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RF radiation spectrum is central to wireless and radar systems among numerous high-frequency device tech-
nologies. Here, we demonstrate sensing of RF signals in the technologically relevant 2.4 GHz range utilizing
vanadium dioxide (VO2), a quantum material that has garnered significant interest for its insulator-to-metal
transition. We find the electrical resistance of both stoichiometric as well as off-stoichiometric vanadium oxide
films can be modulated with RF wave exposures from a distance. The response of the materials to the RF waves
can be enhanced by either increasing the power received by the sample or reducing channel separation. We
report a significant ~ 73 % drop in resistance with a 5 um channel gap of the VO film at a characteristic re-
sponse time of 16 microseconds. The peak sensitivity is proximal to the phase transition temperature boundary
that can be engineered via doping and crystal chemistry. Dynamic sensing measurements highlight the films’
rapid response and broad-spectrum sensitivity. Engineering electronic phase boundaries in correlated electron
systems could offer new capabilities in emerging communication technologies.

INTRODUCTION

Sensing of RF signals and wireless spectrum has increas-
ingly become essential for a wide variety of uses. These range
from the classical need for spectrum sensing in cognitive radio
(CR) ecosystems to opportunistically use the available spec-
trum to the more generic uses of RF signals for a variety of
applications supported by the Internet of Things (IoT) ecosys-
tems. In CR scenarios, spectrum sensing has been used to
create radio maps that allow secondary spectrum users to ex-
ploit available spectrum holes and peacefully coexist with pri-
mary (incumbent) users of spectrum [1]. In IoT ecosystems,
RF signal sensing has been used for a variety of applications,
e.g., environmental monitoring, healthcare, advanced manu-
facturing [2], to name a few. Further, the developments in
the evolution of 6G wireless technologies have underscored
the importance of sensing by seeking to integrate communi-
cations and sensing in a joint framework [3].

The need for RF sensing without necessarily using com-
plex (and often frequency-specific) signal processing is at-
tractive. Further, having such sensing accomplished at high
speeds is particularly relevant for not only supporting low la-
tency communications but also for enabling follow-up actions
related to possibly network security and control. While the
sensing methodology envisioned here is applicable even in the
far-field, near-field sensing is becoming increasingly relevant
with the emergence of the IoT ecosystem, with high densi-
ties of devices in close geographical proximity to each other
for various machine-to-machine communications scenarios,
including sensors in body and personal area networks. Moti-
vated by the above, we investigate RF sensing utilizing a novel
materials-based sensing approach in the near-field that can be
used seamlessly in a wide variety of scenarios.

Materials exhibiting electronic phase transitions are well-
suited for sensing applications. Vanadium dioxide (VO3), a
prototypical quantum material characterized by its insulator-
to-metal transition (IMT) near room temperature, has been ex-
plored as switches [4-6] and sensors for chemical, thermal,
and terahertz detection [7—10]. The IMT characteristics can

be further modified by utilizing an off-stoichiometric vana-
dium oxide compound, denoted as VO, [11-13]. Simultane-
ously, the V:O materials family is recognized for its efficacy as
a bolometer [14-16], exemplifying the versatile applications
of such materials in sensing technologies. Here, we demon-
strated the effect of RF waves on VO, and off-stoichiometric
VO, films on c-Al,O3 (0001) substrate by varying different
parameters, such as the temperature, frequency, device geom-
etry, distance of the film from the RF antenna, gain and power
of the RF waves. We particularly focus on the 2.4 GHz fre-
quency range due to its importance in wireless communica-
tions. Our findings suggest that the studied materials can be
promising candidates for RF sensors, potentially contributing
to advancements in future Wi-Fi technologies.

EXPERIMENTAL DETAILS

VO, and off-stoichiometric VO, films of thickness ~40 nm
were grown on c-axis (0001) sapphire (AloOg3) substrates by
a radio-frequency (RF) magnetron sputtering (AJA Interna-
tional) system [11]. A ceramic V50Os5 target of 99.9 % purity
was used with 100 W RF power. The V5,05 target was pre-
sputtered for 5 minutes before the deposition. During depo-
sition, the pressure was maintained at 5 mTorr by introduc-
ing 49.5 SCCM (standard cubic centimeters per minute) Ar
and 0.5 SCCM Os-Ar (10%-90%) mix gases for VOg growth,
whereas 49.9 SCCM Ar and 0.1 SCCM O, gases were used
for VO, growth. The substrate temperature was 650°C, and
the substrate holder was rotated at 40 rpm during the growth
to maintain the homogeneity of the sample. Post deposition,
the substrate was cooled down to room temperature at the
growth pressure. Pt and Ni electrodes were deposited (us-
ing sputtering) at room temperature on VO, and VO, films
using a shadow mask, respectively. This was carried out to fa-
cilitate electrical measurements across millimeter-scale junc-
tions, with a channel separation of 300 ym, 900 pm, 2100
pm, and 4500 pm (and a channel width of 300 ym). To inves-
tigate micro-scale junctions, VO, devices with 5 pum, 15 pm,



25 pm, and 30 pum separation between the electrodes (and a
channel width of 5 um) were fabricated through photolithog-
raphy using a photoresist of AZ 1518 as the masking layer
for the process. Heidelberg MLA150 Maskless Aligner was
used to write the electrode pattern [17]. A 100-nanometer
thick layer of Pt was deposited through e-beam evaporation
and subsequently lifted off by using PG-Remover at 80°C.

The X-ray diffraction (XRD) patterns of the substrate and
as-deposited films were recorded by using a lab-based Pan-
alytical Xpert diffractometer with a Cu source. Rutherford
backscattering spectroscopy (RBS) measurements were per-
formed to estimate the stoichiometry by using a 1.7 MV
IONEX tandem accelerator with a 2.3 MeV He?* ion beam of
diameter 2 mm. The scattering angle of the detector was 163
degrees, and the resolution of the detector was 18 keV. The
RBS data were analyzed by using the SIMNRA program [18].
The dc transport measurements were performed on a probe
station by using a Keithley 2635A source meter, and the tem-
perature was controlled by using a Quiet CHUCK DC Hot
Chuck system (see Fig. 1(f) and Fig. S1 of Supplementary
Materials [19] for experimental setup). The electrical con-
tacts were made by contacting the micromanipulator tips of
the probe station to the metal electrodes directly. The resis-
tance was measured by taking the slope of the IV data taken
between -0.05 V and +0.05 V in a two-probe configuration.
The time-resolved measurements were performed by using a
Keithley 2461 source meter by applying a constant voltage of
+0.05 V.

In the RF measurement setup, an X86-based Software De-
fined Radio (SDR) platform (Quad-core i7 embedded PC) was
used and equipped with a B210 USRP (Universal Software
Radio Peripheral) and a directional antenna. The USRP, inter-
faced with the SDR platform, utilized User Hardware Driver
(UHD) tools for the precise generation and control of RF
waveforms. To augment the system, it was connected to the
output of the USRP, significantly enhancing the emitted RF
signal strength. This setup was instrumental in effectively ex-
citing VO and VO, films on c-Al;Og3 substrates. The wave-
form used was a narrow band sine wave, with the gain values
listed in the paper corresponding to the UHD tx_waveform
utility command line gain argument. The directional antenna,
in conjunction with the amplified signal from the power am-
plifier, focused the RF energy onto the samples in the lab,
as shown in Fig. 1(f) and Fig. S1 of Supplementary Materi-
als [19]. The software-based waveform configuration enabled
precise control over key parameters, such as frequency and
power. We calibrated our setup with a spectrum analyzer in
the COSMOS testbed environment at WINLAB [20], measur-
ing the received power by the films at various distances from
the SDR setup and with different gain values (see Fig. S2
of Supplementary Materials [19] for the calibration setup).
All the measurements were done in the near-field regime.
The ’near field’ context in our experiment is defined by the
close proximity between the antenna and the device, where
the electromagnetic interactions are governed by near-field
principles, including considerations of the first Fresnel zone,

rather than the propagation-dominated interactions typical of
far-field contexts.

RESULTS AND DISCUSSION

In order to check the structural quality of the VO- and VO,
films grown on sapphire substrate by RF sputtering, we have
recorded 26-w diffraction scan [Fig. 1(a)]. For comparison,
the XRD pattern of the single crystal sapphire substrate was
also measured and shown in Fig. 1(a). The XRD scan of the
VO3 and VO, films consists of a broader film peak (marked
by *) and a sharp substrate peak (26 = 41.68°) [21], where
the substrate peak arises due to the (0006) reflection of the
c-Aly03. For the VOq film, a well-defined XRD peak cor-
responding to the monoclinic (020) phase [21] was observed
at 20 = 39.86°. From this data, the lattice distance was es-
timated (b,, = 4.52 A), which is similar to the respective lit-
erature value of expected monoclinic VO9 [22]. For the off-
stoichiometric sample (VO,), the XRD peak was observed at
260 = 40.08°, which indicates a value of b,, = 4.5 A. This
slight shift of the XRD peak is related to the oxygen non-
stoichiometry in the VO,, film [23, 24]. Apart from this peak
shift, no new diffraction peaks are observed. Additionally,
to estimate the elemental composition, we performed Ruther-
ford backscattering spectroscopy (RBS) experiments. In RBS,
the qualitative determination of the areal density of the ele-
ments is possible by analyzing the intensity and energy of the
backscattered He?* ions from the sample within 1-2% accu-
racy [25]. Figures 1(b)-(c) show the RBS analysis data of VO4
and VO, films, respectively, and the values obtained from the
analysis are summarized in Table I. For VO3 and VO, films,
the ratio of the spatially averaged areal density of vanadium
to oxygen (V:O) are estimated as 1:2 and 1:1.7, respectively.

Following the structural measurements, we have investi-
gated the electrical transport properties of the films. As re-
ported earlier [11, 21, 22, 26, 27], VO4 film on Al,O3 sub-
strate undergoes an insulator-to-metal transition (IMT) ac-
companied by a structural change from monoclinic to tetrag-
onal rutile structure upon increasing the temperature. Fig-
ure 1(d) shows the temperature-dependent resistance of VOo
and VO, films on ¢-Al,O3 substrate. For the stoichiometric
VO, sample, the resistance changes abruptly around four or-
ders of magnitude, which verifies the high quality of the film.
On the other hand, VO, film undergoes a resistance change
of around two orders of magnitude. This is characteristic of
oxygen-deficient vanadium oxides that show suppressed insu-
lating state resistance and transition temperature. The IMT
temperature was calculated by plotting the d(In R)/dT as a
function of temperature and taking the maximum magnitude
after fitting with a Gaussian curve [Fig. 1(e)]. The IMT of the
VO, in heating (T} ~ 70.6°C) and cooling runs (T}, ~
64.1°C) are higher compared to the bulk VO3 (T} ~ 68°C)
and is related to the tensile strain [22, 28, 29]. Again, for
the off-stoichiometric VO, sample, T}%, and T} are cal-
culated as 64.3°C and 59.4°C, respectively, which are lesser
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FIG. 1. (a) 20-w XRD scan for VO3 and VO, films. (b)-(c) Experimental and simulated Rutherford backscattering spectroscopy data for VO2
and VO, films, respectively. (d) Resistance as a function of temperature of the VO2 and VO, films. (e) Gaussian fitting of the differential
curves of resistance vs. temperature to extract the IMT for the VO2 and VO, films. (f) A schematic representation of the experimental setup

for electrical and RF radiation measurements.

TABLE I. Summary of RBS and transport data

sample v (0] T o Ttur
(x10'® atoms/cm?) (x10'® atoms/cm?) (°O) o)

VO, 101.9 204.1 70.6 64.1
VO, 103.6 176.4 64.3 59.4

compared to the stoichiometric VO3 sample.

After probing the structural and electronic properties of the
stoichiometric and off-stoichiometric samples, we delved into
the impact of radio frequency (RF) wave exposure on these
films. The upper panels of Figs. 2(a)-(b) show the on/off-state
of the RF signal. The samples were heated to the desired tem-
perature for each measurement. Once the temperature stabi-
lized, the system was driven out of equilibrium by concentrat-
ing a 2.4 GHz RF wave with 100 gain from a distance of 8§
cm onto the samples for 5 minutes during the on-state. Fol-
lowing each set of sensing measurements at a specific temper-
ature, the films were ramped to 100°C to remove any persis-
tent conductivity or history effects. Subsequently, the samples
were cooled down to room temperature and then heated to the
desired temperature for the next measurement. Figures 2(a)-
(b) show the relative percentage change in resistance (RPCR),

calculated using the formula ((R-Rg)/Rg)*100 (Ry is the ini-
tial resistance when the RF signal was turned off) as a function
of time at different temperatures of the VO and VO, samples,
respectively. Firstly, a drop in resistance was observed as soon
as the RF signal was activated, making the material more con-
ducting. It is worth noting that the RF wave with a frequency
of 2.4 GHz corresponds to a energy of 9.93 peV, which is
not sufficient for the excitation of electrons from the valence
band to the conduction band as the band gap of VOs is around
0.7 eV [26]. Therefore, this decrease in resistance induced by
the RF wave may be due to the selective excitation of trapped
electrons to the conduction band. Prior studies have demon-
strated an IMT phase transition in VO, coplanar waveguides
induced by intense high frequency radiation [30, 31]. The de-
crease in resistance caused by RF waves may also occur due
to alternative mechanisms, such as influencing the formation
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FIG. 2. (a)-(b) Relative percentage change in resistance under irradiation of RF signal (2.4 GHz with 100 gain for 5 min at 8 cm distance) at



of conductive filaments within the VO5 film [9, 10, 32, 33] or
through the liberation of Poole-Frenkel electrons, where the
electric field reduces the potential barrier, leading to a slight
elevation in the carrier density [30, 34]. Moreover, the reduc-
tion in the RPCR due to the influence of RF waves can be
anticipated through a straightforward application of the Joule
heating mechanism [30, 35]. In this latter scenario, RF waves
locally heat the film, causing a small temperature rise and sub-
sequently making the sample more conductive. However, we
measured the resistance versus temperature of the VO5 film
with the RF radiation both on and off (see Fig. S3 of Sup-
plementary Materials [19]). The two curves can not be over-
lapped by simply shifting them along the temperature axis.
Further, the change in temperature due to RF radiation is esti-
mated at different temperatures from the RT curve [Fig. 1(c)]
and RPCR [Fig. 2(a)] of the VO, film as discussed in section
S4 of the Supplementary Materials [19]. These observations
suggest a non-thermal effect associated with the RF radiation
on the VO, film.

Secondly, there is a sharp increase in the resistance of
the VOg film immediately after the RF signal is turned off,
which again suggests a different mechanism potentially dis-
tinct from only Joule heating, as the resistance typically re-
covers gradually in the case of heat dissipation [36, 37]. To
check whether this resistance change with the RF signal is re-
lated to the material’s structure, we conducted X-ray diffrac-
tion (XRD) measurements after shining 2.4 GHz RF waves
on a VO4 sample for 5 minutes. However, there was no ob-
servable change in the film peak (see Fig. S5 of Supplemen-
tary Materials [19]). Thirdly, when the samples were in either
the insulating or metallic state, the resistance recovered back
to the original resistance (Ry), whereas the resistance did not
fully recover to the original value after removing the RF sig-
nal when the samples were in the hysteresis region. This be-
havior can be well explained by the hysteresis effect, where
the resistance does not return to its initial value if the tem-
perature is ramped up (down) and down (up) only within the
hysteresis region [38, 39]. The abrupt change of channel re-
sistance with RF waves at different temperatures is fascinat-
ing as this can be exploited as a design parameter in sens-
ing. Figures 2(c)-(d) illustrate the RPCR as a function of
measured temperatures for the VO, and VO, samples, re-
spectively. Interestingly, the maxima of the curves intrigu-
ingly close to the T7%;r, which suggests maximum changes
in resistance approaching the percolation threshold [40—42].
In future, in-operando microscopy techniques such as scan-
ning microwave impedance microscopy (SMIM) and scan-
ning near-field infrared microscopy (SNIM) coupled with RF
exposure could enable a comprehensive understanding of the
microscopic mechanisms involved and could form the subject
of further studies.

To check the reproducibility, a 2.4 GHz RF wave with 100
gain was concentrated on a VO, sample for 5 minutes from a
distance of 8 cm at 73°C. This procedure was then repeated
for the same sample and also for a different sample (see Fig.
S6 of Supplementary Materials [19]). The RPCR for all these

(b) T T T T T
10 o0l
= o
et o]
g 0 -
&
20k -
o
_ 20t Puommo;
g\i
2 0]
= 10F -
=2 o}
olomc® .
1 1 1 1 1 1 1 1 1
50 75 100 125 150
Gain
(d) 120 T T T T
€ 8 O 4
[+a}
= (o]
g 4 © g
&
N of Q|
5—10— ‘ p — + + +
2 o 20_0 0] .
_15| Distance 1 =
—O—8cm = o)
15cm & < 1o} -
—0—-20cm = S————
201 30cm  § Y 4 — o
- 50cm e, ‘!'v ol
1 1 1 1 1 1 1 1 1
-300 0 300 600 10 20 30 40 50

Time (s) Distance (cm)
FIG. 3. (a) Relative percentage change in resistance (RPCR) under
RF signal (2.4 GHz at 73°C for 5 min at 8 cm distance) at different
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TABLE II. Peak RPCR as a function of electrode separation

electrode separation 5 pm 15 pm 300 pum 900 pm 2100 pm 4500 pm
Peak RPCR 73.29 65.48 21.23 20.55 17.74 13.93
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FIG. 5. (a)-(e) Resistance as a function of time in microsecond time scale with a 2.4 GHz RF signal (with a gain of 100 at 73°C at a distance
of 8 cm) of VO3 films with different separations of electrodes. The black curves are the exponential fit to the data to extract the time constant.
(f) Time constant as a function of the separation of the electrodes of the VO3 film.

cases are found to be almost identical. Additionally, we ex-
plored the influence of RF waves on the sample using fre-
quencies other than the technologically important 2.4 GHz
used in wireless communications such as Wi-Fi and cellular
applications. We observed similar conductance modulation
effects on the VOg film (see Fig. S7 of Supplementary Ma-
terials [19]), suggesting that the conductance modulation phe-
nomenon is not exclusive to specific frequencies but holds true
across a range of RF waves. This versatility in responsiveness
to diverse frequencies positions VO as a potential candidate
for applications in the evolving landscape of communication
technologies.

After establishing the effect of RF waves on VO3 and VO,
samples at different temperatures, we explored the effect of
RF signal strength by varying the power. Figure 3(a) shows

the RPCR of the VO3 sample as a function of time when ra-
diated with a 2.4 GHz RF signal (for 5 minutes at a distance
of 8 cm) at 73°C with different gain values. The power re-
ceived at the sample surface corresponding to the gain and the
maximum relative percentage change in resistance with gain
is shown in Fig. 3(b). Notably, the maximum RPCR remains
minimal at lower gains (50 and 60), increases progressively
with higher gain values, and stabilizes when the gain exceeds
80. It’s worth noting that the RPCR is directly proportional to
the power received by the sample at a constant temperature.
Furthermore, Fig. 3(c) shows the RPCR as a function of time,
while the RF wave was concentrated on the VO, film from dif-
ferent distances between the RF antenna and the sample. As
can be seen from the graph, the RPCR decreases with increas-
ing distance between the RF source and the sample. This can



be understood by considering the decrease of power with in-
creasing distance. To validate this, we measured the power at
the corresponding distances and found that the power indeed
decreases as the distance increases [Fig. 3(d)]. Therefore, the
observed changes in RPCR concerning gain and distance can
be attributed to the power received by the sample.

Next, we examined the effect of RF waves on sensor chan-
nel dimensions by varying the spacing between the metal elec-
trodes on the VO5 sample. Figure 4 shows that an increase in
the distance between the electrodes (or sample size) results
in a decrease in the RPCR when a 2.4 GHz RF wave with
a gain value of 100 from a distance of 8 cm was turned on
at a sample temperature of 73°C. All the measurements were
done using a probing voltage of +0.05 V, which may be high
enough to induce conducting filament formation in VO de-
vices, especially when the temperature is close to the phase
transition [32, 43].

Therefore, we also measured the RPCR of the 15 um
VO, device at 73°C using smaller voltages (£0.005 V and
40.0005 V) under a 2.4 GHz RF radiation with a gain of 100
from a distance of 8 cm (see Fig. S8 of Supplementary Mate-
rials [19]). Also, we repeated the RPCR measurement of the
VO, film with different gain values that has been measured
before [in Fig. 3(a)] by using a smaller voltage of +0.0005 V
(see Fig. S9 of the Supplementary Materials [19]). A simi-
lar value of RPCR obtained by applying smaller voltages sug-
gests that the change in RPCR of VO, film is due to the RF ra-
diation and not because of the higher probed current/voltages.
Further, we used a VOs, film with much smaller electrode sep-
arations to enhance the RPCR. The relative percentage change
in the resistance were found to be ~ 73 % and 65 %, when the
electrode separations were 5 ym and 15 pm, respectively. The
values of peak RPCR as a function of electrode separation are
shown in Table II. The enhancement in sensitivity by reducing
the channel separation points towards further opportunities for
the optimization of sensors for practical technologies.

To elucidate the dynamics associated with the reduction in
resistance induced by RF waves, we conducted time-resolved
measurements, capturing resistance values at intervals of 10
microseconds. Figures 5(a)-(e) show the temporal evolution
of resistance drop upon the activation of RF waves, focusing
on various channel separations within the VO film (see Fig.
S10 of Supplementary Materials [19] for the evolution of re-
sistance for a longer time scale). It is noteworthy to highlight
that the response time scales varies with channel dimensions.
The drop in resistance exhibits a distinct profile, characterized
by a sharp and rapid reduction in the case of shorter channels,
transitioning to a more gradual descent as the channel separa-
tion is increased. To understand the time constant related to
the drop of the resistance with RF wave, we fitted the resis-
tance (R) vs. time (¢) curve (immediately following the RF
exposure) with the equation, R = a + be~t/T, where a,b are
constants and 7 is the time constant [black curves in Figs. 5(a)-
(e)]. The time constant increases with the increase of the chan-
nel separation of the VO, film [Fig. 5(f)]. This insight points
towards the intricate interplay between channel dimensions

and the manifestation of RF-induced effects, particularly in
the context of conducting filament formation within the VOo
film that has previously been ascribed as a possible mecha-
nism for reduction in resistance of the vanadium oxide films
exposed to THz fields [9, 10]. The high speed response could
potentially be enhanced further by reducing channel separa-
tion through the application of advanced techniques such as
e-beam lithography or other similar methods.

CONCLUSIONS

To summarize, we have grown VO5 and off-stoichiometric
VO, films on ¢-Al5Os5 substrates and studied their structural
and electrical properties by XRD, RBS, and transport mea-
surements. Further, we have investigated the effect of 2.4
GHz radiation on these samples by varying the temperature,
frequency, gain, distance, power, and sample size. Interest-
ingly, the application of the RF wave makes the samples more
conducting and opens up avenues for applications as RF sen-
sors. The relative percentage change in resistance scales with
decreasing channel separation, reaching a value of ~ 73 % for
the 5 pm channel gap. We found that the samples are most
sensitive proximal to the transition boundary, and this offers
a path to devices that can respond at various temperatures by
varying crystal stoichiometry and doping. The time-resolved
RF measurements suggest the rapid response of the film in mi-
crosecond time scales upon the incidence of RF waves. Fur-
thermore, the influence of RF waves is detectable across a
broad spectrum of microwave frequencies, offering potential
applications in future communications technologies.
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