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Reliability of VO2-Based mmWave Switches
Under 100 Million Thermal Cycles

Shangyi Chen , Mark Lust, Annie Roo, and Nima Ghalichechian , Senior Member, IEEE

Abstract—We report the lifetime investigations of the reversible
phase transition vanadium dioxide (VO2) thin film switches inte-
grated with coplanar waveguide (CPW) under fast and direct
thermal cycling. We observe that after 100 million thermal cycles,
there is no degradation in the performance of VO2 shunt switches
operating at 35 – 45 GHz. S11 reflection coefficient as well as
S21 transmission measurements (verified independently at both
activated and inactivated states) show no statistical difference in
port-to-port coupling of the VO2 switch as a function of a cycle
number. This study is enabled by the integration of Joule heaters
on chip at a close proximity to a shunt VO2 switch and a metallic
CPW transmission line. Full-wave electromagnetic and multi-
physics electrothermal finite element simulations are conducted
to analyze the feasibility of the CPW design and the required
time and power for thermal cycling. On-wafer mmWave mea-
surements are carried out on the test vehicle after each thermal
cycling phase.

Index Terms—Vanadium dioxide, switch, mmWave, metal-
insulator transition, reliability, thermal cycling, coplanar
waveguide.

I. INTRODUCTION

VANADIUM dioxide (VO2) is a phase change mate-
rial (PCM) which demonstrates metal-insulator transition

(MIT) at a relatively low temperature of 68 ◦C [1]. VO2
adopts insulating monoclinic (M1) phase below the transi-
tion temperature and metallic tetragonal rutile (R) phase above
the transition temperature [2], [3]. Various approaches can
be employed to induce the MIT in VO2, such as tempera-
ture [4], electric field [5], light [6], and stress/strain [7], [8].
During the phase transition, there is a noticeable electrical
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resistance change by over four orders of magnitude as well as
other changes in physical properties like optical transmittance.
These remarkable properties, together with relatively well-
developed synthesis, make VO2 a focus of intensive investi-
gation for numerous multifunctional devices such as electrical
switches [9], microactuators [10], [11], microbolometers [12],
[13], [14], [15], [16], [17], reconfigurable polarizer [18],
reflectarray [19], and optical modulators [20]. Although the
physical mechanics of phase transition in VO2 have been sig-
nificantly explored, it is still elusive whether the transition is
dominated by Mott transition (strong electron correlation) or
Peierls transformation structural phase transformation [3]. We
note that Joule heating remains a variable in voltage (or cur-
rent) actuation [21], [22]. When VO2 thin film is employed in
practical devices, the long-term stability or reliability of VO2
thin films needs to be verified which can also contribute to the
understanding of the driving forces and transition mechanism
of VO2 thin films.

Unfortunately, there is little literature on a lifetime study of
VO2 thin film and none exists for mmWave switches under
strictly thermal cyclical loading. Other PCMs like germa-
nium telluride (GeTe) have been exploited for RF switches
in recent years which can provide latching functionality, ease
of monolithic integration with other RF circuits, and reliable
performance, at the cost of high activation temperatures above
750 ◦C [23], [24], [25]. As compared to GeTe, VO2 is a
volatile material that provides instantaneous and reversible
change between two states suitable for certain RF applica-
tions. The phase transition temperature of 68◦ C for VO2
is also lower than GeTe that provides advantages for certain
applications. As such, the scope of this work is limited to
thermal excitation of VO2. We note that the mmWave band
is defined as frequencies from 30 to 300 GHz. Understanding
and quantifying the VO2 reliability is paramount for future
fifth generation (5G) and beyond communication devices such
as phase shifters, switches, antennas, and intelligent surfaces.

In an early study, it was reported that the VO2 sol-gel films’
MIT switching properties driven by Joule heating effect are
still unaffected after 108 current-voltage cycles [26]. Number
of cycles by voltage or current actuation were specifically men-
tioned in [21], [27], [28]. In [21], two-terminal switches based
on the MIT in VO2 thin films were integrated in microwave
coplanar waveguides (CPWs) in series configuration but were
not tested with thermal excitation. Instead, the microwave
signal transmitted through the CPW was modulated by the
activation of the VO2 switches in both voltage and current
excitation modes which could by itself induce thermal effects.
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The lifetime of voltage and current activated VO2 thin films’
switching is demonstrated to be 16 and 260 million cycles,
respectively. In another report, a field-enhanced design of
2-terminal VO2 switches was developed [27]. A significant
degradation in the VO2 switch is observed after 2 × 105

cycles by a square wave voltage. The reliability study of
VO2/graphene/carbon nanotube film integrated in an active
cloaking device capable of efficient thermal radiance con-
trol was detailed in [28]. Good reliability is established from
unchanged transmittance in metallic and insulating states after
100,000 cycles of current pulses. A device undergoing voltage
actuation survived 2 × 1010 cycles, but no statistical analysis,
nor mmWave performance metrics were provided [22].

Although there is evidence for Joule heating in voltage
actuation [3], [21], [22], literature on VO2 reliability using
all-thermal cycling is scarce. One study shows that the tran-
sition quality of the reactive sputtered VO2 thin films is
maintained without degradation after successive 102 ther-
mal cycles [29]. No reduction in electrical resistivity contrast
nor change in transition temperature were demonstrated; the
authors attributed this to their high-quality polycrystalline
samples and low temperature range of their fabrication pro-
cess. Another example illustrates that after 60 thermal cycles,
there is a broadening of transition sharpness and the width of
thermal hysteresis of their VO2 thin films by pulsed laser depo-
sition [30]. It was suggested that large strain was accumulated
around the domain boundaries during thermal cycles.

Studies on fast (milliseconds) and direct heating/cooling
cycling of VO2 thin films have not yet been reported. For mate-
rials or device reliability investigations, the common way is
to analyze a figure of merit parameter indicating failure under
cyclical loading. For example in [31], the thermal resistance of
the Si Insulated-Gate Bipolar Transistor (IGBT) devices indi-
cating the degradation of the solder layer was measured in each
cycle. In [32], the endurance characteristics of Si:HfO2 were
investigated by obtaining the remanent polarization when the
ferroelectric was exposed to a series of bipolar voltage cycles.

In this work, for the first time, we have designed a test vehi-
cle to investigate the nature and limitations of VO2 thin films
under strictly thermal heating/cooling cycling on the order of
milliseconds. It is worth noting that the reason for thermal
cycling via metallic heaters is to isolate a single mechanism of
actuation without concern for uncertain contribution or dom-
inance from others. For example, there is a factor of Joule
heating induced in voltage or current actuation, that raises new
variables in the VO2 transition that are not experimentally con-
trolled [21], [22]. Here, VO2 thin film is integrated in CPW for
analyzing the RF performance when at insulating and metallic
states. The insulating phase is referred to as an inactive state
in this manuscript, however, it is commonly called dielectric,
semiconductor, or cold state. In contrast, the metallic phase is
referred to an active state in this manuscript. The Joule heaters
are designed and integrated adjacent to VO2 thin film to locally
heat through the phase transition region without degrading the
RF performance of the switch. The RF port-to-port measure-
ments of the CPW structure are carried out. Additionally, the
heating and passive cooling capabilities of the Joule heaters
are verified with the simultaneous RF measurements. After
increasing durations of thermal cycling, the S-parameter data

Fig. 1. VO2 mmWave switch (a) 3D overview, (b) top view of the CPW-
based test vehicle with a shunt VO2 switch, and (c) a VO2 shunt switch and
two parallel Joule heaters.

is utilized to analyze the failure or degradation of VO2 thin
film up to 100 million cycles. MmWave port-to-port measure-
ments are performed after 0, 105, 106, 107, and 108 cycles,
respectively. This work discusses reliability study of VO2 thin
film and does not attempt to display state-of-the art switch
performance.

This manuscript is structured as follows. The design of the
CPW shunt switch and full-wave simulation results followed
by electrothermal simulations are discussed in Section II. The
fabrication process for the test vehicle on a sapphire substrate
is reported in Section III. Measurement results including static
characterization of the VO2 switch, verification of the thermal
cycling, and cyclical loading tests are discussed in Section IV
followed by a conclusion in Section V.

II. DESIGN

The CPW structure consists of a center signal line sur-
rounded by a ground plane on a sapphire substrate (loss
tangent δ = 0.0001, relative permittivity εr = 9.3). The state-
of-the-art deposition of VO2 thin film is on single crystal
sapphire substrates [33] because of the strong lattice match
between the C-plane sapphire and VO2. In our previous
study [1], we were able to deposit VO2 on sapphire with a
sharp change in resistivity (9.76 × 104), which makes VO2
an ideal material for a shunt RF switch. In that study, we also
deposited VO2 on Si with annealed Al2O3 buffer layers with
resistivity contrast ratio of 1.46 × 104. Sapphire is used in this
work for its higher performance VO2 and ease of fabrication.
In our test vehicle, we employ shunt switch architecture com-
prising a rectangular patch of VO2 spanning the gap between
signal line and two ground lines of the CPW transmission line.
Fig. 1 (a) shows the 3D schematic of the designed test vehicle.
Top view schematic of the switch and CPW line are shown
in Fig. 1 (b). The center line width, ground line width, and
the gap of the CPW are 12.5 µm, 5 µm, and 5 µm, respec-
tively. VO2 size is 22.5 µm × 100 µm connecting the signal
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Fig. 2. Electric field simulated for the CPW with VO2 switch at activated
(left) and inactivated (right) states.

line to the ground on the two sides (shunt). To switch between
insulating and metallic states of VO2 thin film, we use two par-
allel Joule heaters as demonstrated in Fig. 1 (c). Two heaters,
routed to be electrically parallel, are designed symmetrically
for each RF switch. For efficient thermal coupling between
heaters and the VO2 switch, metal areas are removed from
the ground line.

A. Electromagnetic Simulation

Full wave electromagnetic simulations are carried out using
ANSYS HFSS. Fig. 2 shows the RF signal transmission
characterizations of the designed CPW. When VO2 is at
the inactivated state (insulating phase), RF signals can pass
through. While VO2 is at the activated state (metallic phase),
the signal line is short-circuited to the ground and RF signal is
fully reflected. The simulated S11 and S21 at 35 – 45 GHz are
illustrated in Fig. 3 (a) and (b), respectively, for inactivated
and activated states. At the inactivated state, port-to-port cou-
pling or S21 is approximately −2.0 dB. In contrast, S21 ranges
from −9.6 dB to −42 dB at the activated state. Likewise, at
the inactivated state, the reflection coefficient or S11 ranges
from −37 dB to −13 dB. In contrast, S11 is approximately
−2.4 dB at the activated state. For this study, stark differ-
ence between the two switch states provides a benchmark for
tracking the phase of the VO2 at mmWave frequencies.

B. Electrothermal Simulation

In this work, the insulating and metallic states of VO2 are
switched by employing two parallel Joule heaters. The ther-
mal cycling frequency is related to the VO2 shunt switch
and Joule heaters designs. There are a few challenges in the
Joule heater design: the energy provided by the Joule heater
needs to be concentrated around VO2; fast thermal cycling is
required; and the dimension limitations in the fabrication must
be considered. To simplify the fabrication process for the test
vehicle, copper (Cu) is chosen as the material of choice for
both the heater as well as the CPW transmission line. One-
step fabrication process for metal deposition and patterning
shared between the CPW lines and heaters significantly simpli-
fies the prototyping process. The high electrical conductivity

Fig. 3. Full-wave simulation results S11 and S21 at 35 – 45 GHz for VO2’s
(a) inactivated and (b) activated states.

Fig. 4. (a) Joule heater design; (b) temperature profile of the VO2 switch
when excited using a thermal Joule heater. The temperature scale is from 290
to 450 ◦C.

(5.98 × 107 S/m) of Cu does provide a challenge for the
heater design. Therefore, a meandered heater layout with a
narrow width are chosen. The heater is designed using ser-
pentine traces with a small width of 5 µm and a separation of
5 µm around the VO2 thin film as shown in Fig. 4 (a). The
smaller width as compared to the traces results in a larger elec-
trical resistance and thermal power concentration around the
VO2 switches. Furthermore, a short response time is needed
to enable testing millions of cycles in a reasonable time.

To optimize the Joule heater design and calculate the
required electrical power, duty cycle, and temperature distri-
bution, COMSOL Multiphysics is used with the Heat Transfer
and AC/DC modules. When applying a voltage to the Joule
heater, the current is calculated by the AC/DC module. The
generated heat energy is then coupled to the Heat Transfer
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Fig. 5. Time domain thermal simulation results for the cyclical excitation.
The phase transition temperature is marked with a dashed line. Temperatures
above the line indicate metallic state corresponding to the activated switch.
Temperatures below the line indicate insulating state corresponding to the
inactivated switch.

TABLE I
DEPOSITION CONDITION OF DC SPUTTERED VO2 THIN FILM

module to analyze the temperature distribution. The tempera-
ture for the bottom surface of the sapphire substrate is set to
293 K. The constant convective heat flux density of 5 W/m2K
is defined for the remaining surfaces. In addition to convective
cooling, the heat transfer between Joule heaters, VO2, and sap-
phire is dominated by thermal conduction. Multiple cycles of
pulses with 6.5 V for 1 ms and 0 V for 9 ms (10% duty cycle)
are applied to the parallel Joule heaters. Fig. 4 (b) demon-
strates the simulated temperature profile at the activated state.
It is shown that the VO2 pattern can be efficiently and locally
heated by the surrounding traces. The dynamic response for
the cyclical excitation of the VO2 thin film is shown in Fig. 5
validating operation below and above the phase transition tem-
perature of 68 ◦C or 341 K. This thermal cycling of the thin
film is repeatable with the specified applied pulse. The VO2 is
heated to ∼400 K and cooled down to ∼300 K. The extracted
current is 0.4 A for each heater, or 0.8 A per pair.

III. FABRICATION

A two-layer photolithography process for the proposed test
architectures is developed and is illustrated in Fig. 6. VO2 thin
film is deposited by DC sputtering (AJA Orion RF/DC Sputter
Deposition Tool) on a 2-inch C-plane sapphire substrate with
a thickness of 430 µm. A high-purity vanadium target is used
in a mixed Ar/O2 environment. The deposition parameters
including the optimized Ar/O2 gas ratios are listed in Table I,
and were detailed in our previous work [1]. The measured

Fig. 6. Fabrication steps of the CPW-based test vehicle: (a) VO2 sputtering,
(b) positive photoresist S1813 patterning, (c) VO2 RIE, (d) S1813 stripping,
(e) negative photoresist AZ nLOF2020 patterning, (f) Cu e-beam evaporation,
and (g) lift-off.

TABLE II
RIE RECIPE OF VO2 THIN FILM

resistivity of deposited 107-nm-thick VO2 on sapphire using
a 4-point probe is shown in Fig. 7 [1]. The resistivity contrast
ratio between insulating and metallic states is 9.76 × 104.
Parallel-beam x-ray diffraction (XRD) was used to determine
VO2’s crystal structure. Atomic force microscopy (AFM) and
scanning electron microscopy (SEM) were also used to ana-
lyze properties of VO2. The deposited 107-nm-thick VO2 thin
film is then patterned for the integration with the CPW struc-
ture. The sample is primed with HMDS adhesion promoter.
Next, 1.4-µm-thick photoresist Shipley S1813 is spin coated
and patterned. VO2 thin film is dry etched in an inductively
coupled plasma reactive ion etching (ICP RIE) system (Plasma
Therm SLR770) with gas Ar/SF6. The RIE recipe is given
in Table II. The CPW structure and Joule heaters are fabri-
cated by the lift-off process with a 250-nm-thick Cu layer.
To facilitate this process, negative photoresist AZ nLOF2020
with a thickness of 1.8 µm is deposited and patterned. Note
that, to improve the adhesion of the metal layer, a 30-second
oxygen plasma is utilized to remove remaining photoresist
residue after development. The e-beam evaporation process
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Fig. 7. Measured resistivity versus temperature of VO2 thin films on C-plane
sapphire substrate.

Fig. 8. Fabricated DUTs (a) full wafer and (b) micrograph of VO2 shunt
switch.

is performed to deposit a Cu layer (Denton DV 520A electron
gun thermal evaporator). First, a thin titanium layer of 10 nm
is deposited with a rate of 2.4 Å/s to improve the Cu adhe-
sion. Next, a 250-nm-thick Cu layer is deposited with a rate
of 1.9 Å/s. Finally, N-Methyl-2-Pyrrolidone (NMP) at 80 ◦C
for 20 minutes is used for lift-off. Fig. 8 shows the fabricated
device. There are two symmetric sets of testing vehicles; each
set consists of four devices under test (DUT). The Joule heater
pairs associated with each DUT are connected in series with
separate DC Cu traces.

IV. MEASUREMENTS

The fabricated samples are characterized to verify the ther-
mal cycling and investigate the reliability of the VO2 thin
film.

A. Static Characterization of VO2 Shunt Switch

The RF port-to-port measurements are carried out on a
Cascade M150 probe station shown in Fig. 9 (a). Prior to
RF measurements, probes are conditioned on a cleaning sub-
strate and then calibrated using a standards substrate. The test
is performed in a temperature-controlled laboratory environ-
ment at standard room temperature with variation within a
few degrees Celsius (∼19-21 ◦C) that is significantly smaller

Fig. 9. Probe station test setup for the VO2 shunt switch characterization:
(a) overview and (b) close-up of DC and GSG probes contacting the heater
pads and the DUT CPW pads, respectively.

and outside of the transition temperature of VO2. As such,
any small fluctuations in the testing environment will have
no significant effects on the measured data. The S-parameters
of the VO2 shunt switch at different states of VO2 are mea-
sured using a 67 GHz phase network analyzer (PNA) and
ground-signal-ground (GSG) 65 GHz probes (Air Coplanar
Probe from FormFactor). By applying a constant voltage to
the Joule heaters, the activated state of VO2 is obtained.
The voltage is applied to the two pads of the Joule heaters
through the DC probes connected to a Keysight B2962A power
source as shown in Fig. 9 (a) and (b). Fig. 10 (a) demon-
strates measurement results of S-parameters with VO2 at the
inactivated state. The measured frequency range is from 35 to
45 GHz. S-parameters are measured giving S21 from −4.0 dB
to −1.6 dB and S11 from −48 dB to −12 dB across the full
frequency range. These moderate S21 values are attributed
to non-ideal ground planes and surrounding metal struc-
tures on the wafer. While the specific insertion loss of the
switch performance is not production-ready, the comparison
of switching performance across many thermal cycles is just
as insightful for determining reliability as in complex, highly-
optimized switches. The activated state of VO2 is achieved by
employing DC voltage to the heaters. The RF measurements
are conducted simultaneously with DC activation voltage of
15 V as demonstrated in Fig. 10 (b) with S11 from −6.2 dB
to −3.3 dB and S21 from −59 dB to −17 dB. There is also
some rippling present due to factors that cannot be con-
trolled for in calibration such as normal probe positioning and
wear.

During hysteresis measurements, the DC voltage is ramped
up from 0 V to 15 V then ramped down to 0 V. S-parameter
measurements are taken at 0.5 V intervals. Fig. 11 illustrates
the overall S-parameter data at 38 GHz that is changed with
applied voltage. The hysteresis measurement given is taken
from a different sample from the frequency sweep shown
in Fig. 10, so the exact values may vary. The VO2’s MIT
begins at a heater voltage of 12.3 V DC and reaches maxi-
mum reflection at 13.5 V and minimum transmission at 15 V.
S11 increases from −35 dB at 0 V to −4.0 dB at 13.5 V.
Similarly, S21 decreases from −3.0 dB at 0 V to −39 dB at
15 V. As expected, hysteresis is observed as the VO2 tran-
sitions back to insulating phase with S11 beginning to fall at
12.4 V and settling at 11.2 V; S21 began to rise again at 13.8 V,
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Fig. 10. S11 and S21 measurement results with VO2 at (a) inactivated state
with 0 V DC applied to the Joule heaters and (b) activated state with 15 V
DC applied.

Fig. 11. Measured S-parameters at 38 GHz with ramped DC voltage applied
to the heaters.

settling at 11.2 V. The result is a hysteresis loop 1.1 V wide.
The total resistance for the set of four heater pairs is 38.3 �.
Corresponding maximum power is 5.87 W at peak voltage of
15 V for the set of four DUTs and 1.47 W per switch.

Fig. 12. (a) Measured PWM signal for thermal cycling showing duty cycle
of 10% at 100 Hz and 15 Vpp; (b) measured transient S11 and S21 values
during thermal cycling.

B. Verification of Thermal Cycling

The thermal cycling is tested by measuring S-parameters
when applying voltage pulses to the Joule heaters. An Arduino
Uno outputs a 100 Hz signal, 10% duty cycle pulse-width
modulated (PWM) waveform to a power amplifier that steps
up the Arduino’s output from 5 Vpp to 15 Vpp. To verify
the PWM operation, an oscilloscope is attached to the DC
probes and confirmed that the switching for thermal cycling
is as expected. The resulting PWM waveform is sent through
DC probes contacting the pads of the Joule heaters on the
wafer, while sweeping the 35 – 45 GHz range using PNA
at IF bandwidth of 1 kHz to capture the repeated switching
transition. With the 100 Hz PWM wave, the switch cycles
approximately 14 times per PNA sweep. The two steps are
illustrated in Fig. 12 and verify that indeed the thermal cycling
of the switch causes real-time change in S-parameter of the
transmission line.

C. Reliability Characterization

The activated and inactivated states of VO2 are thermally
cycled for a total of 100 million times. Then, S-parameter
values of the activated and inactivated states of the VO2 are
measured at the cycle numbers of 0, 105, 106, 107, and 108,
respectively. S-parameter data, across the measured frequency
band of 35 – 45 GHz, for each of the four DUTs are measured
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Fig. 13. Box and whisker plot of (a) S11 and S21 measurements of the
inactivated states and (b) the activated states of the 4 DUTs from cycles
0 to 108. Data is shown for 5 frequencies from 35 to 45 GHz. S11 and S21
are marked on the side.

after cycling with its activated and inactivated states. Measured
values are shown in Fig. 13 (a) and Fig. 13 (b), for inactivated
and activated states, respectively. It is observed that while there
are expected variation in the whiskers of the plot due to the
variation of S-parameter data between each of the DUTs, there
are no significant differences between each of the cycles rang-
ing from 0 to 100 million. The differences in exact S-parameter
values at the same thermal cycle are attributed to the factors
mentioned in the previous subsection that cause the rippling
and to small differences in surrounding geometry.

To verify our hypothesis, a Paired T-Test analysis is per-
formed. This is done to quantitatively determine if there
are any statistical differences between the S-parameter data
to indicate degradation in the VO2. The null hypothesis
of (1) states that there is no difference in the means of each
S-parameter of each DUT (as the number of thermal cycles
increases) indicating lack of degradation in the VO2 material;
accordingly, the alternative hypothesis of (2) states that there is
a difference in the means of the S-parameters of each DUT as
the number of cycles increases, thereby indicating some form
of degradation in the VO2 switch over the course of thermal
cycling. Here, μ0 is the mean S-parameter value at zero cycles
and μx is the mean S-parameter value at 105, 106, 107, and
108, switching cycles:

H0: μ0 cycles − μx cycles = 0, (1)

Ha: μ0 cycles − μx cycles �= 0. (2)

TABLE III
PAIRED T-TEST RESULTS FOR S-PARAMETER CYCLE

COMPARISONS AT 38 GHZ

The Paired T-Test is run comparing the S-parameter results
at 0 cycles and each of the consecutive cycles to determine
if any significant differences exist at a 1% significance level
between the four DUTs before and after thermal cycling. The S-
parameters for 5 frequencies from 35 to 45 GHz have similar
degradation, and the corresponding H and P values for the
various cycle comparisons at 38 GHz are shown in Table III.

The P-value of the test indicates the likelihood of data occur-
ring under the null hypothesis. For our test, this states that
there is statistically no significant difference between the S-
parameter values of the DUTs between each consecutive cycle.
At the 1% significance level, the threshold for the P-value is
0.01. A P-value <1% would be statistically significant, mean-
ing a failure of the null hypothesis. We saw no statistically
significant results, meaning the null hypothesis passes all tests.
Consequently, the resulting H-value of each comparison test
equates to 0, thereby stating that the null hypothesis is true and
that there are no statistically significant differences between
the S-parameters of consecutive cycles beyond 0.

This translates to no significant degradation or change
in the performance of VO2 even after 100 million thermal
cycles. The proposed VO2 shunt switch with localized Joule
heaters is the first step to exploit the reliability performance
of this material for RF applications. Future studies could
include expanded frequency range as well as implantation of
a series switches with more efficient embedded heaters such
as nichrome, molybdenum, or tungsten.

V. CONCLUSION

In this work, for the first time, we investigate the reliability
of VO2 thin film switches under prolonged rapid all-thermal
actuation using localized Joule heaters and CPW shunt switch.
The RF port-to-port measurements of the VO2 shunt switch
are performed at inactivated and activated states, with S21
of −4.0 dB −1.6 to and −59 dB to −17 dB, and S11 of
−48 dB to −12 dB and -6.2 dB to −3.3 dB, respectively,
across 35 – 45 GHz. The strongest switching performance
occurred at 38 GHz with S21 of −2.4 dB and −38 dB and
S11 of −23.7 dB and −4.1 dB, at inactivated and activated
states, respectively. The timing and reliability of the thermal
cycling are verified using the pulse voltage and oscilloscope;
the switching is also verified at mmWave band of 35 –
45 GHz. Even after 100 million cycles, statistical analysis
of S-parameter measurements gives no indication of degrada-
tion in electrical properties the VO2 switches. The study was
concluded after the 100 million cycles, having observed no
device degradation or failure. Power handling and linearity of
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the switch may be important in certain applications; however,
these were not a part of our study. We also note that for certain
applications such as space, a temperature-controlled environ-
ment can enable application of VO2 switches well above
the phase transition temperature. The reported measurement
results indicate high reliability of VO2 switches under cycli-
cal testing and provide confidence for development of future
optimized switches for next generation mmWave devices for
5G and beyond applications.

REFERENCES

[1] M. Lust, S. Chen, C. E. Wilson, J. Argo, V. Doan-Nguyen, and
N. Ghalichechian, “High-contrast, highly textured VO2 thin films inte-
grated on silicon substrates using annealed Al2O3 buffer layers,” J. Appl.
Phys., vol. 127, no. 20, 2020, Art. no. 205303, doi: 10.1063/1.5144816.

[2] J. B. Goodenough, “The two components of the crystallographic tran-
sition in VO2,” J. Solid State Chem., vol. 3, no. 4, pp. 490–500, 1971,
doi: 10.1016/0022-4596(71)90091-0.

[3] R. Shi et al., “Recent advances in fabrication strategies, phase transi-
tion modulation, and advanced applications of vanadium dioxide,” Appl.
Phys. Rev., vol. 6, no. 1, 2019, Art. no. 11312, doi: 10.1063/1.5087864.

[4] M. M. Qazilbash et al., “Mott transition in VO2 revealed by infrared
spectroscopy and nano-imaging,” Science, vol. 318, no. 5857, p. 1750,
2007, doi: 10.1126/science.1150124.

[5] H.-T. Kim, B.-G. Chae, D.-H. Youn, G. Kim, and K.-Y. Kang,
“Raman study of electric-field-induced first-order metal-insulator tran-
sition in VO2-based devices,” Appl. Phys. Lett., vol. 86, no. 24, 2005,
Art. no. 242101, doi: 10.1063/1.1941478.

[6] A. Cavalleri et al., “Femtosecond structural dynamics in VO2 during an
ultrafast solid-solid phase transition,” Phys. Rev. Lett., vol. 87, no. 23,
2001, Art. no. 237401, doi: 10.1103/PhysRevLett.87.237401.

[7] J. Cao et al., “Strain engineering and one-dimensional organization of
metal–insulator domains in single-crystal vanadium dioxide beams,” Nat.
Nanotechnol., vol. 4, no. 11, pp. 732–737, 2009.

[8] H. Bin et al., “External-strain induced insulating phase transition in
VO2 nanobeam and its application as flexible strain sensor,” Adv. Mater.,
vol. 22, no. 45, pp. 5134–5139, 2010, doi: 10.1002/adma.201002868.

[9] C. Hillman, P. Stupar, and Z. Griffith, “VO2 switches for millimeter and
submillimeter-wave applications,” in Proc. IEEE Compound Semicond.
Integr. Circuit Symp. (CSICS), 2015, pp. 1–4.

[10] H. Ma et al., “Flexible, all-inorganic actuators based on vanadium
dioxide and carbon nanotube bimorphs,” Nano Lett., vol. 17, no. 1,
pp. 421–428, 2017, doi: 10.1021/acs.nanolett.6b04393.

[11] K. Liu, C. Cheng, Z. Cheng, K. Wang, R. Ramesh, and J. Wu, “Giant-
amplitude, high-work density microactuators with phase transition acti-
vated nanolayer bimorphs,” Nano Lett., vol. 12, no. 12, pp. 6302–6308,
2012, doi: 10.1021/nl303405g.

[12] C. D. Reintsema, E. N. Grossman, and J. A. Koch, “Improved VO2
microbolometers for infrared imaging: Operation on the semiconducting-
metallic phase transition with negative electrothermal feedback,” in Proc.
Infrared Technol. Appl. XXV, SPIE, vol. 3698, Jul. 1999, pp. 190–201.
[Online]. Available: https://doi.org/10.1117/12.354520

[13] S. Chen, M. Lust, and N. Ghalichechian, “Exploiting nonlinear prop-
erties of VO2 in a mmWave antenna-coupled sensor,” in Tech. Dig.
Solid-State Sensor Actuator Workshop, Hilton Head Island, SC, USA,
2022, pp. 1–4.

[14] S. Chen, M. Lust, and N. Ghalichechian, “Multiphysics simulation of
hypersensitive microbolometer sensor using vanadium dioxide and air
suspension for millimeter wave imaging,” Microsyst. Technol., vol. 27,
no. 7, pp. 2815–2822, 2021, doi: 10.1007/s00542-020-05031-0.

[15] S. Chen, M. Lust, and N. Ghalichechian, “A vanadium diox-
ide microbolometer in the transition region for millimeter
wave imaging,” in Proc. IEEE Int. Symp. Antennas Propag.
USNC-URSI Radio Sci. Meeting, 2019, pp. 1641–1642,
doi: 10.1109/APUSNCURSINRSM.2019.8888891.

[16] S. Chen, B. Ghassemiparvin, and N. Ghalichechian, “The design
of high-responsivity millimeter wave imager using vanadium dioxide
microbolometers,” in Proc. 12th Eur. Conf. Antennas Propag. (EuCAP),
London, U.K., 2018, pp. 1–4, doi: 10.1049/cp.2018.0560.

[17] S. Chen, M. Lust, and N. Ghalichechian, “Antenna-coupled
microbolometer based on VO2’s non-linear properties across the
metal–insulator transition region,” Appl. Phys. Lett., vol. 121, no. 20,
2022, Art. no. 201901, doi: 10.1063/5.0123779.

[18] M. Lust and N. Ghalichechian, “VO2-based reconfigurable meander-
line polarizer at Ka-band,” in Proc. IEEE Int. Symp. Antennas Propag.
USNC-URSI Radio Sci. Meeting (APS/URSI), Singapore, Dec. 2021,
pp. 551–552, doi: 10.1109/APS/URSI47566.2021.9704350.

[19] J. Ramsey, K. Henderson, and N. Ghalichechian, “Thermally actuated
vanadium dioxide millimeter wave reflectarray,” in Proc. 16th Eur. Conf.
Antennas Propag. (EuCAP), Madrid, Spain, 27 Mar./Apr. 2022, pp. 1–3,
doi: 10.23919/EuCAP53622.2022.9768925.

[20] D. Lee et al., “Sharpened VO2 phase transition via controlled release
of epitaxial strain,” Nano Lett., vol. 17, no. 9, pp. 5614–5619, 2017,
doi: 10.1021/acs.nanolett.7b02482.

[21] A. Crunteanu et al., “Voltage- and current-activated metal–insulator
transition in VO2-based electrical switches: a lifetime operation anal-
ysis,” Sci. Technol. Adv. Mater., vol. 11, no. 6, 2010, Art. no. 65002,
doi: 10.1088/1468-6996/11/6/065002.

[22] I. P. Radu et al., “Switching mechanism in two-terminal vanadium diox-
ide devices,” Nanotechnology, vol. 26, no. 16, 2015, Art. no. 165202,
doi: 10.1088/0957-4484/26/16/165202.

[23] N. El-Hinnawy et al., “A four-terminal, inline, chalcogenide phase-
change RF switch using an independent resistive heater for thermal
actuation,” IEEE Electron Device Lett., vol. 34, no. 10, pp. 1313–1315,
Oct. 2013, doi: 10.1109/LED.2013.2278816.

[24] T. Singh and R. R. Mansour, “Loss compensated PCM GeTe-based latch-
ing wideband 3-bit switched true-time-delay phase shifters for mmWave
phased arrays,” IEEE Trans. Microw. Theory Techn., vol. 68, no. 9,
pp. 3745–3755, Sep. 2020, doi: 10.1109/TMTT.2020.3007833.

[25] T. Singh and R. R. Mansour, “Experimental investigation of
performance, reliability, and cycle endurance of nonvolatile
DC–67 GHz phase-change RF switches,” IEEE Trans. Microw.
Theory Techn., vol. 69, no. 11, pp. 4697–4710, Nov. 2021,
doi: 10.1109/TMTT.2021.3105413.

[26] G. Guzman, F. Beteille, R. Morineau, and J. Livage, “Electrical switch-
ing in VO2 sol–gel films,” J. Mater. Chem., vol. 6, no. 3, pp. 505–506,
1996, doi: 10.1039/JM9960600505.

[27] W. A. Vitale et al., “Field-enhanced design of steep-slope
VO2 switches for low actuation voltage,” in Proc. 46th Eur. Solid-
State Device Res. Conf. (ESSDERC), Sep. 2016, pp. 352–355,
doi: 10.1109/ESSDERC.2016.7599659.

[28] L. Xiao et al., “Fast adaptive thermal camouflage based on flex-
ible VO2/Graphene/CNT thin films,” Nano Lett., vol. 15, no. 12,
pp. 8365–8370, 2015, doi: 10.1021/acs.nanolett.5b04090.

[29] C. Ko and S. Ramanathan, “Stability of electrical switching properties
in vanadium dioxide thin films under multiple thermal cycles across
the phase transition boundary,” J. Appl. Phys., vol. 104, no. 8, 2008,
Art. no. 86105, doi: 10.1063/1.3000664.

[30] J. Jian, A. Chen, Y. Chen, X. Zhang, and H. Wang, “Roles of strain
and domain boundaries on the phase transition stability of VO2 thin
films,” Appl. Phys. Lett., vol. 111, no. 15, 2017, Art. no. 153102,
doi: 10.1063/1.4991882.

[31] B. Hu et al., “Failure and reliability analysis of a SiC power
module based on stress comparison to a Si device,” IEEE Trans.
Device Mater. Rel., vol. 17, no. 4, pp. 727–737, Dec. 2017,
doi: 10.1109/tdmr.2017.2766692.

[32] S. Mueller, J. Muller, U. Schroeder, and T. Mikolajick, “Reliability char-
acteristics of ferroelectric Si:HfO2 thin films for memory applications,”
IEEE Trans. Device Mater. Rel., vol. 13, no. 1, pp. 93–97, Mar. 2013,
doi: 10.1109/tdmr.2012.2216269.

[33] Y. Zhao et al., “Structural, electrical, and terahertz transmission prop-
erties of VO2 thin films grown on c-, r-, and m-plane sapphire
substrates,” J. Appl. Phys., vol. 111, no. 5, 2012, Art. no. 53533,
doi: 10.1063/1.3692391.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on June 09,2023 at 15:24:49 UTC from IEEE Xplore.  Restrictions apply. 

http://dx.doi.org/10.1063/1.5144816
http://dx.doi.org/10.1016/0022-4596(71)90091-0
http://dx.doi.org/10.1063/1.5087864
http://dx.doi.org/10.1126/science.1150124
http://dx.doi.org/10.1063/1.1941478
http://dx.doi.org/10.1103/PhysRevLett.87.237401
http://dx.doi.org/10.1002/adma.201002868
http://dx.doi.org/10.1021/acs.nanolett.6b04393
http://dx.doi.org/10.1021/nl303405g
http://dx.doi.org/10.1007/s00542-020-05031-0
http://dx.doi.org/10.1109/APUSNCURSINRSM.2019.8888891
http://dx.doi.org/10.1049/cp.2018.0560
http://dx.doi.org/10.1063/5.0123779
http://dx.doi.org/10.1109/APS/URSI47566.2021.9704350
http://dx.doi.org/10.23919/EuCAP53622.2022.9768925
http://dx.doi.org/10.1021/acs.nanolett.7b02482
http://dx.doi.org/10.1088/1468-6996/11/6/065002
http://dx.doi.org/10.1088/0957-4484/26/16/165202
http://dx.doi.org/10.1109/LED.2013.2278816
http://dx.doi.org/10.1109/TMTT.2020.3007833
http://dx.doi.org/10.1109/TMTT.2021.3105413
http://dx.doi.org/10.1039/JM9960600505
http://dx.doi.org/10.1109/ESSDERC.2016.7599659
http://dx.doi.org/10.1021/acs.nanolett.5b04090
http://dx.doi.org/10.1063/1.3000664
http://dx.doi.org/10.1063/1.4991882
http://dx.doi.org/10.1109/tdmr.2017.2766692
http://dx.doi.org/10.1109/tdmr.2012.2216269
http://dx.doi.org/10.1063/1.3692391


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


