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ABSTRACT Vanadium dioxide (VO2) is characterized using the time-resolved microwave conductivity
(TRMC) method for applications requiring reconfigurable microwave frequency selection. We demonstrate
that TRMC is a flexible method for determining the microwave conductivity of thin film compounds of
varied thicknesses that are both phase-changing and non-phase changing in nature. The method makes
use of Ka-band microwave resonant waveguides to examine how thermally excited samples’ microwave
conductivity changes in response to microwave-transmitted power through the system’s sensitivity factor.
The sensitivity factor is illustrated by a study of incident waves (electromagnetic fields) on medium and
waveguide perturbation analysis in VO2 thin films. The TRMC measurements show a low regime in the
microwave conductivity below the transition temperature (Tc) of VO2 where Tc occurs near 65◦C; this is
associated with the dielectric characteristics of the charge carriers and points to the presence of shallow
trap electron states. Longer electron hops enhance charge mobility and, consequently, the barrier energy
above Tc, where these states are thermally discharged, resulting in a high thermally triggered microwave
conductivity regime. The activation energymay come from a variety of complex contributions, like polaronic
self-localizations, as well as a dynamic disorder brought on by the thermal oscillations of VO2 molecules.
The calculated conductance values are simulated in CST Studio as plane wave incidence on medium to
ascertain the fields’ microwave transmission behavior and contrast it with the experimental results to validate
the model. Additionally, using the derived conductivities, the characteristics of well-known materials like
copper (Cu) were confirmed.

INDEX TERMS Frequency selective surfaces, reconfigurable components, time resolved microwave
conductivity, vanadium dioxide.

I. INTRODUCTION
Phase-changing compounds such as vanadium dioxide (VO2)
can reversibly change their electrical and optical properties
between insulating (M1) to conducting metallic states (R)

The associate editor coordinating the review of this manuscript and

approving it for publication was Wanchen Yang .

triggered by external stimuli [1]. The most used stimulus to
promote VO2 insulator-to-metal transition (IMT) is tempera-
ture. The entropy-driven transition of metallic state occurs at
elevated temperatures, aggravating the physical and chemical
properties of VO2 such as a change in their optical, electrical,
thermal, and magnetic properties [2]. The phase transition
occurs when the applied temperature within dense arrays of

VOLUME 11, 2023 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 43793

https://orcid.org/0000-0002-3214-6210
https://orcid.org/0000-0002-2953-8299
https://orcid.org/0000-0002-4207-4740
https://orcid.org/0000-0002-8042-2347
https://orcid.org/0000-0003-4266-0309
https://orcid.org/0000-0003-4663-1265


Q. Abdullahi et al.: Modeling Phase Changing Property of VO2

VO2 molecules overcomes a certain threshold of about 341◦K
(68◦C) known as transition temperature (Tc) [3]. As the tran-
sition takes place, electrical hysteresis loops appear spanning
up to four orders of magnitude across regions near Tc [3].
Moreover, the amount of microwave response as a func-

tion of temperature is a convenient means to assess the
electromagnetic properties of the studied VO2 compounds
[4], [5]. The change in conductivity leading to the phase
transition arises from crystalline lattice deformations due
to electron–phonon interactions driven by the temperature
mechanism described by Peierls [6]. When VO2 is introduced
into substrates like sapphire, the temperature-dependent
strain changes in the crystal structure transition cause the
conduction of the film to increase or decrease during IMT.

From M1 to R state, works [7], [8], [9] showed that single
crystal VO2 exhibit excellent IMT properties in contrast to the
bulk polycrystalline VO2 [9]. Polycrystalline VO2 demon-
strated IMT at a higher temperature compared to their thin
film counterparts. The IMT at a lower temperature is due
to the in-plane strain, from the lattice mismatch of the thin
VO2 sample and substrate [10], [11]. The IMT in VO2 is
attributed to two main mechanisms involving charge trans-
port regimes: (i) The Mott transition, which is an electronic
mechanism caused by electron-electron correlations [12] and,
(ii) Peierls transition, a temperature-driven mechanism rising
from crystalline lattice deformations due to electron–phonon
interactions [5].

In [13], they showed a dielectric constant changing sign
to negative using a complex dielectric function based on
Lorentz-Drude dispersion. This theory describes frequency
dependant polarization on bound charges based on reflec-
tion interactions between light and matter. In [14], the elec-
trical conductivity is measured in DC while the dielectric
property of VO2 was extracted using the ABCD matrix and
Nicolson-Ross-Weir (NRW) method. The ABCD matrix is
used to separate the electromagnetic properties of VO2 from
its quartz substrate while NRW is used to extract the dielectric
properties. The NRW uses the theory of plane wave incident
on dielectric media to determine the complex permittivity
and permeability [15]. In [16] the conductivity of VO2 on
sapphire was acquired from its imaginary dielectric constant
using a similar approach to NRW. In [17] the real dielectric
constant (ε′

r,VO2
) was extracted while the conductivity was

measured at dc. Other works such as [18], [19], [20], and [21]
similarly model VO2 in the rf spectrum as a resistive material
and conductivity was taken at the dc level.

Conductivity measurements carried out via electrodes
in direct contact with VO2 samples pose some issues.
These measurements are not always repeatable and reli-
able due to factors such as surface discontinuity, grain
boundaries, interfacial effects, and charge injection on the
sample. The influence of the electrodes can be signifi-
cantly reduced by confining the motion of the charge car-
riers into a smaller spatial area with the use of an electric
field. Time-Resolved Microwave Conductivity (TRMC) is

a measurement technique used to determine the conductiv-
ity of materials as a function of time. It quantifies charge
carrier mobilities and dynamics for various semiconduct-
ing materials [22], [23]. TRMC is a contactless technique,
which eliminates measurement deviations related to inter-
facial effects, discontinuous surfaces, grain boundaries and
charge injections at the electrode-material interfaces, which
otherwise complicate examination of fundamental material
features, such as bulk charge carrier mobilities. Another merit
is the lack of restrictions on the form of the material being
measured, allowing samples ranging from single crystals and
films to fluids and powders.

The Ka-band has been selected for use in the thin-
film resonant microwave conductivity method due to its
high frequency range for microwave transmission. This
high frequency range provides a precise examination of the
microwave conductivity of the samples, allowing for a thor-
ough analysis of how the conductivity changes in response to
microwave-transmitted power.

It is important to note that the method is not affected by
frequency changes due to its spectroscopic nature. As the
frequency of microwave transmission increases, the mea-
surement sensitivity of the system also increases, resulting
in a more precise examination of the sample’s conductivity.
On the other hand, utilizing lower frequencies may pro-
vide more comprehensive results as they may capture more
detailed information about the conductivity of the sample at
lower microwave-transmitted power levels.

The spectroscopic nature of the method enables a thorough
analysis of the conductivity of the VO2 thin films by utilizing
the Ka-band. The results obtained from the method can be
used to validate models and simulations, and to compare the
conductivity of VO2 with well-known materials such as Cu.
The method also provides a valuable tool for studying the
conductivity of thin film compounds and its dependence on
frequency, making it a useful tool for understanding the elec-
trical properties of materials for Frequency Selective Surface
(FSS) applications.

VO2-based FSS offers a high level of reconfigurability and
versatility, making it a promising material for a wide range of
applications [1]. The use of TRMC method as demonstrated
in the study highlights the importance of understanding the
material properties of VO2 and similar materials for these
applications such as chalcogenide glasses (GST) [24], liquid
crystals [25], and graphene [26], [27] which exhibit unique
electrical and thermal properties that can be used in FSS
applications. It is important to note that while these materials
may possess comparable attributes to VO2, VO2 has a distinct
advantage due to its lower transition temperature, making it
more suitable for specific applications [28].

One of the primary applications of VO2-based FSS is
in RF and microwave communication systems, where the
FSS can be used as a dynamically reconfigurable filter [1],
[28]. The FSS can switch between multiple states to selec-
tively pass or block different frequency bands, making
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it ideal for use in advanced communication systems that
require bandwidth-efficient signal processing and frequency
management.

Another application of VO2-based FSS is in the field of
smart antenna technology, where the FSS can be used to
control the directivity of the antenna. The reconfigurable
properties of theVO2-based FSSmake it ideal for use in smart
antenna systems that require the ability to adapt to changing
environments, such as those encountered in mobile commu-
nication systems [28]. In addition to communication systems,
VO2-based FSS can also be used in sensing applications, such
as in the design of reconfigurable microwave sensors [29],
[30], [31]. The ability to switch between multiple states
allows the FSS to be used in a variety of sensing applications,
such as in environmental monitoring, biomedical sensing, and
security systems.

The VO2-based FSS in [28] works by utilizing the
reversible metal-insulator transition of VO2 thin films. When
an incident electromagnetic (EM) wave impinges on the FSS,
the wave interacts with the VO2 layer, causing a change
in its conductivity. This change in conductivity affects the
transmission response of the FSS to the incident wave.

In a conventional FSS, the transmission response is deter-
mined by the resonant frequencies of the metallic resonators
and slots in the design [32]. However, in a VO2-based FSS,
the transmission response is dynamically reconfigurable and
depends on the state of the VO2 layer. If the VO2 layer is
in a high conductivity state, it acts as a metal and allows the
incident wave to pass through, while if the VO2 layer is in a
low conductivity state, it acts as an insulator and blocks the
wave.

In this paper, we report a TRMC study used for FSS
applications on VO2 compounds at 30 GHz. In these appli-
cations, the VO2 layer is quickly and readily altered between
its high and low conductivity states using external switch-
ing mechanisms like holographic storage [33] or lasers for
optically imprinting reconfigurable patterns [28]. Due to the
VO2-based FSS’s ability to dynamically adjust to variations
in the incident wave’s frequency, the transmission response is
extremely adaptable and customizable.

The dynamics of thermally excited charged carriers have
been monitored by observing the relationship between trans-
mitted microwave power and conductivity using the sensitiv-
ity factor, in the waveguide and free space. Our investigations
are focused on the thin film thickness of VO2 screen printed
on a 420 µm thick sapphire wafer with a circular diameter of
5 cm.

II. TIME-RESOLVED MICROWAVE
CONDUCTANCE TECHNIQUE
In this TRMC analysis, temperature is used as a proxy for
time, to examine the dynamic changes in the microwave
conductivity of the samples. This is achieved by exposing
the samples to microwave radiation and measuring their
microwave conductivity as a function of temperature. In con-
ventional Frequency Domain (FD) analysis, the material’s

conductivity is measured at different microwave frequencies,
and a graph of conductivity vs frequency is produced [34].

One of the advantages of TRMC over Frequency Domain
(FD) analysis to VO2 material is that it provides a more com-
prehensive understanding of the material’s conductivity as it
changes with time. The temperature change in the material
can be precisely controlled and monitored, providing a much
more detailed picture of the material’s conductive behavior
over time [35]. This allows for a more accurate and in-depth
analysis of the material’s conductivity, including the detec-
tion of any changes in conductivity at specific temperatures,
which may indicate changes in the material’s microstructure
or chemical composition [36].

Additionally, TRMC can provide a direct measurement
of the material’s conductivity, which is a key parameter
in microwave engineering. Unlike FD analysis, which pro-
vides an indirect measurement of conductivity using complex
mathematical models and assumptions, TRMC provides a
more accurate and straightforward measurement of conduc-
tivity that is less prone to errors and inaccuracies [37].

When measuring the temperature-dependent electrical
conductivity 1σ (T) of the material, we use the Time-
Resolved Microwave Conductivity (TRMC) method which
was used in [23], [38], and [39] on photo-induced semi-
conducting samples. The method is based on spectroscopic
analysis, whereby applying an external stimulus (such as
light, temperature, or pressure) to the material as a func-
tion of time and observing the material perturbational
response using spectrometric tools in this case high frequency
microwaves [39]. The conductance of the material is evalu-
ated by the change in power transmitted upon the application
of heating in the form of smaller perturbations. In this work,
the charge carriers are thermally generated using a low-power
Peltier plate and the transport properties are probed using
30 GHzmicrowaves. The sample was thermally excited using
a self-made thermoelectric assembly made up of a metal
plate, heating element, heat sink and fan.

As the conductivity changes from σ to σ + 1σ a change
in the transmitted microwave power, 1Pt , is observed. This
leads to a change in the power transmission coefficient
expressed as follows at a particular frequency:

1Pt
Pin

=
Pt (σ + 1σ) + Pr (σ )

Pin
= S21 (σ + 1σ) + S21 (σ )

(1)

where the transmission coefficient is expressed as S21 =

Pt (σ )
/
Pin. The relative change in transmitted microwave

power is easier to obtain in terms of the steady-state unper-
turbed microwave power transmitted, Pt (σ ), as compared to
the incident power, Pin, and is expressed elsewhere in [23],
(1-4):

1Pt
Pt (σ )

(
P−1
in

P−1
in

)
=
S21 (σ + 1σ) + S21 (σ )

S21 (σ )
(2)
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FIGURE 1. Measured transmission coefficient S21 of VO2 sample at M1
(T < Tc ) and R (T > Tc ) states as a function of frequency.

Development of S21 (σ + 1σ) in a Taylor series yield.

1Pt
Pt (σ )

=
1

S21 (σ )

(
δS21 (σ )

δσ

)
σ

1σ = A1σ (3)

where 1σ is a tiny change as conductivity rises homoge-
neously from σ to σ + 1σ .
The sensitivity factor A is the ratio of the amount of power

transmitted due to a change in the conductivity of the mate-
rial. In general, the sensitivity factor measures how sensitive
the microwave response of the sample is to changes in applied
stimuli.

A =

S21 (σ + 1σ) + S11 (σ )
/
S21 (σ )

1σ

=
1

S21 (σ )

(
δS21 (σ )

δσ

)
σ

(4)

Figure 1 shows the measured transmission coefficient at
M1 to R states of VO2 samples of thickness 100, 45 and
30 µm. In the M1 region, the samples are insulating, and the
sample temperature, T , is less than Tc. While in the R region,
where T is greater than Tc, the samples conduct and allow less
transmission. Because the skin effect of the film is consistent
across states, the thicker the films become, the more the phase
transition occurs, resulting in increased conduction. The S21
of the 100, 45, and 30 µm films is −3, −5, and −6 dB in
the M1 state, respectively, while it is −3.5, −8, and −13 dB
in the R state. The IMT attenuation of the 100 µm film is
7 dB, while that of the 45 and 30 µm films is 0.5 and 3 dB,
respectively.

In the steady state, sensitivity factor A is positive. As S21
(σ ) falls, A tends to zero. In the range of σ where A changes
signs, δS21 (σ ) becomes small and limits (7) [23]. A depends
on the geometry and position of the sample in a system.
It was formulated from microwave theory which is expressed
as [39], (8-12):

A =
1

S21 (σ )

1
2Pin

∫∫∫

FIGURE 2. Normalized TRMC transients of VO2 sample of 100 µm with
minimum and maximum conductivities as a function of frequency.

×

(∣∣E(x,y,z,σ )

∣∣2 + σ
δ
∣∣E(x,y,z,σ )

∣∣2
δσ

)
dxdydz

(5)

Figure 2 shows the normalised TRMC transients of
100 µm VO2 film with minimum and maximum conductiv-
ities contributions representing M1 and R states respectively.
The amplitude of the signal does not decay in the M1 range
because temperatures in this region (T < Tc) contribute
only a small amount to IMT of higher modes of the signal.
The peak amplitude of the signal varies with frequency in
the R range due to changes in field strength inside the sam-
ple caused by temperature contributions associated with the
effective conductivity of the sample.

A. EXPERIMENTAL ANALYSIS
The experimental setup shown in Figure 3 involves Ka-band
waveguides, in which the sample is situated at the open ends
of the waveguide system, resulting in a plane wave incident
on the sample. The waveguides transmitted and reflected
power is analyzed using an Agilent N5225A PNA system to
determine the sample’s properties. By subjecting the sample
to conduction heating via a Peltier heating element located at
the back of the sample, we monitored changes in microwave
power. We specifically heated the sapphire layer from the
z-direction, as illustrated in Figure 3(a). To understand how
the sample’s properties change with temperature, the sam-
ple’s temperature is measured using K-type thermocouple
contacts and a FLIR E5-XT thermal camera. The results
showed that the perturbation-based approach allowed for the
determination of the changes in the sample’s microwave con-
ductivity over time, providing a time-resolved measurement
of the sample’s properties.

In the measurement setup, a wave propagating along the
z-axis in the TE10 waveguides in the x-y plane is terminated
with the VO2 films shown in Figure 3(b), and changes are
monitored in the resonant response of the waveguide due to
a perturbation of the sample material.
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FIGURE 3. (a) Experimental schematic of setup with waveguide cavity
demonstrating perturbation of VO2 sample. (b) Schematic demonstrating
plane wave incident on sample as s-parameters.

FIGURE 4. (a) Screen-printed VO2 sample. (b) The thermal infrared image
of the VO2 sample with thermochromic properties. The thermal infrared
image of the sample highlights the intensity vectors in color scale
indicating heat distribution from 82.1 to 25.4 ◦C.

Figure 4a-b shows the sample under test. Sapphire thin
film is used as a substrate to deposit VO2 to perform the
TRMC measurements. The substrate without VO2 is used
for measurement calibration, the S21 is ensured to be close
to one as possible when the VO2 is under room conditions.
The sample is attached to the waveguide ends and clamped in
place by the sample holder, allowing the distance between the
sample and the short to be modified during calibration. The
sample in Figure 3 is heated conductively through the sample
holder from the back side of the film on the sapphire layer.
Peltier elements are used to generate excitation, and heat flux
sensors monitored the intensity of the excitation.

FIGURE 5. Perturbation of VO2 sample in the waveguide (a) unperturbed
sample state; (b) perturbed sample state.

Figure 5a represents a cross-section, S, of the unperturbed
waveguide system with electric and magnetic fields E0, H0
and resonant frequency, ω0, containing the VO2 sample with
an original conductivity, σ , perturbed permittivity, ε, unper-
turbed permeability, µ, Temperature, T . Figure 5b represents
the same waveguide with the corresponding quantities E , H ,
ω after perturbation containing a transitioning VO2 sample
with its properties changed to σ + 1σ , ε + 1ε, µ + 1µ,
T + 1T . Within S, the field equations applied as follows
assuming the boundary is perfectly conducting:

In the initial case:

−∇ × E0 = jω0µH0 (6)

∇ × H0 = (σ + jω0ε)E0 (7)

For the transitioning case:

−∇ × E = jω (µ + 1µ)H (8)

∇ × H = (σ + 1σ + jωε + 1ε)E (9)

Multiplying (9) by E0 and H multiplied by conjugate of (8):∫∫∫
[∇ · (H × E0) − ∇ · (H0 × E)] δV

=

∫∫
⃝ ×(H × E0 − H0 × E) δS (10)

On the surface, S:

n̂ × E0

= n̂ × E = 0

0 = j (ω − ω0)

∫∫∫
[εE · E0−µH · H0] dV+

+

∫∫∫
jω
[(

1ε−
j1σ

ω

)
E0 · E − 1µH · H0

]
×dV

(11)
ω − ω0

ω

=

−
∫∫∫

jω
[(

1ε −
j1σ
ω

)
E0 · E − 1µH · H0

]
dV∫∫∫ [(

ε −
jσ
ω

)
E · E0 − µH · H0

]
dV

(12)
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For a large transition which can be broken down into infi-
nite small perturbations, we can replace E , H with the unper-
turbed field E0, H0. In a lossless case, the input impedance
will be purely reactive. For lossy case the quality factor, Q,
is high and the effect of dissipation can be considered by
letting the resonant frequencies be complex [40]:

ω ≈ ωr + j
ω0

2Q
(13)

ωr − ω0 + j
ω0

2Q
=

−ω0
∫∫∫ [

1ε |E0|2 − 1µ |H0|
2]dV∫∫∫ [

ε |E0|2 − µ |H0|
2] dV

+

∫∫∫
j1σ |E0|2dV∫∫∫ [

ε |E0|2 − µ |H0|
2] dV (14)

Assuming the electric and magnetic energies are equal:

ω0

2Q
=

∫ ∫ ∫
1σ |E0|2dV

2
∫ ∫ ∫

ε |E0|2dV
(15)

Q =
ω0ε

1σ
(16)

In the waveguide configuration shown in Figure 3, the
sensitivity factor A, assuming the change in the transmit-
ted microwave is due to the sample absorption for normal
uniform plane wave incidence on a homogeneous sample is
expressed as (24) for dielectric medium [23], [41]

Aσmin = −
2k0kı − k0sin2kı

k20 + k2 +
(
k2 − k20

)
cos2kı

2ωµ0

k
(17)

and for a metallic medium where S21 (σ ) ≈ 0,

Aσmax =

2k0
(√

Aσmin

)3
√
2ωµ0

(18)

where k0= ω
√

µ0ε0 and k= ω
√

µε are wave number of free
space and thin film sample with thickness ι, respectively.
Wavenumber, ks, is derived from [42](27) as:

cosksı =
1 − S211 + S221

2S21
(19)

the correction factor, Corr(z), is derived as [43].

Corr(z) =
1Pfilm
1Pcavity

=
2ı
d

(20)

where d is the length of the waveguide. For samples that
only partially fill the cavity cross-section, an extra correction
factor must be used. as expressed, [43].

Corr(xy) =
w
ab

[
w+

a
π
sin
(πw
a

)]
(21)

where a is the width of the waveguide, b is the height of the
waveguide and w is the width of the sample. The modified
cavity sensitivity factor Ã for thin film samples are given
as [43]:

Ã = Corr(z) · Corr(xy) · A (22)

Figure 6 depicts the sensitivity factor of the system with
various samples at 30 GHz as a function of temperature.A, for

FIGURE 6. The sensitivity factor of the system at 30 GHz is a function of
the temperature.

the 30 µm film stays slightly rises 0.016 to 0.019 throughout
the temperature range, proving that there was no IMT in the
sample. While the 100 µm film starts at 0.004 at M1 and
decreases to zero at theR region showing IMT, the 40µmfilm
has values of A like that of the 30 µm in theM1 range, rising
from 0.017 to 0.019 before decreasing to 0.002 and slightly
declines across the R range. The two right-hand terms of (13)
have the greatest influence on the sensitivity factor at the R
range due to a decrease in microwave power transmission
brought on by the weaker electric field within the sample.

The change in thickness of VO2 has an impact on its
electrical properties. The sensitivity factor of the system as
a function of temperature is depicted in Figure 6, where the
30 µm film shows no insulator-to-metal transition (IMT),
while the 40 µm and 100 µm films exhibit IMT, with the
latter showing the most significant change. The steady-state
microwave conductivity of the samples as a function of tem-
perature change is shown in Figure 7, where the 45 µm film
demonstrates similar kinetic activity to the 100 µm film,
while the 30 µm film shows no change, further confirming
the absence of IMT. The results indicate that the change in
VO2 thickness affects its electrical properties and therefore
plays a role in the proposed methodology.

III. THERMOLYSIS TIME-RESOLVED MICROWAVE
CONDUCTIVITY
In VO2, the transition into the metallic state occurs due to the
heating of the sample up to T = Tc [44]. When free charge
carriers are generated, they absorb microwaves which leads
to a change in the microwave power [45], [37].

Using (4), we can find the change in conductivity (1σ ) as a
function of time.1σ is associated with carrier localization on
a Fermi level where different conduction mechanisms com-
pete [46]. The reversible transition of VO2 from a metal to an
insulator involves the vanishing of the metallic conductivity
σM at temperature T = Tc. The conductivity changes as a
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FIGURE 7. Steady-state microwave conductivity of sample materials as a
function of temperature change.

function of temperature (T) are expressed as [47], (1-4):

σM (T ) = σ0 (T ) + 1σ (T ) =
ne2τ
m

+ mT β (23)

where, σ0 is the original conductivity, e is the electron
charge, m is the effective mass of charge carriers and β =(
e3/πεrε0

)1/2
is the Poole-Frenkel constant. The T β term

comes from Coulomb interactions.
The Coulomb interactions model with electron-electron

and electron-hole scattering in the presence of random impu-
rities predicts a T 1/2 correction to σ . [48], page 248:

σM (T ) = σ0 (T ) + mT
1
2 + βT (24)

The BT term arises from localization theory assuming an
energy relaxation time τε of the form 1

τ ε
= cT 2. Such a form

is expected if the energy relaxation proceeds via electron-
electron scattering. [49]. This is related to the sensitivity
factor as [50]

A = −

τε

(
1 +

1
√
S11(σ )

)
ε

(25)

where τε, at resonance frequency is given as

τ =
Q

π f 0
(26)

Figure 7 depicts the microwave conductivity transient in
the thin layers of the film. Higher modes contribute signifi-
cantly to the TRMC signal in the R range due to the increased
thickness above the skin effect that occurs at the excited sur-
face in the 100µmfilm. In the R range, microwave frequency
modification does not affect the kinetics; only the signal
amplitude is altered. As predicted by the theoretical analysis,
the same kinetic activity was observed in the transitioning
45 µm film. In the 30 µm film, no change is observed further
verifying the lack of IMT.

IV. VALIDATION OF RESULTS
The validity of this result in Figure 7 from (3) was determined
by obtaining the conductivity of the films and replicating
the plane wave incident on medium conditions shown in
Figure 5 in the CST simulation environment by altering the
conductivity as a function of temperature.

In VO2, the transport of charge and heat currents were
observed to be by separate diffusive modes rather than quasi-
particles [51]. This causes a violation of the Wiedemann-
Franz (WF) law near the IMT region [52]. WF shows the
sum of a metal’s electrical conductivity (σ ), and absolute
temperature (T ) determines the metal’s thermal conductivity
(ke). The constant relating them is the Lorenz number (L),

which is equal to the Sommerfeld value, L0 =
π2

3

(
ke
e

)2
,

these conditions are satisfied predominantly for elastic scat-
tering [53]. In VO2, the deviation of L away from L0 is
attributed to a breakdown in inelastic electron interactions
in the quasiparticle Drude model, which scatters conduction
electrons. Reference [53] showed that the presence of point
defects scatters electrons elastically to restore the Lorenz
number toward the Sommerfeld value. Point defects are the
vacancies and interstitials of V and O atoms. The transient
conductance is related ke as follows:

1σM =
1GMb
aı

=
ke

L1T
(27)

Figure 8 shows the measured and simulated transient con-
ductance of the films. The values were input into the CST
environment to produce the transmission response of the film.
The maximum change in conductivity was extracted from
changing temperature measurements. The net yield of mobile
charge carriers was not known for our VO2 sample; however,
it was assumed to be smaller than or equal to 1.

At T < Tc, the TRMC signal is assumed to be at maxi-
mum. The product φmax(1T )6µ corresponds to values that
are slightly like the actual electrical mobility of the charge
carrier values., this assessment is valid for short time scales,
where φ(1T ) = φmax = 1 [54].
The experimental setup illustrated in Figure 9(a) is based

on the concept of plane waves on dielectric media. Plane
waves are electromagnetic waves that have a uniform wave-
front and propagate in a straight line. In a dielectric medium,
such as the sample being simulated, thewave velocity is lower
than the velocity of light in a vacuum. The ratio of the two
velocities is known as the refractive index, which is a material
property that characterizes how much the medium retards the
propagation of the electromagnetic wave [55].

In the simulation show in Figure 9(b), the CSTMicrowave
Studio software generates a plane wave that propagates
through a volume containing layers of VO2 and sapphire
with a small air gap in between. The wave is excited using
waveguide ports of linear polarization. These ports can be
used to mimic the incident plane wave over the sample
under test. In particular, the waveguide ports generate an
electromagnetic field that is uniform in the transverse plane
and that has a linear polarization. The wave port is an
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FIGURE 8. Measured and simulated transient conductance of films as a
function of temperature.

electromagnetic boundary condition that mimics the incident
plane wave over the sample under test. The wave port is
placed at the edge of the simulation domain and serves as a
source of the incident electromagnetic field. It is designed to
provide the correct amplitude, phase, and polarization of the
incident wave. This field is used to excite the plane wave in
the simulation.

The transient conductance of the films is parameterized as
a function of temperature. This parameterization is necessary
to enable the calculation of the transmission coefficient for a
range of temperatures. The simulation is performed using the
frequency domain solver at a frequency of 30 GHz. VO2 is
modelled as a ‘‘normal material’’ since the electrical conduc-
tance is adjusted based on the calculated values. This simu-
lation setup allows for the investigation of the transmission
properties of the VO2 sample as a function of temperature,
providing insights into the changes in the microwave conduc-
tivity of the sample observed over time.

To ensure the reliability and accuracy of our results in
studying the microwave transmission characteristics of VO2,
the temperature probe is carefully calibrated using a cali-
brated thermometer with accuracy of 2%. A thermal imaging
camera is used to verify the probe data, which provided a
visual representation of the sample’s temperature distribu-
tion and helped us to further ensure the accuracy of our
results.

The samples are heated, and multiple runs of the exper-
iment were performed at different temperatures to obtain a
range of temperature readings. Averaging these runs enabled
us to estimate the uncertainty associated with the temperature
measurements, which is critical in assessing the reliability of
our findings. Moreover, we took measures to ensure that the
sample reached temperature equilibrium during heating, this
involved allowing sufficient time for the sample to equilibrate
at each temperature which helped to reduce sources of exper-
imental error.

FIGURE 9. Plane-wave incidence. (a) Experimental setup of Figure 3.
(b) CST studio environment with waveguide ports (in red) was used to
mimic plane waves with the sample (grey for sapphire and black for VO2)
with air gaps in light blue.

In addition, the algorithm used during the measurements
were modified to account for possible sources of inaccuracy
such as sample thickness, homogeneity, and temperature vari-
ations as shown in (19). This helped to improve the accuracy
of our temperature measurements. The overall uncertainty in
our temperature measurements is 3◦C.
By changing the transient conductance values from

Figure 8, Figure 10 displays the measured and simulated
transmission response of the films. The measured response of
the films and their simulation are in good agreement. While
the 45 µm gradually attenuates from −5 dB, the 30 µm
shows no transition at that level. With a 7 dB attenuation, the
100 µm is the most conductive. Further validation was done
by measuring a Cu wafer and comparing the extracted values
with other works in [56], [57], and [58] with the results in
close agreement as shown in Figure 11.
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FIGURE 10. Measured and simulated transmission coefficient (S21) of
VO2 samples at 30 GHz across temperature.

FIGURE 11. Measured transient microwave conductivity of Cu across
temperature compared with other recent literature results: Ziolkowski
2009 [56], Fontchastagner 2018 [57] and Yang 2020 [58].

V. CONCLUSION
We have presented a contactless TRMC study on VO2 films
that provide a substitute for dc/ac electrical measurements
made between electrodes. This technique showed how the
microwave conductivity of thermally excited VO2 samples
changes in response to microwave transmission power. This
is observed through the sensitivity factor of the system that
uses Ka-band microwave waveguides. The sensitivity factor
was derived from the electromagnetic field study on pertur-
bation analysis of the medium in the waveguide for 2 cases
representing the various states of VO2 during the transition.
We used ways to validate the method. Firstly, we demon-

strate that the CST simulation fits the experimental results
of the transmission coefficient with a single set of material
parameters for the sapphire substrate and the waveguide com-
ponents using a series of tests with VO2 films of various
thicknesses. Secondly, the extracted conductivities of the thin

films of copper closely match those of earlier works in the
literature.

TRMC experiments show a low mode in microwave con-
ductivity below the Tc of VO2, which is close to 65◦C,
in agreement with the dielectric properties of the charge carri-
ers. This is consistent with shallow trap electron states being
real. Longer electron hops increase the barrier energy at Tc,
where these states are exothermic, resulting in a microwave
conduction mode that is triggered by heat.

Moreover, the use of temperature as a proxy for time in
TRMC analysis provides a more detailed and accurate under-
standing of the material’s conductive behavior compared to
traditional FD analysis. This makes TRMC a powerful tool
for investigating the conductive properties of materials for
a wide range of applications, including those in the field of
microwave engineering and technology.
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