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Abstract. Recently theinteraction effects of electromagnetizraves (EMW) with
metallic nanoparticles and fed in nanosized films, calledancantennas(NAS)
attract great interest becausfeprospective applications in sensors technologie
conventionaNAs and nanoparticlesave fixed functionality, therefore the tunability
of these structures are desir@he of the conventional method to obtain tunability is
exploiting phase transitiofi° T) materials Vanadium dioxideYO,) is known as &T
material and itscomplex dielectric constanare varied by temperature due to
structural transformation, accompanyimmetatinsulator transition MIT). This
material is an insulator at room temperature (RT) and becomes metal above a critical
temperature (F340 K). Hence, this materiahas emerged new applications
various fields In this paper VO, film on glass sulisate were prepared and
investigated in extremely high frequency (EHF) rang@& 82 GHz). Then submicron
holes arrays were formed on Y{dms and their optical Raman spectra were studied.
The special attention is paid on temperature dependence of thertemf films,
holes and spheres. The study of EHF response of the nanosizetlnvOreveals

strong anomalies in the temperature range of nmesalator transition. The
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submicron holes and arrays show strong change of the Raman spectra at the
wavelengh 530 nm due to heating by laser beam. Eventutiiyoptical properties

of the homogeneous nonmagne&¥i®, nanosphereembedded in the aare studied
theoretically The size effects othe optical properties of the \ihanospherare
investigatedand pesented. In V@nanosphereconverting into the metallic phabg
heatingleads to formation of a localized surface plasmon resonar&eR) which

red shifts slightly by increasing dimensiofihe increment in the dimension of
nanosphere in insulator casesults in the appearance of a peak in the visible
wavelength most probably due to the excitation of combined electromagnetic modes.
The optical spectra of VOnanoparticle are much broader th#rmat of silver
nanosphere, whichis associted localized electric field in form dafipolar modeis

more intense than in VOcase However, the LSPR of VO, can be thermally
switched, making this material peculiar for recent advanced applications.

Keywords: phase transition, V£ naneantennanhanaspheres, nanboles, surface

plasmon resonance, Raman spectrum, extremely high frequagimal frequency

1. Introduction

In the last decade a real breakthrough has been made in the field ef nano
photonics, nan@lasmonicsNAs, and metasurfaces (opél nanomaterials). One of
the main problems facing the wide applicationiase devices that these properties
of such devices are fixed at the time of manufacture during their creation, and they
cannotbe tuned Controllable, or as they are calledtivese areas "active" (not to be
confused with energgenerating) devices would not only be much more in demand,
but could create many new scientific and technmaportunitiesfor science and
technology.

In this direction, great efforts are being made. iGshould be notedhe
configurable antennas and metasurfaces [1], based on a change in carrier substrate
density [25], active devices based on liquid crystals, functioning by changing the
effective index of a liquid crystal by an electric and magnaetd f[6, 7] and
electrically controlled active devices-I®]. According to many reports, materials
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with phase transitions (PT), for examphagtatinsulator transition (MIT), are the
most promising materials for creating the devices described above @ntholc
properties. A review of thevork in this area is given in [11]. The Bigl-3 clearly
illustrates the functional properties of oxide materials Wi, devices based on

them and areas of their applications.
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Fig. 1. The metatinsulatortransition(MIT) switch (a) MIT temperaturd TMIT) of
someselectedoxides (bulk crystalg. External stress or substradéven constraints
cansignificantly influence the transition temperature and the resistivity chalng
MIT -triggering approaches in correldt@xides. ) TemperaturdriggeredMIT in
VOo,. (ii) Electrically triggeredMIT in Pry7CasMnQs. (iii) Optically triggeredVlIT
in Pro7;Cas:Mn0Os. (iv) Magnetically triggeredMIT in Prp;CasMnOs. (v) Strain/
stress effects oMIT in VO,. (c) Basic concpt of utilizing MIT in correlated oxide
as a switch, with the higresistance, insulating and lewsistance, metallic states
both sides oMIT, defined as OFF and ON states, respectively. The switching {
device can be triggered thermally, elemfly, optically, magnetically, and by stra
drive, corresponding to thdIT -triggering approaches shownpanelb [11].

Some of the most interesting materials whHT are oxides of some-d
elements, such as NiO, CoO, and )/@hese materials have patly filled with
electrons eshells of atoms and, from the point of view of the band theory, are metals,
however, they have a forbidden band (namely, the dMatibard gap) in the

electronic spectrum, which changes its width under certain conditionsxdorpée,
3
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temperature, pressure, etc. In such materials, under the influence of external factors,

MIT is observed.
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Fig. 2. Prospective applications of the functionadterials with MIT [11].
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In VO, at acritical temperaturg(T,) of about 34 K and normal pressur®)IT
of thefirst order occurs. For monocrystals, the resistance changes by almost 5 orders
of magnitude. At the same time, the symmetry of the crystal lattice changes: a
transition to a tetragonal latti¢ef the rutile type) from the monoclinic lattice, and
the volume of the unit cell decreases by half, which corresponds t@dieels
transition. For a long time iwvas believed that it was PeiePT caused th&lIT in
VO,. Recently, many papers have appéain which it was shown that thIT in
VO, c an be the Mott s PT associated wi t
structural transition is a secondary phenomenon accompanying the elebidnic
VO, among the oxides of metal oxides occupies aiapplace, since vanadium is an
element with an uncomlet-shell, and therefore the strong correlational effects
appear in V@. Because of these electronic correlations, W& unique properties,
including those associated with a variety of types of chahtionds between oxygen
and vanadium atoms, including bonds due telattrons. Therefore, the studies of
MIT in VO, are of considerable interest in terms of fundamental research, since it is a
model object for highly correlad materials and systems. $&g. 4 as an illustration
of modern ideas aboMIT in VO,. On the othehand,VO, is a materialwhich is
considered as very promising for applicatioMdT in VO, can occur under the
influence of various external influences: under the influence of teyer electric
field (current and voltage), electromagnetic wayEMW), mechanical stress etc.
[12-20].

An important feature oMIT in VO, is that, in the case of optically induced
MIT, the transition occurs on a superfast time scake 1¥, 21, 22]. Mmely, the
speed of thiT reaches the order of hundreds of femtoseconds, which can become a
very important factor for applications4117, 22]. It should be noted that among
many important tasks, temperature control &idspeed has a very high priority
since the areas and functionalityMfT applications in V@strongly depend on these

two parameters. The work in this direction is conducted se2Q12
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Fig. 4. Structure and band diagram of ¥({a,b) Structure change of VV\drom the
monoclinic insllating phasgM1) to the tetragonal rutile metallic phag® during
MIT in (a) a threedimensional view andoj a crosssectionaiew. (¢) Band structurg
change of V@across théMIT. The left and right panels show the batalictures for
the insulatingand metallic phases, respectivily].

The next most important parameters related to the possible applicatidhs of
in VO,, are dimensional effects and especially the possibility of obseMiigin
VO, on a nanscale of dimensions, since all the btions studied in this project
relaed b controlledNAs, nanophotonics, etc., are related precisely to the possibility
of implementing arMIT exists in VQ on a nanoscale. In this regard, it should be
noted that recently a number of papers have apgearevhich it was shown that

MIT is also observed at nanosized samples of 2@-29]. Moreover, it was shown
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in [25] that the temperature of thIT can be reduced by ahging the dimensions
from 340K in a bulk sample t802 Kin nanowires.

As it was ateady noted, aMIT in VO,, there is a huge change in resistance,
which means that it must cause a change in the complex dielectric constant, and,
consequently, in impedance and reflectance and other electromagnetic properties over
the entire wavelength mge. Thus, at a temperature higher tihaof MIT, VO, has a
metallic conductivity with a carrier density of ~24@ni®, while the optical refractive
index varies greatly, from 2.5 in the monoclinic phase to 2.0 in the tetragonal phase.
MIT in VO, is accanpanied by a sudden increase in the reflection coefficient (R) of
electromagnetic radiation. This jump of R, is related to the change in the complex
dielectric permittivity = -i AJwhich at the normal incicee of theEMW is
determined by the expression [30]:

R=|( da3a&2) A +2)&U (1)

The increase in the reflection coefficient is due to a sharp increase in the
conducti vig(yT)0 /(tTHe =amadlgi nary pagswith of 1
temperature (¥ is the frequency), pr ov
s mal | ;& § A dew papers have been devoted to the study of electromagnetic
properties in the microwave range in ¥@ea MIT [21 - 27]. So in Ref. [22] the
reflection of microwave electromagnetic radiation during tMér in VO, is
considered. It is shown that, with electromagnetic excitation on microwaves.n VO
and its dielectric composite materials, the reflection coefit at theMIT of the
dielectric state into the metal can be tested to test botmgljkie increase and a
decreaseThe amplitude of the change depends on the frequency of the field and the
thickness of the sample. The behavior of the reflection istdue change in the
conditions for the interference of the reflected waves dukih@. Also in many
articles [3136] of an applied nature, an experimental and theoretical study of the
microwave properties of VOwith MIT is carried out. So scatteringaraneters,
including reflection, attenuation as a function of frequency and temperature, the
dependence of these quantities on the phase state,affd& established [326].
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Such bright effects of the interaction of Y@ith EMW could not but cause
recently aflow of works devoted to the creation of controlled metamaterials and
metasurfaces based T in VO, [37-47], in which various types of metamaterial
structures and their properties in different wavelength ranges are studied. So in [45]
metamaterials basl on surface plasmon resonancd’Rp from gold and V@
frequency range 8 ~ 12 GHz are considered, transmission and absorption spectra for
various input powers are measured. In fhaper,it is shown that the metamaterials
studied on the basis of l\@emamstrate the ability to reconfigure electromagnetic
properties in the »and.

Also in similar metamaterials based on the SPR in #Othe IR band Raman
scattering was investigated [48lt the same time, the wavelength of the electrical
resonance showedkdue shift of about 73 nm, while the magnetic resonance regime
had a redshift of about 126 nm nédlT. It was also found that witMIT in VO,,
both the electrical and magnetic modes of shear are hystetedims been
demonstrated that in the case oingsthese active metamaterials in tunable Raman
scattering (SERS) for a fixed wavelength of the exciting laser, the Raman scattering
intensity can be significantly changed by adjusting the frequency of the electric SPR
mode, which is achieved by controllinthe phase VO by means of precise
temperature control.

Of interest isalsothe paper [47], in which the switching BIT in VO, in
chiral metamaterials was studied. The thermal control of chiral switching in a hybrid
metamaterial in THz with a modulatiarepth of 96.6% in the frequency range of
about 1.4 THz for linear transverse polarization transmission was demonstrated in
Ref. [47].

The next very interesting topic is controll®As based orMIT in VO,, to
which much less articles are devoted. So in] [#&onsidered a very interesting
metamaterial based on gold micro adds on a substrate of V{Ofor the spectral
range 0.2 THz. In [49] broadband modulation of terahertz (THz) radiation is
experimentally realized by electrically controll®dT VO, in devices with a hybrid

metal antenn®/O,. Devices consist of the active layers of &hd antenna arrays.

8
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As a result, a terahertz wave with a large beam aperture (~ 10 mm) can be modulated
in wide spectral range (0335 THz) with a frequency independent datation depth

of up to 0.9, which opens the way to the realization of multifunctional components
for terahertz applications. In [50], the passage of a THz signal through, &IwO

with NAs representing a nanaattern from an array of order&tAs is studed. Each
antenna has a length of 18éh, and the width varies from 120 nm to 2&. The
antennas are separated by a distance efrl(h the vertical direction, and the period

is 30em in the horizontal plane. It is shown that such a size of the elemktiie

array ofNAs affects the temperature of the PT in YH@,-film.

It would also worth noting that in 2008, sekcillations of the current and
voltage in the V@ film were discovered in an electrical circuit that did not contain
any reactive compon&n [51, 52]. The circuit included only a constant voltage
source, a polycrystalline VVdilm and a series resistance. Sedfcillations consisted
in a periodic, with a frequency of up to 1 MHz, changes in the values of voltage and
current passing throughhé VO, film. At present, it is assumed that in self
oscillations, the entire volume of the Y®&Im alternates from the semiconductor
state to the metallic state, and the switching from one state to the other occurs under
the action of an electric field kijre Mott mechanism without a significant change in
the film temperature. Within the framework of this model, it is difficult to explain
why mean electrical resistance of a M@Im under selfoscillations changes by no
more than 12 orders of magnitudeyhile the electrical resistance of a semiconductor
state differs from that in a metallic state by8 Drders of magnitude. Perhaps this
indicates the existence of not yetcognized structurgbhases or unknown kinetic
effectsaccompanyingviT.

In particulr, the use of oxides films for manufacturing ultrafast FETs, optical
modulators, gas sensors, solar cells, hydrogen fuel cells, etc. is being studied. At the
same time, the number of publications devoted to simple oxide films has increased
more than tenfld over the years. In particular, the number of works on the use of
oxide films in electronic devices operating in the frequency range from 0.3 to 10 THz

has increased. These include modulators, switches, filters, etc. In this range lie the

9
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emission specsr of astronomical objects, as well as spectra of complex organic

molecules. Terahertz radiation is harmless to human health, which allows it to be
used for medical diagnostics, in modern security systems, environmental monitoring,
for quality control of mdicines and food products.

A largescientific interest is directei the study of VQ[53- 66] whose single
crystals, with dielectric properties, have a high transparency and low absorption due
to a low concentration of free carriers (~ 1018%at f < 6.7 THz) [1]. At a
temperature of = 340 K [53,60] VO, undergoesMIT in which a monoclinic
crystallographic structure is transformed into a tetragonal crystalline structure [53
69]. It was noted in Ref. [64] that when the film is illuminated with a lpsése with
a dose of 0.15 mJ/cmswitching occurs for 8 ps. When using a pumping laser with a
dose of 2.0 mJ/ctfor pumping, the switching time lies in the range of several
hundred femtoseconds [56]. This transition is characterized by a hysteresis effec
[60]. The transition is accompanied by a sharp change in the optical properties in the
terahertz and infrared spectral ranges-T2). The decrease in the transmission
coefficient over a wide frequency range from 0.3 to 2.5 THz can be more than 80%
[53]. At the same time, the reflection coefficient R significantly increases [63].

On the basis of the above review, we formulate the objectives of the work:
produce samples of V\Qilms and study their properties in the EHF (8 mm) ranges
both in reflected andhtrinsic radiationmodes thatire of greatest interest. To make
prototypes ofNAs, micro-holes and slotsas well asgo study their interaction with
EMW in the visible range using Raman scattering methédsally, the optical
characteristics of Vonansphereand also temperature effect on these characteristics
are investigated theoretically. The obtained results demonstrate that individyal VO

nanosphere experiences LSPR at about 2@@@hich canbe switchedthermally.

2. Experiment
The sample of the VO, thin film (370 nm thicknes$ was obtainedusing a
modernizedsetup UVN-71 (equippedwith a flat axial magnetron)usinga reactive

magnetronsputteringmethodin direct currentin argonand oxygen.The deposition

10
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time of thefilm is 40 minutes(on a fixed substrateof Si0O,, 1.53 mm thicknes3, and
thetargetsubstratalistancds 80 mm.

On the obtainedVO, films for modelingthe propertiesof NAs, nanoholesof
submicronsize,apertureandslit matrix (seeFig. 5) werefabricatedusingthe focused
ion beam(FIB) deviceFEI FIB Strata205.

Fig. 5. The holes, hole matrixes, and slots produced by FIB milling in-\830 nm
thickness film on Si@substrate.

To solvethe problemof measuringhe intrinsic radiationof a sampleof a VO,
film underMIT in vacuumor air, aninstallationis designedo measuregadiationin
the rangeof 8 mm of samplesduring thermalcycling in the temperatureangefrom
27310 393K (Fig. 6). Theinstallationworks asfollows. The sample(4) undergoes
PT asaresultof heatingandcooling by a Peltierelement(6), the sampletemperature
being controlled by a thermocouple(5). Not only the sample (4), but also the
radiometeis the sourceof thermalradiation.The thermalradiationgeneratedy the
radiometeris fed into the waveguide(8 mm) andthroughthe circulator (1) falls on
the cooledload (black body) (3). Radiationof a load cooledby liquid nitrogen(less
intensethan the radiation of the radiometer)through the attenuator(2) and the
circulator (1) falls on the sample (4). The attenuator(2) regulatesthe relationship
betweenthe "cold" radiationof the load andthe "warm" room radiationincidenton
thesampleThis radiationis partially reflectedfrom the sampleandgetsbackinto the

radiometeralongwith its own radiation.

11
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Radiometer e

[)A( .

Fig. 6. Scheme of installation for the study of phase transitions by using radig
with a 2832 GHz band:1 i the circulator; 2 the attenuator; 8 the cooled loag
(blackbody); 4i the sample V@thin film; 51 the thermocouple; & the Peltier
element.

The intrinsic emissionof a thin film VO, nearthe MIT (T, = 340 K) was
experimentallystudiedin the8 mmrange A diagramof theinstallationof the sample
nearthe waveguides shownin Fig. 7. Contributionsfrom the intrinsic andreflected
radiation are separatecby a difference measurementechnique.The samplewas
irradiatedwith illumination of different brightnessemperaturefrom 90% to 0% of
the "cold" radiationfrom the load - a blackbodycooledby nitrogen. The ratio of
"cold" and "warm" radiation was regulatedon the attenuator.In the presenceof
"warm" room radiation (nitrogen load 0-70%), the signal level on the radiometer
growslinearly with temperatureandin theregionof MIT thereis a sharpincreasan
intensityby 15% andtemperaturédnysteresigFig. 8). Theintensityof theseanomalies
of radiation (in absolutevalue)in VO, with PT, fixed by the radiometer,doesnot
changewith increasingbrightnesstemperatureof the illumination from the boiling
point of liquid nitrogen to RT. In the previously studied metallic alloys with
structuralNi-Mn-GaFe [73] and Ti-Ni-Cu [74], the intensity of radiationanomalies
recordedby the radiometerdecreasedvith increasingbrightnessemperatureof the
illumination, which indicatesthe different natureof the intrinsic radiationat PT in
metallicalloysof Ni-Mn-GaFe, Ti-Ni-Cu andthin VO, films (seeFig. 8).

12
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Fig. 7. Schematic representation of the sample installation near the waveg
mm, top view: 1i the heatinsulatng layer of cardboard; 2the sample V@thin
film (370 nm); 3i the substrate of Si(the thickness of 1.53 mm);i4the coppe
plate; 5i the Peltier element; 6the waveguide 8 mm.
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To measurethe reflection coefficient of the VO, samplesnearthe MIT, a
standard panoramic sweepfrequency reflectometer P-2 series with rectangular
standardwaveguidesat frequenciesof 27-37 GHz was used. The schemeof the
experiments shownin Fig. 9, in which: 1 - the oscillatingfrequencygenerator? i
the directional couplerand detectorheadof the incidentwave; 3 i the directional
coupleranddetectotheadof thereflectedwave;4 i theinvestigateabject- VO, thin

film; 57 theindicatorunit of panoramicsweepfrequencyreflectometer

5

/

reflected wave
P
T~

incident wave

9 T4

Fig. 9. Block diagram of the installation for measuring the reflection coefficient
11 the oscillating frequency generator;i 2the directional coupler and detec
head of the incident wave; 13 the directionhcoupler and detector head of t
reflected wave; 4 the object under study;i5the indicator unit of VSWR.

automatic
power
control
~
W
BNy

scan

The Raman scattering spectra were studied using m\b&ekpecially prepared

using the FIB method holes, hole matrixeand slits. Raman spiea were obtained

with the help of the Raman spectrometer Senterra from Brucker. To excite the Raman

spectrum radiation, a laser with a wavelength of 532 nm and a variable pow2® of 2

mW was used. The accumulation time of the signal at the point wasd<per?25 s.

After subtraction of the background, the spectra were normalized. In the casg, of VO

whose properties depend on the phase composition, it is possible to observe the

effects of the power of the laser incident radiation on rtfeasuredspecta (see

Chapter 3.2
14
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3. Resultsand discussiors
3.1.Propertiesof VO, filmsin EHF range

In Fig. 10 shows the reflection coefficient of \\@n the range 2-87 GHz on
the panorama indicator at different temperatures in the vicinity of the dielectric
metalPT in a thin VQ film: below the PT aB31 K, near PT aB840 Kand above PT
at345 K Also with this method the hysteretic behavior of the reflection coefficient of
the VO, film is shown for direct and invers®lIT, while the shape of the curve
dependstsongly on the frequency (FiglL To explain the frequency dependence of
the reflection coefficient, a theoretical model has been proposed within the

framework of the Drude theory, since the optical characteristics of Wfdergo

significant changes in P[I’5].

331 K | 340 K 345 K

Fig.10. The reflection coefficient in the range-37 GHz on the VSWR indicator
different temperatures in the vicinity of théT in a thin VQ film: lower - 331 K,
near- 340 K and above 345 K.

It was found that a th film of a material on a glass substrate with a shielding
layer of a conductor placed in a rectangular microwave wavegiodé show
features in the frequency dependence of the reflection coefficieEMMV at
temperatures close to tiRI temperature. fie investigated structure of V@& glass
copper (Fig. Y. Copper is considered to be perfectly conductive (everything is
reflected), qguartz does not have frequ:
3.8 for SiQ [75]) does not change with tempane. VO, is modeled in the
framework of the Drude theory: the plasma frequency and the collision frequency of
electrons depend on the temperature [76]. SubstratetBiKkness is equal to 1.53
mm, the VQ film thickness is equal to 370 nm. For estimatoadculations, we shall

consider the temperature dependence toibeewise continuous (see FigR)1The
15
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approximation is rough, but suitable for qualitative description. The results of the
calculations are shown in Fig3l1Ilt can be seen that the qualively temperature

dependence of the reflection coefficient satisfactorily describes the measurement

results.
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Temperature (K)
Fig. 11. Temperature dependence of the reflection coefficient, recorded
panoramic reflectometer at differentdreencies from 27 to 37 GHz.

In general, the main problem in the theoretical description is the preservation
of the dip in the temperature dependence of the reflection coefficient in the frequency
range 3635 GHz, which disappears in the experiments (Elj. The dip seems to be
related to the excitation of plasmon resonance in the fM@: the plasma frequency
increases and at a certain temperature becomes conepartbthe frequency of the
EMW in the waveguide. This is indirectly confirmed by thet fdxat the tenperature
of the dips in Fig. 13ncreases with increasing frequency (plasma frequency also
increases with temperature). The width and depth of the depressions depends mainly
on the collision frequency of the electrons. Therefore, the diseapmaof the dips
may be due to the fact that the collision frequency in the ¥&@nples becomes
comparable or greater than the frequency of th&\EMuch values are also achieved
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in Fig. 12, but it is necessary th#tese valueshould be at the same teemptures
when plasmon resonance occurs.

Recently, a photoinducd®T has been experimentally observed at temperatures
below thePT temperature in the absence of material illumination by a medium
infrared laser (the photon energy is close to the width ofditiiedden band) [27, 28].
Earlier, the possibility to initiate BT by terahertz radiation (photon energy much less
than the bandiap width) in a V@based metamaterial was experimentally
demonstrated [29]. While in the latter case, Pfids related tohe Joule heating loss
to the PT temperature, in the first case, at the present time, a satisfactory model

describing thd°T is still not developed.

14 i I T ® I T I
12 [ VO /Sie,/Si
L L]

0,0
330 340 350 360
Temperature (K)
Fig. 12. Temperature dependence of the plasma frequegeyy / 2 ° a

electron collision frequency in the V@Im: the experimental results are denoted
markerg76], and thesolid lines are piecewiseontinuous approximation.
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Fig. 13. Temperature dependence of the reflecoefficient in the frequency bai
27-37 GHzat heatingmodel calculation).

3.2. Raman spectra dfAsbased on V©

The spectra obtained from the structure formed by two adjacent holes in the
VO, film and the surface of the film after subtraction ok thackground and
normalization show differences: the relative intensity of the 62% peak obtained
in the region of the bridge between the holes is much smaller than that of the
analogous peak in the spectruabtained on the filnfFig. 14) There is ao a shift
toward smaller wave numbers at the peak obtained from the web (614 and 622 cm
in the region of the web and the film, respectively). This behavior of the peak is
possibly related to the compression voltage that has arisen in the region of the
jumper.

Fig. 15 shows the spectra obtained after irradiating the surface of th&lwO
with laser radiation of different power (2, 10, and 20 mW). On the spectrum obtained
after irradiation with a laser of 20 mW, it is seen that there are additional p&&ks
284, 531, 703 and 997 ¢imcompared with the unirradiated one. The appearance of
these peaks may be due to photoinduced production of,(gp¥iase [80].
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