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Abstract—In this paper, VO, film on quartz substrate was pre-
pared and investigated in an extremely high frequency (EHF) band
27-37 GHz. The study of EHF response of the nanosized VO,
films reveals strong anomalies in the temperature range of metal-
insulator transition (MIT). The intrinsic radiation of VO, film in
the 28-32 GHz band in the vicinity of MIT was observed. Optical
Raman spectra of VO, film perforated by micron size holes arrays
were studied. The micron holes and arrays show strong change of
the Raman spectra at wavelength 532 nm due to the heating by
laser beam. Optical properties of homogeneous VO, nanospheres
(NSs) were studied theoretically as well. The size effect on the op-
tical properties of VO, NSs was investigated. Transition into the
metallic phase caused by heating of VO, -NSs leads to formation
of localized surface plasmon resonance, which red-shifts slightly
while its size increases. Increasing of NS’s diameter in an insulator
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state leads to the appearance of a peak in the visible wavelength.
The optical spectra of VO,-NS are much broader than that of Ag-
NS. This is associated with the fact that a localized electric field in
the form of a dipolar mode is more intensive for Ag than in the case
of VOZ .

Index Terms—Antennas, Raman scattering, plasmons, nanopar-
ticles, films, frequency dependence, electromagnetic radiation.

1. INTRODUCTION

NVESTIGATION of the effects occurring in so-called
I nanoantennas (NAs) interacting with electromagnetic waves
(EMW) is the matter of great interest due to the perspectives of
the subsequent development of novel tunable sensors. Usually,
NAs and nanoparticles (NPs) have fixed functionality; therefore,
the tunability of these structures is desired in order to extend the
scope of use. One of the conventional methods to obtain tunabil-
ity is to exploit materials with phase transitions (PTs). Vanadium
dioxide (VO3) is known as a material having PT at near-room
temperatures and its complex dielectric constant can be varied
by temperature due to structural transformation accompanying
metal-insulator transition (MIT). This material is an insulator at
room temperature and becomes a metal above critical tempera-
ture (T¢ = 340 K). Hence, the use of this material suggests a
possibility of new applications in various fields.

In the last decade, a real breakthrough has been made in the
field of nanophotonics, nanoplasmonics, NAs, and metasurfaces
(optical nanomaterials). One of the main problems that the wide
application of these devices faces is fixed properties during
their production. Controllable devices, called “active” (not to be
confused with energy generation), would not only be much more
in demand but also could create new scientific and technical
applications. For example, significant efforts are being made in
the direction of the configurable antennas and metasurfaces [1]
based on a change in carrier density of the substrate [2]-[5],
“active” devices based on liquid crystals, where their effective
index is varied by an electric and magnetic field [6], [7], and
also electrically controlled “active” devices [8]-[10]. According
to several reports, materials with MIT are the most promising
materials for creating the devices with controllable properties.
A detailed review of the works in this area is given in [11].

Some of the most interesting materials with MIT are oxides of
certain d-elements, such as NiO, CoO, and VO,. These materials
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have atomic d-shells partially filled with electrons and they are
metals from the band theory point of view. However, they have
a band gap in the electronic spectrum, namely Mott-Hubbard
gap, with the width change under certain conditions. The MIT in
VO, can be induced, for instance, by temperature, electric field
(current and voltage), EMW or mechanical stress [12]-[20].

Possibility of observing the MIT in VO, on the nanoscale
gives another advantage to this material, since all the applica-
tions in this paper are related to controlled NAs, nanophotonics,
etc. In this regard, it should be noted that a number of papers
have been published recently, where it was shown that MIT is
also observed at nanosized VO, samples [24]-[29]. Besides, by
changing the dimensions from a bulk sample to nanowires, the
temperature of MIT can be reduced from 340 K to 302 K [25].

Substantial change in resistance during MIT in VO, or,
equivalently, in the complex dielectric constant and impedance,
evidently, should significantly affect the reflectance and other
electro-magnetic properties over the entire wavelength range.
Thus, at temperatures of MIT higher than 7., VO, has a metal-
lic conductivity with a carrier concentration of 10?> cm~3, while
its optical refractive index varies greatly from 2.5 in the mon-
oclinic phase to 2.0 in the tetragonal phase. MIT in VO, is
accompanied by a sudden increase in the reflection coefficient
(R) of electromagnetic radiation. This rise of R is related to
the change in the complex dielectric permittivity € = €1 - ie2,
which at the normal incidence of EMW is determined by the
expression [30]:

R=|(ye-1-ve-2)/(Ve-1+ e=2). ()

The increase in the reflection coefficient occurs due to a sharp
increase in the conductivity o (T) = wey (T) / 47 and the imag-
inary part of the permittivity €5 with temperature (where w is
an angular frequency), provided that the real part of permeabil-
ity is small and €; << 9. A few papers have been devoted
to the study of electromagnetic properties in VO, near MIT in
the microwave range [21]-[27]. In [22] the reflection of mi-
crowave electromagnetic radiation during the MIT in VO, is
considered. It is shown that during electromagnetic excitation
by microwaves in VO, and its dielectric composite materials the
reflection coefficient may have a jump-like increase or decrease
at MIT. The value of the change depends on the field frequency
and the sample thickness. The behavior of the reflection can
be explained by the change of conditions for Fabry-Perot-like
resonance in VO, film at MIT. Experimental and theoretical
studies of the VO, microwave properties across MIT were per-
formed [31]-[36]. Scattering parameters, including reflection,
attenuation as a function of frequency and temperature, and the
dependencies of these quantities on the VOy phase state were
established [32]-[36].

Such intriguing effects of VO, interaction with EMW re-
cently caused a number of works devoted to the development
of controlled metamaterials and meta-surfaces based on MIT
in VOy [37]-[46], thus, various types of metamaterial struc-
tures and their properties in different wavelength ranges were
studied. In [44] some metamaterials based on localized sur-
face plasmon resonance (LSPR) from gold and VO, X-band
frequency range from 8 to 12 GHz were investigated. It is shown
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Fig.1. Installation scheme for the PTs study using radiometer with 28—-32 GHz
band: 1 — the circulator; 2 — the attenuator; 3 — the cooled load (black body); 4 —
the sample VO» thin film on the SiO2 substrate; 5 — the thermocouple; 6 — the
Peltier element with the copper surface.

that those VO,-based metamaterials demonstrate the tenability
of electromagnetic properties in the X-band.

The next intriguing, but less investigated topic is controllable
NAs based on MIT in VO,. In [47], a very interesting metamate-
rial based on gold micro- and NAs on a substrate of VO, for the
spectral range of 0.2-2 THz was presented. In reference [48] the
broadband modulation of terahertz radiation is experimentally
realized by electrically controlled MIT in VO, in devices with a
hybrid metal antenna. The devices consist of VO, active layers
and antenna arrays. As a result, a terahertz wave with a large
beam aperture (~ 0 mm) can be modulated in a wide spectral
range (0.3-2.5 THz) with frequency independent modulation
depth of up to 0.9. This property opens the way for realizing
the multifunctional components for terahertz applications. In
[49] the transmission of a THz signal through VO, film with
NAs representing a nanopattern from an array of ordered NAs
is studied. Each antenna has a length of 150 ym, and the width
varies from 120 nm to 2.5 pm. The antennas are separated by
a distance of 10 pm in the vertical direction and the period is
30 pm in the horizontal plane. It is shown that such a size of
the elements of NAs array affects the temperature of PT in the
VO, film.

To estimate the perspectives of using VO» in medical ap-
plications we formulate the following objectives of the work:
synthesis of VO, films and investigation of their properties in
the extremely high frequency (EHF) range both in reflected and
intrinsic radiation modes that are of greatest interest; manufac-
turing of NAs - micro hole arrays as well as investigating their
interaction with EMW in the visible range using Raman scat-
tering methods; theoretical investigation of optical properties of
VO, NSs and the temperature influence on these properties.

II. EXPERIMENTAL PROCEDURE

The samples of VO, thin film (370 nm thickness) were ob-
tained using a modernized setup UVN-71 equipped with a flat
axial magnetron. Synthesis by reactive magnetron sputtering
method was performed at direct current in argon and oxygen
atmosphere. The film deposition time on a fixed SiO» substrate
with 1.53 mm thickness is 40 minutes, the target-substrate dis-
tance is 80 mm.

The installation is designed to measure radiation of samples
in 28-32 GHz band during thermal cycling in the temperature
range from 273 to 393 K (see Fig. 1). The solution for measur-
ing the intrinsic (over thermal) radiation of the sample in the
vicinity of MIT in vacuum or air is described in works [50],
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Fig. 2. Block diagram of the installation for measuring the reflection coeffi-
cient: 1 —the directional coupler and detector head of the incident wave; 2 — the
directional coupler and detector head of the reflected wave; 3 — the sample of
VO, thin film on the SiOs substrate.

hole

Fig. 3. The holes and hole array produced by FIB milling in the surface of
VO3 370 nm thick film prepared on SiO2 substrate.

[51]. Sample (4) undergoes the PT as a result of heating and
cooling by the Peltier element (6), the sample temperature is
controlled by the thermocouple (5). Not only the sample (4), but
also the radiometer is the source of thermal radiation. Thermal
radiation generated by the radiometer is fed into the waveguide
(7.2 x 3.4 mm) and through the circulator (1) falls on the cooled
load (the black body) (3). The radiation of the load is cooled
down by liquid nitrogen (less intense than the radiometer radi-
ation) and through the attenuator (2) and the circulator (1) falls
on the sample (4). Attenuator (2) regulates the ratio between
the “cold” radiation of the load and the “warm” room radia-
tion incident on the sample. This radiation is partially reflected
from the sample and goes back into the radiometer along with
its own radiation. The contributions from intrinsic and reflected
radiation are separated by the difference of the measurement
techniques.

To measure the reflection coefficient of the VO, samples
near MIT, the standard panoramic sweep-frequency reflectome-
ter R2-65 with the oscillating frequency generator 27-37 GHz,
and the indicator unit Ya2R-67 of voltage standing wave ratio
(VSWR) were used. The cross-section of rectangular standard
waveguides was 7.2 x 3.4 mm. The scheme of the experiment
is shown in Fig. 2.

The Raman scattering spectra were obtained on the Raman
spectrometer Senterra from Brucker. To excite the Raman spec-
trum radiation a laser with a wavelength of 532 nm and a vari-
able power of 2-20 mW was used. The accumulation time of the
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Fig. 4. Temperature dependence of radiation intensity of the thin VO, film

obtained in 28-32 GHz band by radiometer under backlight load: from 90%
down to 0% of the “cold” radiation from the load—the blackbody cooled by
liquid nitrogen. The ratio of “cold” and “warm” radiation is regulated by the
attenuator.

signal at the point was 15 times per 25 s. After subtraction of the
background the spectra were normalized. In the case of VOo,
properties of which depend on the phase composition, it is pos-
sible to observe the effects of power of laser incident radiation
on the measured spectra.

III. RESULTS AND DISCUSSION
A. Intrinsic Radiation in the Area of MIT on 28-32 GHz Band

We have investigated the intrinsic radiation of VO, sample by
the method represented in Fig. 1. The VO, sample was irradiated
with illumination of different brightness temperature: from 90%
to 0% of “cold” radiation from the load - a blackbody cooled by
nitrogen. The ratio of “cold” and “warm” radiation was regulated
by the attenuator. In the presence of “warm” room radiation
(nitrogen load 0-70%) the signal level in the radiometer grows
linearly with temperature, although in the region of MIT a sharp
increase in intensity of 15% was observed, accompanied by
temperature hysteresis (see Fig. 4).

The intensity of these radiation anomalies (in absolute value)
in VO, with MIT does not change from the boiling point of
liquid nitrogen to room temperature with increase of the bright-
ness temperature of the illumination. In previously studied alloys
with structural PT, such as Ni-Mn-Ga-Fe [49] and Ti-Ni-Cu [51],
the intensity of radiation anomalies recorded by the radiometer,
was decreasing with increasing brightness temperature of the
illumination. It can be an indication of the different nature of
intrinsic radiation at PT in intermetallic alloys and VO, films.

B. Reflectance in Vicinity of MIT on 27-37 GHz Band

The hysteretic behavior of EMW reflection coefficient of the
VO, film is shown for direct and inverse MIT using setup de-
scribed in Fig. 2. It was found that the thin VO film on SiO2
substrate with a shielding layer of a conductor could have an in-
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Fig. 5. Temperature dependence of the reflection coefficient recorded on a

panoramic reflectometer at different frequencies from 27 to 37 GHz.

verse hysteresis of reflectance in frequency range of 29-32 GHz
(for the frequencies out of this range temperature dependencies
of reflectance have a dip, while in this frequency range they
have a peak). This effect may be observed for the temperature
near the MIT (see Fig. 5).

To explain the observed effect a theoretical model has been
proposed. The investigated structure is VO, -quartz-copper. The
copper is considered to be perfectly conductive (everything is
reflected), the quartz does not have frequency dispersion and
the dielectric constant (¢ = 3.8 [52]) does not change with tem-
perature. The VO, behavior is modeled by Drude theory with
the plasma frequency and the collision frequency of electrons
depending on the temperature. For estimation we consider the
temperature dependence (at heating) like piecewise continuous
form [53].

The approximation is rough, but suitable for qualitative de-
scription. The results of the calculations are shown in Fig. 6. It
can be seen that the qualitatively temperature dependence of the
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Fig. 6. Temperature dependence of the reflection coefficient at different fre-

quencies in the range of 27-37 GHz for VO3 film on SiO2 substrate at heating
(the modelling in the frame of the Drude theory [53] and comparison with
experimental data).

reflection coefficient satisfactorily describes the measurement
results. The dip on the curves is associated with the excita-
tion of plasmon resonance in the VO, film: plasma frequency
increases, and at a certain temperature becomes comparable
with the frequency of EMW in the waveguide. This is indi-
rectly confirmed by the fact that the temperature of the dips
in Fig. 6 increases with frequency increase (plasma frequency
also increases with the temperature). The width and depth of the
dips depends mainly on the collision frequency of the electrons.
Therefore, the dips disappearance may be due to the fact that
the collision frequency in the sample becomes comparable or
greater than the EMW frequency. It is necessary that these val-
ues should be at the same temperatures when plasmon resonance
occurs. Further investigation is necessary in order to understand
the nature of this effect.

C. Raman Spectra of NAs Based on VO,

The spectra obtained from the structure formed by two adja-
cent holes in the VO, film (see Fig. 3) and the surface of the
film show differences: the relative intensity of the 620 cm™!
peak obtained in the region of the bridge between the holes is
much smaller than that of the analogous peak in the spectrum,
obtained on the film (see Fig. 7). A shift toward smaller wave
numbers was observed, the peak is at the position of 614 cm ™!
from the bridge region and 622 cm~! from the surface of the
film. This behavior of the peak is possibly related to the me-
chanical stresses that have arisen in the region of the bridge.

Fig. 8 shows spectra obtained after irradiating the surface of
the VO, film with different power of laser radiation (2, 10, and
20 mW). On the spectrum obtained after irradiation with a laser
of 20 mW it is seen that there are additional peaks at positions
146, 284, 531, 703 and 997 cm™!, compared with the unirra-
diated one. These peaks may appear due to the photoinduced
production of the VO, metallic phase [54].
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Fig. 8. Raman spectrum shift of VO, film before heating (cold), after laser
irradiating with 10 mW laser power (heated 10 mW), and after laser irradiating
with 20 mW laser power (heated 20 mW).

D. Properties of VOy NS in Optical Spectrum

Optical properties of VOy NSs are studied theoretically by
exploiting various methods such as dipole approximation (DA),
modified long wavelength approximation (MLWA) and Mie the-
ory. In order to investigate the temperature effect on these char-
acteristics, the temperature dependent dielectric constant of VO,
is adopted from experimental data in [55] and is also shown in
Fig. 9. The NS in simulations is surrounded by air.

E. Dipole Approximation

Optical responses of VO, NSs with optical constant ¢ =
€1 + ie9, immersed in a medium with permittivity of ¢,,, are
simply computed by the dipole approximation (DA). Notice that
the NS size must be much smaller than the wavelength (<1%
wavelength). The real (¢;) and imaginary parts (g2) of VOq
dielectric constants above and below 7, are shown in Fig. 9. By

- . T g T T 315
S VO, dielectric

— — VO, metal

-
(]

Imaginary part
2
Real part

0 1 | 1 1 1 -10
500 1000 1500 2000
Wavelength (nm)
Fig. 9. Experimental dielectric constant of VO3 below and above the T,

extracted from [55].

applying this method the absorption, scattering and extinction
cross sections are expressed respectively as follows:

4

k
Cabs = kIm{a}aCsca = E|a|2,ccxt =

where k is the wave number and « is polarizability coefficient
of NS obtained in [56] by

Cabs + Csea (2)

E—Em

a = 4ra’ .
€+ 2¢e,

3)
The parameter a is the NS radius. The dimensionless optical
efficiencies are computed as follows:

c,
Q==

where A is a geometrical cross-section illuminated by the inci-
dent light. This parameter corresponds to wa®. The polarizabil-
ity experiences a resonant enhancement when the (|e + 2y, )
is minimized, which for small or slowly varying eo simplifies
to ¢ = —2¢,, (Frohlich condition) [57]. This enhancement is
observed in metallic phase of VO, NS at 355 K. In this case,
the real part of dielectric constant becomes negative, as it can
be seen in Fig. 9.

i € {abs, sca, ext} 4)

F. Modified Long Wavelength Approximation

As the NSs radius increases, the DA loses its accuracy and it
is not applicable. However, by using the modified polarizability
(@) DA can be utilized for NSs in which dimensions are less
than 10% of wavelength. By calculating the modified &, the
optical cross sections and efficiencies can be obtained by Eq. 2.
The modified polarizability is expressed in [58] as

o

= . 5
T 2ik3a — Lk2a ©)

G. The Mie Theory

The Mie theory is a powerful method for computing the op-
tical properties of NSs. In this procedure, the electromagnetic
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Fig. 10. Optical efficiency coefficients (a) and electric-field distribution
(b) of a VO3 NS-20 nm at 7" = 355 K. Optical efficiency (c) and the electric-
field distribution (d) of an Ag NS-20 nm.

fields are described by spherical harmonics in spherical coor-
dinates. By satisfying the boundary conditions and calculating
the scattering coefficients {a,,, b, } the optical cross sections are
achieved as follows:

U —
Coxt = k_QnE:I (2n + 1) Re [ay, + b,]
_ 27 - 2 2
Cuea = 73 ;:1: (2n + 1) <|an| + |ba| ) ©6)

where n is the order of Riccati-Bessel functions [56]. In order
to obtain optical efficiencies, (4) is used [56].

The optical efficiencies and electric field distribution of a
20 nm nanosphere in metallic phase are presented in Fig. 10(a,b)
and are compared with the same Ag nanosphere of the same
dimension [see Fig. 10(c) and (d)]. At the wavelength of 1 ym
a resonance peak is observed in spectra of VO, in metallic
phase. Due to the electric field distribution, the origin of this
resonance is an electric dipole. The enhancement of Ag in LSPR
is much higher than VO, in metallic phase. However, there is a
little change in LSPR of Ag NS when the particles are heated
from room temperature up to 773 K [59]. It is obvious that the
principle of resonance around 1000 nm is LSPR. By decreasing
the temperature LSPR disappears. Therefore, this resonance can
be switched thermally as can be seen in Fig. 11(a) and (b).

In order to investigate the size effects on optical properties of
VO, NSs in insulator and metallic phase optical absorption and
scattering efficiencies of 20 nm, 50 nm and 100 nm are calcu-
lated. The results are presented in Figs. 11-13. In the metallic
phase (7' = 355K) the optical efficiencies are remarkable at
the wavelength of 1000 nm for NS-20 nm [see Fig. 11(c)]. By
decreasing the temperature VO, experiences MIT, and eventu-
ally becomes insulator. The LSPR peak which is observed in
metallic phase vanishes, and also a peak in the optical spectra
for both NS-50 nm and NS-100 nm appears in the visible range.
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This peak can be associated with the combined modes. In the
metallic phase LSPR redshifts and broadens slightly as the ra-
dius of NS increases, which occurs at 1011 nm and 1064 nm for
50 nm and 100 nm NSs, respectively. This phenomenon can be
simply understood from dipole approximation. LSPR is obvious
in scattering spectra for 7 >100 nm. As usually, the absorption
efficiency is higher than the scattering near the LSPR peaks in
all cases.

IV. CONCLUSIONS

This complex investigation significantly clarifies the under-
standing of VO, behavior under optical and EHF waves. The
obtained results allow, particularly, estimate the perspectives of
using VO, in medical applications. For instance, effective ther-
apy for malignant neoplasms is a major unresolved challenge in
modern medicine. It may be addressed by using metallic NPs,
introduced at the affected site to be irradiated with the near-
infrared light. Radiation causes heating of NPs and transfer of
the heat to cancer cells destroying them. The VO, NPs seem to
be more perspective for applications than pure metallic NPs due
to the possibility to control its properties using MIT.

The optical properties of noble metallic nanoparticles such
as Ag are independent from the temperature. There is a little
change in LSPR of Ag-NS when the particles are heated from
room temperature up to 773 K. Thus, their properties and the
LSPR wavelength are fixed after they are created. Individual
VO, NS experiences LSPR at wavelength about 1 pm which
can be switched thermally. The combination of noble metal-
lic nanoparticles with VO as core-shell structures or locating
the noble metallic nanoparticles in VO, environment gives tun-
ability upon optical properties and also LSPR wavelength. For
example, the optical absorption spectra of Au nanoparticles are
narrower and more remarkable outside of the near-infrared re-
gion. The laser light of wavelengths above or below the near-
infrared range is significantly absorbed by water or hemoglobin,
respectively. The aforementioned structures show a red shift and
thus could expand the absorption spectrum of noble metallic
nanoparticles, which is desired in such a treatment like cancer
cells ablation.
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