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Abstract: Reconfigurable radio-frequency components are highly
demanded for modern communication systems as they can be
involved in multiband and multistandard electronic devices. The key
part of such components is an active switching element. In this work
we offer a way to obtain an efficient microwave switch using vanadium
dioxide—poly (methyl methacrylate) composite. Differential scanning
calorimetry, SQUID magnetometery, and impedance spectroscopy
measurements were used to characterize the phase transition in the
proposed composite. Temperature induced metal-insulator transition
occurs at technologically attractive 341 K. The transition leads to a
change of microwave transmission trough VO,-PMMA composite
from -4.9 dB for low-temperature monoclinic form to -5.8 dB for high-
temperature rutile form. This provides an ability to tune the material’s
transparency in the microwave range, while the shaping polymer
matrix provides the proper mechanical processability of the switching
element.

Introduction

Rapid development of wireless communication industry arise
demands for reconfigurable components of devices which are
suitable for signal routing, frequency switching, etc. Such
components should be capable of tuning for a particular frequency
band upon request. A good radio frequency (RF) switching
component is supposed to allow the perfect signal transmission
with no losses in the “on” state and to block energy transfer in the
“off” state.!!

There are several kinds of technologies which are used nowadays
for microwave radiation switching. They include switches based
either on field effect transistors (FETs),>®! PIN diodes,*® and
MEMSI®7] elements or ferri- and ferromagnetic materials®? that
are capable of the microwave energy flow control.

All these components have their own benefits and drawbacks. For
example, FETs and PIN diodes are characterized by high
operation speeds, low size and weight, but they can handle fairly
low power.l At the same time, MEMS provide perfect isolation

and insertion loss accompanied with relatively slow switching
speed that makes them not suitable for applications where fast
switching is needed.% Additionally, the common disadvantage of
MEMS switching elements is very expensive and time-consuming
fabrication techniques, which results in high production cost.

In this context, different phase transition materials are gaining
their popularity as prospective microwave switching elements.
The working principle of these materials is based on the fact that
different phase states of the same material can differently interact
with a microwave radiation. Phase transition in such materials is
usually triggered by the influence of temperature or electric
current, which results in the change of some physical properties
(e.g. electrical conductivity) and consequently, the material’'s
ability to attenuate/transmit radiation of GHz frequency range.
For example, different chalcogenides like GeTel*!l were shown to
provide an efficient switching of radio frequency radiation.*?
Additionally, our team recently showed an ability of coordination
complexes, which undergo temperature induced spin crossover,
to control GHz radiation upon the change of spin state.[*3-% |n this
case microwave switching is realized due to the change of
materials’ permittivity during the spin transition. Also, there are
several investigations of switchable interaction of microwave
radiation with phase transition hybrid organic-inorganic
perovskites.[*6:17]

Vanadium dioxide is one of the most studied and suitable for
application among all phase transition materials offered for
today.['® Since 1959, when phase transition in vanadium dioxide
was discovered,!* jt has attracted a wide attention of scientists
working in the field of switchable materials. This compound
displays a reversible metal-insulator transition (MIT) around
technologically attractive temperature of 341 K and it is
accompanied by a structural phase transition. In the low-
temperature monoclinic phase with localized d-electrons, V-V
dimers are formed. In the high-temperature rutile phase V#* ions
are aligned along the ¢ axis with V-V distance of 2.88 A. In this
situation itinerant d-orbital electrons are shared among all
vanadium ions resulting in the metallic nature of this material.[2°24
This phase transition in VO, can be provoked by the change of



temperature, application of electric or magnetic field, light
irradiation, etc. In its turn, most of physical properties of VO, (such
as optical absorption, electrical resistance, etc.) undergo
significant changes as a result of MIT. This compound with
outstanding switchable properties found its application for
elaboration of thermochromic materials,???%  actuators,25-281
photodetectors,?*-31  field-effect  transistors,F23  memory
devices, etc.

Among all possible applications, microwave radiation switching
through phase transition in VO, attracts considerable attention.
There were several reports on VOj-based radio frequency
switches, however most of them require technologically
complicated and expensive techniques. For example, such
switches are most commonly fabricated by pulsed laser
deposition,*? RF sputtering,*3 etc. A cheaper way to obtain VO,-
based radio-frequency switches by inkjet printing was offered in
2018 by Yang et al.,®® although this is rather specific technique.
Meanwhile, development of polymer composites is a popular
approach towards efficient microwave absorbers.B%l In this
paper we offer a new route towards low-cost VO,-PMMA
composite (PMMA = poly(methyl methacrylate)), which is suitable
for microwave radiation switching and can potentially be
integrated into a proper device.

Results and Discussion

VO,-PMMA  composite (VO2-PMMA) was prepared by
mechanical dispersion of VO, particles in PMMA solution with
further evaporation of the solvent. In order to avoid the formation
of cavities inside the composite, it was pressed in a steel press
form under the presence of 8 MPa pressure and heated to
softening point (120°C). The resulting content of VO, in the
composite was 30% to avoid its brittleness while keeping good
switchable response. Prior to composite preparation, VO, powder
was grinded and the decrease of particles’ size was controlled by
scanning electron microscopy (Figure 1; grinded VO, powder (60
min) is further abbreviated as VO2P°"). PXRD pattern of VO2P°% is
shown in Figure S1. Schematic illustration of process towards
VO2-PMMA is shown in the Figure S2.
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Figure 1. (a) SEM images of VO particles and their size distribution plots,
obtained after 10, 20 and 60 minutes of grinding.
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Phase transition in the composite was monitored by differential
scanning calorimetry in heating and cooling regimes (Figure 2a).
In the heating mode MIT in VO2-PMMA occurs at T1 = 343 K (AH
= 3.2 kJ mol?, AS = 9.3 J mol*? K calculated per mol of VO,),
upon further cooling a transition back to the monoclinic phase is
observed at T| = 331 K (AH = 3.0 kJ mol%, AS = 9.1 J mol* K?).
Similar experiment was performed for VO2P°V (Figure 2b). In the
heating mode transition occurs at Tt = 340 K (AH? = 9.0 kJ mol?,
AS?T = 26.5 J mol'! K1), while upon cooling VO, transits back to
the insulating state at T| = 332 K (AH| = 8.8 kJ mol?, AS| = 26.3
J mol'* K1). One can see that the fabrication of polymer composite
does not considerably affect the transition temperatures, the
minor difference is associated with different thermalization of
composite caused by the presence of polymer matrix. Additionally,
the peaks in case of polymer composites are broadened.

Phase transition in VO2-PMMA was additionally characterized by
SQUID magnetometry (Figure 1c), as MIT in VO, is accompanied
by the change of magnetic susceptibility due to electronic and
structural changes.#44% According to the generally accepted
theory, structural phase transition is responsible for the change
from paramagnetic high-temperature phase with delocalized
electrons of V#* ions to non-magnetic low-temperature phase, in
which two adjacent V** ions form dimers with simultaneous
pairing of electrons (S = 0).1% This effect leads to the decrease of
magnetic susceptibility upon transition from metallic to insulating
state. The measurement showed the presence of temperature
induced phase transition at Tt = 340 K and T| = 338 K. The
negative sign of xuT values originates form a contribution of the
diamagnetic polymer. xmT vs. T plot for VO2P°¥ is shown in Figure
1d, it displays phase transition behavior similar to VO2-PMMA.
Minor differences in transition temperature, observed in DSC and
magnetic experiments, are associated with different sample
thermalization.
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Figure 2. DSC measurements for VO2-PMMA (a) and VOzrv (b), which
demonstrate temperature induced phase transition. xuT vs. T plots for VO2-
PMMA (c) and VO2zrP¥ (d).

Using impedance spectroscopy measurements, we checked the
ability of obtained composite material to change its ac conductivity
upon heating (Figure 3). This technique was employed as an
auxiliary way to characterize phase transition in the samples. The
change of conductivity in the composite is very gradual given the
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Figure 3. Real (a) and imaginary (b) parts of electric conductivity of VO2-PMMA,
measured at different temperatures in heating mode. " (c) and 0" (d) vs. T
plots at 7 MHz frequency, which display the change of conductivity, associated
with MIT, despite the presence of polymer matric excess, which separates VO2
particles.

presence of non-conducting polymer matrix, therefore the values
are determined at room temperature and temperature above
transition: real part of conductivity of VO2-PMMA is 6.1-107 S cm™®
(7 MHz) at 298 K. Upon heating with the transition to metallic state,
this value increases up to 6.5:10% S cm? (7 MHz) at 353 K.
Additionally, the increase of o”" is negative in the whole studied
frequency range. " value is -3.1-10° S cm™ (7 MHz) at 298 K
and changes to -5.7-10° S cm™ (7 MHz) upon heating above MIT
to 353 K. Negative values of ¢”” cannot be explained by classical
Drude model of electrical conductivity and may be indicative of
carrier localization and/or backscattering. Similar behavior has
been previously observed for VO, conductivity in THz range and
was described by Drude-Smith model #7491,

For comparison, impedance spectroscopy measurements were
performed for pellets of VO2P°" (Figure 4). In this case, the
transition is much more abrupt and exact temperatures of MIT can
be determined.
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Figure 4. Real (a) and imaginary (b) parts of electric conductivity of VO2P%,
measured at different temperatures in the heating mode. 0" (c) and ”" (d) vs. T
plots at 7 MHz frequency, which display the change of conductivity associated
with MIT.
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Thus, the starting value of 0" at 337 K (low-temperature-form) is
1.3 mS cm™? (7 MHz) and it increases to 1.9 mS cm™ (7 MHz) at
340 K due to MIT in the sample which is associated with structural
changes that cause delocalization of electrons of V#* ions. o”" of
VO2P°V is found in the negative region similar to the polymer
composite and changes from -0.6 mS cm™ (7 MHz) at 337 K
to -0.8 mS cm?® (7 MHz) at 340 K (high-temperature form).
Additionally, transition in VOzP°" is more abrupt in comparison
with  VO2-PMMA. Thus, the presence of polymer matrix
significantly decreases the ac conductivity of VO, although its
variation upon MIT can still be detected.

Temperature dependent measurements of permittivity for VO2-
PMMA and VOzP°" obtained by impedance spectroscopy are
given in Figure S3. At 298 K¢” and £”” of VO2-PMMA are 79.5 and
1.5, respectively (at 7 MHz frequency). €” and €”" increase with
the transition to metallic state and reach 145.0 and 16.3,
respectively, at 353 K. The permittivity measurements of VO2P"
revealed an interesting effect. The imaginary part of permittivity
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Figure 5. (a) Microwave transmission spectra of VO2-PMMA measured at
different temperatures. (b) Transmission vs. temperature dependence,
demonstrating a decrease as a result of MIT in VO2-PMMA. (c) Transmission
vs. temperature dependence, demonstrating a decrease as a result of MIT in
VO2PoW, The thickness of VO2PO" was 2 mm.



for this material is higher than the real part in both semiconducting
and metallic states. ¢ is 153 (7 MHz) at 337 K before the MIT,
while € is 328 at the same temperature. Additionally, € exhibits
a more significant increase during the transition to the metallic
state: while ¢” becomes 212.8 at 340 K (7 MHz), €”" reaches the
value of 468.4 at the same temperature. High values of the
imaginary part of permittivity indicate the influence of VO2P°* high
electrical conductivity.®® Such effect is not observed for VO--
PMMA due to the presence of an insulating polymer matrix.
Temperature  dependent measurements of microwave
transmission were performed using scalar network analyzer in
26-38 GHz frequency range (Figure 5a). The thickness of studied
VO2-PMMA was 750 pm. The most notable changes in
microwave transmission upon MIT are observed in 27.5-35.0
GHz interval. For example, the transmission reaches -4.9 dB at
29 GHz and low temperature. An abrupt decrease of the
transmission to -5.8 dB is observed upon heating with the
transition to high temperature metallic state. At further cooling
transmission changes back to its initial values (Figure 3b). The
measurements for VO2"°" were performed at fixed frequency of
29 GHz (Figure 5¢). S is -7.2 dB at 341 K (just before the MIT).
Microwave transmission through the sample abruptly decreases
during transition to the metallic sate and reaches -11.0 dB at
348 K. Even though the values of microwave transmission and its
variation upon MIT are lower for VO-PMMA given its smaller
thickness and dilution with polymer, these observations confirm,
that the presence of polymer matrix does not eliminate the ability
of such composite to change the microwave attenuation during
MIT inside the polymer matrix. Consequently, this facile way of
fabrication can be successfully used for preparation of RF
switches.

Complex permittivity of VO2-PMMA at variable temperature was
additionally measured at fixed frequency of 29 GHz by the short-
circuited waveguide method (Figure 6). When this measurement
is performed, the end of a waveguide is terminated by the metallic
plate, and all the incident electromagnetic energy is reflected that
results in the formation of a standing wave.
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Figure 6. Temperature dependence of real and imaginary parts of permittivity
in VO2-PMMA measured at frequency of 29 GHz, which demonstrates an
increase, caused by MIT.

The material permittivity can be obtained by the standing wave
parameters analysis. The reflection coefficient Si1;, measured in
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the short-circuited waveguide experiment (for non-ferri- or -
ferromagnetic materials) can be expressed as follows:

tanh yd—%
= W ®
where d is the sample thickness, yo and y are electromagnetic
wave propagation constants in the empty waveguide and the
sample-filled waveguide, respectively.
y =vk&—k?, (2)
Yo = k& — kg, 3

where k¢ is the critical wavenumber (defined by the waveguide
mode and the waveguide cross-section); k and ko are the
wavenumbers in the sample-filled waveguide and a free space,
respectively.

k = w./&ouo, @)

ko = W4/ Eolos (%)

where ¢ is the relative complex permittivity of studied material, &
and po are permittivity and permeability of a free space, and w is
the angular frequency.

¢” of VO2-PMMA equals to 5.63 at room temperature and remains
stable until reaching MIT temperature. Upon MIT, € increases up
to 6.92. At the same time, € increases just slightly from 0.13 at
low temperature to 0.27 at high temperature.

Thus, thanks to the change of electrical properties in VO, during
MIT, the obtained composite displays an ability to change
microwave transmission in reconfigurable RF components; the
polymer matrix enables easy shaping in fabrication. The most
promising future application of the offered composite is an active
component of reconfigurable antenna.

Si1

Conclusion

In this work we showed a novel approach towards fabrication of
low-cost VO,-PMMA composites for microwave radiation
switching. Preparation of polymer composites does not suppress
the ability of vanadium dioxide to undergo metal-insulator phase
transition. The obtained composite was shown to be effective
microwave electromagnetic radiation switching upon temperature
induced phase transition. The change of ac conductivity of VO-
PMMA upon MIT can still be detected despite the infill with the
polymer matrix. Due to the facile way of fabrication the developed
composite can be produced in any desired shape. As is easy to
see, the switching ability of the composites can be also tuned by
variation of VO, content and the switching element thickness, it
was not the object of this work though.

Experimental Section
Materials

Vanadium dioxide and PMMA (average MW 550,000) were purchased
from Abcr and used as received.

Preparation of VO,-PMMA

Prior to composite preparation VO2 powder was grinded for 60 minutes
(controlled by SEM). 150 mg of PMMA was dissolved in 500 pl of
chloroform. 75 mg of grinded VO2 was dispersed in the obtained solution.
Resulting mixture was sonicated during 15 minutes and transferred to the
press form for air-drying. The obtained composite was pressed at 8 MPa,



heated to the softening point of polymer (120 °C) and kept at this
temperature for 15 minutes. The thickness of the resulting composite
sample was 750 ym.

Characterization and measurements

PXRD patterns were acquired on Shimadzu XRD-6000 diffractometer
using Cu-Ka radiation (5-50° range, 0.05° step).
Scanning Electron Microscopy (SEM) micrographs were recorded using a
Hitachi SU-70 microscope. The particles have been deposited on an Al
mount from a previously sonicated suspension in toluene.
Differential scanning calorimetry (DSC) measurements were carried out
using a PerkinElmer DSC 8500 operating at 20 K min-! for VO,*°" and 100
K min? for the VO,-PMMA in the temperature range of 300-380 K.
Different sweep rates were used in order to obtain relevant peak intensities
for both samples, which have quite big difference in AH and AS values. AH
and AS of composite are calculated excluding the polymer component.
Microwave transmission measurements were performed using P2-65
scalar network analyser operating in Ka frequency band. The analyser was
equipped with a hollow rectangular waveguide (7.20 mm x 3.40 mm).
Heating was performed with an external thermostat. The sample of VO,P%
was pressed in the waveguide by applying 20 MPa pressure (d = 2 mm).
Electrical impedance measurements have been performed with a
CONCEPT 40 Broadband Dielectric Spectrometer (Novocontrol GmbH).
The spectra have been recorded with an Alpha-A high performance
frequency analyzer (3 pHz...10 MHz) in the 20 °C — 80 °C temperature
range. The temperature was changed in sweeping mode at 1 K min.
Magnetic measurements were performed in the temperature range 320—
350 K using a MPMS3 SQUID magnetometer (Quantum Design Inc.) in
DC mode under the magnetic field of 2000 Oe. Cooling and heating rates
were 3 K min.
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Here we describe a route towards microwave radiation switching using a composite material, which consists of vanadium dioxide and
poly (methyl methacrylate) matrix. VO, displays a temperature induced metal-insulator phase transition which provides an ability to
tune the material’s transparency in the microwave range, while the presence of polymer matrix allows to give necessary shape to the
switching element.



