a
factor of 1.4—-1.6 in electron density increase at the VO,
shell, depending on the AuNP core size. As a result, the
reduction of . is expected as well if the dominant mech-
anism is energy transfer through near-field enhancement.
Enhancement of photocarriers’ generation when plasmonic
particles are embedded in a semiconductor is also known to
occur due to other mechanisms such as the enhanced scat-
tering and absorption. As the lowering of the 7. of VO,
is accompanied with some structural changes according to
the Peierls model [47], one can also think of other mech-
anisms that assist these structural changes to occur with
the presence of the hot electrons generated. One of these
involves the trapping of the hot electrons in transient traps
generated by short-lived large-energy fluctuations and the
energy transfer from the hot electrons to the surroundings,
thus enhancing the structural phase transitions [48—51].

Based on this, one can think of designs that may improve
the lowering of the t. even further, for example, by
increasing the number of plasmonic resonances within the
solar spectrum and using nanoparticles (NPs) or plasmonic
antennas that enhance the local field even further [52].

It should be noted that even though we used Bloch
boundary conditions for FDTD simulations, the generality
of our findings is not supposed to be lost because the actual
Au islands are distributed randomly following the depo-
sition process. The main difference between ordered and
disordered Au islands’ behaviors will be LSPR broadening
and random localization of electromagnetic fields in hot
spots, which will not change the overall system behavior
at the macro scale, in particular for subwavelength periods
of the ordered structure.

B. Strain-induced MIT temperature shift

Besides shifting of the 7. in VO, by nonstoichiome-
try and doping, differences in the 7. are observed in VO,
films on different substrates. The reason for this shift is
attributed to the existence of thermally induced stresses in
thin films due to the differences in the thermal expansion
coefficients between film and substrate [10,11,53,54]. The
common explanation for strain-induced 7i; modification
is that the elongation (shrinkage) of the V4" — V**+ dis-
tance along the cg axis diminishes (enhances) overlapping
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TABLE I. Young’s modulus (E), Poisson ratio (v), and linear
thermal expansion coefficient (o) for Au and VO,.

Material E (GPa) v a (Ch

Au 78 [56] 0.42 [53] 1.42 x 1073 [57]
VO, 140 [58] 0.3 [55] 1.7 x 107° [59]

of their d orbitals, thus weakens (strengthens) the metallic
R phase [53]. In a similar manner, the thermomechani-
cal stress can be generated in the core—shell nanoparticle
configuration due to the difference in the linear thermal
expansion coefficients of the core and the shell mate-
rial [55]. As mentioned in Sec. II A, the VO, coating is
prepared utilizing the sol-gel method and then annealed at
550°C. Upon cooling down from the annealing temper-
ature, external stress is developed in the VO, shell as a
consequence of the thermal expansion mismatch between
VO, and Au. The radial displacement of the VO, shell as
a result of the induced stress can be derived from Hook’s
law in spherical coordinates as Eq. (3) [55]

_ = -Na -]+l - NE/K)HA - )

B 1—[1— (K2/KD)](1 = (1 - B)
Bril + (a/r)*1(er2 — &1)
1—[1— (K2/KD]I(L = )1 = B)

3)

Here, a is the core radius, AT is temperature difference,
E\, E; and vy, v, are Young’s modulus and Poisson ratios
of Au and VO,, respectively, 8 = 1/3(1 + vy)/(1 — vy),
K = E/3(1 — 2v) is a bulk modulus, &; = (Tyy — Tan) 18
a free strain, T, = 67 °C is the transition temperature, 7T,
is the annealing (or initial) temperature, and « is the linear
thermal expansion coefficient. The temperature is assumed
to be uniform throughout the typical thickness of the VO,
(15 nm) during cooling. According to Table I, the linear
thermal expansion coefficient of VO, in the metallic phase
is larger compared to Au, therefore, a compressive strain is
expected to develop in the VO, shell. In terms of the radial
displacement, u, and the radial coordinate, 7, the radial and
tangential components of the strain are given by the rela-
tions &, = du/dr and &; = u/r. The temperature is assumed
to be uniform throughout the typical thickness of the VO,
(15 nm) during cooling. According to Table I, the linear
thermal expansion coefficient of VO, in the metallic phase
is larger compared to Au, therefore, a compressive strain is
expected to be developed in the VO, shell.

In Fig. 7(a), a typical distribution of strain in the VO,
shell (a = 15 nm) is shown. The strain within the VO, shell
is position dependent. According to Fig. 7(b), nanocom-
posites with a larger Au core radius yield larger compres-
sive strain in the VO, shell resulting in a lowering of ..
Based on this, we conclude that the major contribution
for the lowering of 7. is associated with the strain that

(a) (b)
+ Transition temperature ® Strain
-0.5 71 -0.54
+
‘ a
~ | @ F . 2
€055 £ # -056 £
b N6l + L
L ]
+
-0.6 . 56 - -0.58
1 15 2 0 10 20
rla Core radius (nm)
FIG. 7. (a) Radial dependence of strain in VO, shell (core

radius =15 nm, coating thickness a = 15 nm) calculated by
Eq. (2). (b) Influence of core radius on average strain and transi-
tion temperature. The squares denote transition temperature and
crosses average strain.

appears in a metallic core—shell nanoparticle subjected to
the cooling process from the annealing temperature.

Although the plasmon-induced charge transfer and/or
generation and local heating are not totally excluded, it
seems that at normal irradiation levels and, in our par-
ticular case, their contribution, is small compared to the
strain-induced reduction of t.. Perhaps by focusing the
solar radiation, the intensity level will increase by at least
an order of magnitude and considering the wide spectral
range of plasmon excitation, the plasmon-induced phe-
nomena can become dominant and the reduction of the
transition temperature can reach more than 10 °C.

It should be noted that LSPR supported by Au nanopar-
ticles can also modify the color of transmitted or reflected
light in a system containing VO, nanoparticles, as was
shown by Xu et al. [34]. In this work, a transition tem-
perature decrease of about 6 °C was demonstrated in a
V0O,/Si0,/Au core/shell nanoparticle configuration hav-
ing a fixed VO, core and SiO; interlayer sizes and varying
the Au nanoparticles’ sizes. The size variation of Au
nanoparticles allows continuous tuning of LSPR wave-
length, but not the transition temperature reduction 7.,
which remained fixed around 5—7°C for Au nanoparti-
cles in a 5-21 nm diameter range [34]. For this specific
case, it seems that the transition temperature reduction is
achieved by the combination of two competing effects —
static electron migration through insulating SiO, junction
and thermal strain at SiO,/VO, interface, which remains
constant once there is no variation in the Au/SiO,/VO,
contact areas. Control of transition temperature by either
LSPR or strain-induced effects will occur once the con-
tact area between Au and VO, can be controlled directly,
for instance, using the Au core/VO, shell configuration
presented in this work.

C. dc conductivity and percolation-related effects

As the VO, phase transition has a wide hysteresis zone,
which is a signature of a metal-insulator mix, the MIT in
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VO, can be considered to be a percolative phase transi-
tion. Two component nanostructured networks with one
phase metallic and the other insulating undergo a MIT at
the critical concentration of metal known as the percolation
threshold, where the highly conducting phase first forms
a connected network [60]. At first glance, an addition of
highly conductive Au nanoparticles into the system under
evaluation is supposed to speed up the process of perco-
lating path formation, stabilization of VO, metallic phase,
and consequent modification of transition temperature 7.

In order to evaluate this hypothesis, the produced
sample’s resistance is measured as a function of temper-
ature using the “Ohms-per-square” method with a four-
wire resistance measurement. The measured resistance and
dependence of transition temperature and hysteresis on
the deposition time are shown in Figs. 8(a) and 8(b),
respectively. The electrical transition temperature and hys-
teresis width are calculated using the same procedure as for
the optical measurements. It can be seen that the electri-
cal switching temperature remains approximately constant
with the increment of the Au core size, whereas the hys-
teresis width follows the same tendency as observed for
the optical measurements. The offset between the effec-
tive optical and electrical switching temperatures arises
because the hysteresis in optical transmissivity is deter-
mined by the relative fraction of nanoparticles in the
semiconducting state, while the hysteresis in electrical
resistivity is governed by the evolution of a continuous
percolation path during the heating process or extinction
of the percolation path during the cooling process [61].
The significant decrease of resistivity at deposition times
of 100 and 120 s throughout the whole temperature range
of our experiment indicates that the Au volume fraction
crosses the percolation threshold [see Fig. 8(c) for details].
Nevertheless, the contribution of this effect to the transi-
tion temperature modification is not observed. Two main
characteristic features can be identified in the measured
resistance curves:

(i) The simultaneous electrical hysteresis width increase
and multiple branches appearance at high deposition times
of Au could be associated with the increasing nonunifor-
mity of the Au/VO, core/shell NPs distribution as the
deposition time of Au grows [see Figs. 2(c) and 2(d) for
details] [62].

(i1)) The form of the thermal hysteresis between the
heating branch and the cooling branch is asymmetric for
all deposition times. This phenomenon is attributed to the
difference in the metallic domains distribution variation
in the heating cycle compared to the cooling cycle of
the experiment [63]. VO, exists in two distinct phases,
a low-temperature insulator phase where it possesses
a monoclinic structure, and a high-temperature metallic
phase with a tetragonal rutile structure. At intermediate
temperature, VO, exists as a mixture of the two constituent

phases and its properties could be described using the
effective medium theory (EMT). Such a mixture could be
parameterized using the filling fraction [61] (f) which rep-
resents the fraction of the material existing in the metallic
phase, that is, f is 0 and 1 for the insulator and metallic
phases, respectively, and f is between 0 and 1 while the
material is undergoing the transition.

To the first approximation, the optical transmittance
depends linearly on the volume fraction of the metallic
phase [59]. We use the volume fraction values obtained
from optical data in order to map it onto the resistivity
data at each temperature to obtain a plot of resistivity as
a function of volume fraction. The results for the cooling
cycle are shown in Fig. 8(d). A clear tendency of criti-
cal volume fraction increase is observed from f = 0.19
for 60 seconds deposition time to /' = 0.33 for 12 seconds
deposition time.

These phenomena can be attributed to the increase of
the energy barrier that the isolating domains of VO, have
to overcome to show up within the metallic matrix of both
Au and VO, in the cooling process [64].

EMT has been applied for the description of various
properties of the semiconductor-metal transition in VO,
such as optical transmission [65,66] electrical conduc-
tivity, and heat capacity [64]. We employ the EMT for
modeling of the Au/VO, core/shell NPs’ resistance in
three steps:

(i) The conductivity of VO, is calculated using the
2D version of Bruggeman EMT and assuming that the
semiconducting/metallic inclusions are spherical [67]

ovor = 5 (B + VP + 8000, @
where B = (3o, — 1)f + Bo;, — 1)(1 —f), o, stands
for the conductivity of VO, in semiconducting and metal-
lic phases, respectively, and the fill volume fraction f is
extracted from the optical measurements.

(i1) The effective conductivity of the core-shell structure
is calculated using the internal homogenization approach
developed by Chettiar et al. [68]

e o b*(oau + 20v0,) + 2a° (0au — Ov0,)
ST IVO s (0au + 20v0,) — @*(0au — OvO,)

®)

Here, o 4y is the gold conductivity and a and b are inner
and outer radii of the Au/VO, core/shell NP.

(iii) Finally, the resistivity is calculated as the reciprocal
of the effective conductivity.

The simulated resistance and dependence of transition tem-
perature and hysteresis on the deposition time are shown in
Figs. 8(e) and 8(f), respectively. Several important differ-
ences can be identified once the experimental resistivity
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The MIT is denoted by vertical lines. () Sheet resistivity calculated using Bruggeman formalism and homogenization approach. (f)
Transition temperature and hysteresis calculated using simulated data.

transition temperature and hysteresis width results shown
in Fig. 8(b) are compared to the simulated results shown in
Fig. 8(f). Essentially, the transition temperature of the sim-
ulated results remains constant around 70 °C with a sharp
drop for the deposition time of 120 s. The constant positive
offset between the simulated and experimental transition
temperatures can be attributed to the intrinsic strain, which
is induced at the VO, shell. This factor is not taken into
account in either the Bruggeman or internal homogeniza-
tion models used for calculation of the Au/VO, core/shell
NP resistance. The hysteresis width of simulated data
remains approximately constant at all deposition times.

The proper evaluation of hysteresis width requires con-
sideration of both semiconducting and metallic domains
and the Au/VO, NP distribution [62] and shape varia-
tion [69], proper evaluation of the VO, phase domains
energy creation, and so on, factors that are hard to control
experimentally and challenging to consider in a theoretical
modeling process.

To summarize, the addition of Au into the VO, per-
colating system is not identified as a dominant factor
for transition temperature modification in the electrical
domain. Transition temperature modification occurs in the
optical domain only and is preliminarily controlled by the
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ratio between the semiconducting and metallic volume
fractions, which varies as a result of the intrinsic strain
developed on the core/shell interface.

IV. CONCLUSIONS

In this work, Au half spheres that support localized plas-
mons are embedded within thermochromic VO, thin film
to form the VO, /Au half-sphere core-shell structure. The
plasmon resonance wavelength and thermochromic prop-
erties of this structure show a strong dependence on the
Au deposition thickness. A larger Au core gives rise to
a redshift and broadening of the resonance peak for both
the semiconductor phase and metal phase. By varying this
parameter, the resonance wavelength (Agpr) of the Rutile
phase can be regulated from 600 to 720 nm. 7. is reduced
by approximately 10 °C with the increase of Au core size.
The simulation results suggest that the local photother-
mal effects can be important only when the solar energy is
concentrated. The three main mechanisms of hot electrons
transfer due to plasma oscillation, due to photocarriers gen-
eration, or due to local heating are found not to contribute
significantly to the observed t. reduction under normal
irradiation levels. These three mechanisms can be signif-
icant at higher irradiation levels or when the plasmonic
enhancement is much larger. They might occur simulta-
neously so that one needs to solve the problem in a more
rigorous way by taking into account the coupling between
the different mechanisms. The major contributing factor
for the transition temperature reduction is associated with
the induced thermal strain at the surface of the AuNPs
that appear in the system due to the cooling step in the
annealing process. The stabilization of the metallic phase
occurring as a result of induced strain does not introduce
a significant change in the percolation path formation of
VO, regardless of Au core size variation. Our results are
specific to VO,, yet are universally relatable to other corre-
lated electron materials. Further designs and experimental
works are planned to clarify the role of the strains vs plas-
monic effects depending on the type, shape, and size of
the nanoparticles. It is believed that this research will lead
to the creation of an optimized thermochromic material
with the desired transition temperature without sacrificing
its properties for switching devices, optical waveguides,
optical limiting elements, sensing components, tunable
metamaterials, and smart window applications.
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