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improve device stability over long opera-
tion period or in different operating con-
ditions. In order to compensate for the 
resonant frequency shift, active tuning 
methods are usually preferred over the 
passive tuning techniques which offer 
a fully controllable way with environ-
mental adaptability. Typical active tuning 
methods, including electrostatic tuning, 
electro/photothermal tuning, and stress 
tuning, are usually limited by the com-
plexity of the system[9–11] or low tuning 
ranges around 0.8–15%.[12–16] With a 
fully integrated device, electrothermal 
tuning based on phase change material 
offers a simplified approach for obtaining 
larger frequency tuning ranges as high as 
≈40%.[17,18]

Vanadium dioxide (VO2) undergoes a 
fully reversible hysteretic first order solid-
to-solid phase transition in which the crys-
tallographic structure changes from mono -
clinic (M) phase to rutile (R) phase. This 
phase transition, also known as insulator-

to-metal transition (IMT), starts at ≈68 °C[19] and typically spans 
between 5 and15 °C, depending on the microstructural proper-
ties of the film and its composition. The phase transition has 
been demonstrated to be induced in multiple ways including 
heat conduction,[20] external electric field,[21] optical radia-
tion,[22] etc. More recently, VO2-based system-on-chip micro-
meter-sized devices have been developed, including electronic 
switches,[23,24] smart windows and optical modulators,[25,26] 
MEMS mirrors,[27,28] and RF resonators.[29,30] Correlated with 
the IMT, a structural phase transition (SPT) is also observed at 
the same time due to the crystal structural rearrangement. The 
change in average spacing of vanadium ions from M-phase to 
R-phase[31] induces a large strain energy density, which enables 
large deflection[27,32,33] and fast responsivity[34] in VO2-based 
bimorph MEMS actuators.

The consequences of the SPT in VO2 can also be imple-
mented into active, fully reversible resonant frequency tuning 
techniques, which could be used to compensate frequency 
shifts due to performance degradation or random structural var-
iations. Depending on the resonator structure, the resonant fre-
quency shift can be induced by geometric distortion or residual 
axial stress.[35] The inherent hysteretic behavior also enables the 
programmability within multiple memory states.[36–38] All these 
efforts are focused on demonstrating larger frequency reconfig-
urability using simpler structures or methods, but little atten-
tion has been paid to the influence of these stress levels when 
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Phase-Change Materials

1. Introduction

Microbeams are widely implemented in microelectromecha-
nical system (MEMS) resonators for high performance sensing 
applications such as accelerometers,[1,2] gyroscopes,[3] bolo-
meter,[4,5] and fluid damping sensors.[6] The sensing mecha-
nisms often include changes in resonant frequency, Q-factor, 
amplitude or phase.[7] Although the fabrication methods follow 
standard micropatterning procedures, local variations could 
induce structural deviations between adjacent identical devices 
on the same wafer, resulting in different performances. These 
variations could be due to the high-stress sensitivity,[8] or simple 
random variations, such as the buckling direction of a bridge 
structure. Therefore, understanding the influence of these vari-
ations becomes crucial in improving device repeatability and 
reliability. Moreover, this information could also be used to 

Adv. Mater. Interfaces 2019, 1900887



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900887 (2 of 9)

www.advmatinterfaces.de

added to already existing large residual stress with different dis-
tributions. Due to small processing variations, postfabrication 
residual film stress can result in different buckling profiles in 
the beam structure; and the bending moment induced by the 
SPT of VO2 would also distort the beam structure, leading to a 
complicated frequency tuning behavior.

This work studies the influence of the SPT of VO2 thin film 
coatings on the resonant frequency of 300 µm SiO2 micro-
electromechanical bridges with different buckling orientations. 
Due to anchor-boundary conditions and random structural  
variations, the fabricated devices exhibit three different 
buckling profiles: upward, downward, and bell-shaped. The 
experimental results show that the resonant frequency tuning 
direction is heavily dependent on the buckling orientation 
of the microbridge, which is associated with different stress 
interfaces between VO2 and SiO2 layers. Different actuation 
methods (electrical resistive heating and substrate heating) 
produce different results, which are compared and discussed. 
The actuation dependent frequency tunability can be attrib-
uted to the different boundary conditions, where a turning 
point in the frequency curve occurs when a large deflection 
transitions the boundary condition from “fixed–fixed” to 
“fixed–pinned” during the VO2 phase change. These results 
provide important information for fabrication of VO2-based 
tunable resonators and can be extended to other bimorph 
structure resonators for the consideration of stress control 
and frequency stabilization.

2. Results and Discussion

2.1. Microbridges with Different Buckling Profiles

The VO2-based MEMS resonator used in this work is a 
clamped–clamped (C–C) bridge structure with dimensions of 
300, 40, and 2.2 µm in length, width, and thickness, respec-
tively. The fabrication process is shown in Figure 1a–f and 
described in detail in the Experimental Section. After the 
SiO2 deposition at 300 °C, there is residual thermal stress that 
induces compressive axial stress (σl) on the beam, which is 
larger than the critical Euler buckling load σc

[39]
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where Eeff is the effective Young’s modulus of the beam mate-
rial, h is the thickness, L is the beam length, and the negative 
sign represents the compressive load. In this case, the micro-
bridge will deform into a buckled state with a sinusoidal shape 
by minimization of the total energy.[40] For an ideal bridge, the 
beam has no preference in the buckling orientations which 
leads to an equal probability of buckling down or up. However, 
structural imperfections cause concave anchor boundary condi-
tions due to diagonal beam configuration and gradient in film 
stress; which makes the buckling orientation highly related  
to L and h,[41] i.e., an aspect ratio higher than L/h ≈ 150 leads to  
a state which favors the downward bending. In this work, 
the uncoated beam has an aspect ratio of ≈175 considering the 
overetching effect and the buckling orientation preference 

of the devices used is statistically demonstrated by reviewing 
400 microbridges in the same fabrication condition before VO2 
deposition (Figure 1e). Figure 1g shows the buckling distribu-
tion for these devices: 32% of the devices have an up buckling 
state while 53% are buckled down. The remaining structures 
(15%) show a downward bell-shaped buckling state. It should 
be noted that the bell-shaped buckling state also belongs to 
the down-buckled beams and the nuance in buckling profiles 
could be attributed to different stress distributions caused by 
uniformity issue since those devices are mostly found near the 
edge of the wafer.

For the purpose of analyzing the influence of surface stress 
modification, it is desirable to deposit a thinner VO2 coating 
with enough tuning stress. A thicker VO2 film could not only 
induce larger tensile stress but also increase the σc by changing 
the value of Eeff and h. This could result in a flattened beam 
after the VO2 deposition and the influence of different buck-
ling states will not be revealed. Thus, a 100 nm thick VO2 film 
coating is used in this work. After the VO2 deposition, the device 
is cooled down from 595 to 85 °C while an axial tensile stress 
is induced by the contraction of the VO2 film.[37] This tensile 
stress would alleviate the buckling state by decreasing the buck-
ling amplitude but is not large enough to overcome the Euler 
buckling limit and flatten the beam structure. As the device is 
further cooled down from 85 °C to room temperature, the VO2 
thin film goes through its phase transition from R-phase to 
M-phase, and the crystal planes parallel to the surface increase 
their areas, which leads to additional stress that consolidates 
the buckled state. Thus, the VO2 deposition condition does not 
change the initial buckling orientation for the bridge structure. 
The high quality of the VO2 film is demonstrated by measuring 
the resistance change on a 550 µm by 50 µm VO2 thin patch 
during its full heating and cooling cycle between 25 and 100 °C. 
A characteristic of nearly 3 orders of the drop in the film resist-
ance is observed and shown in Figure 1h. Figure 2a–c shows 
scanning electron microscopy (SEM) images of three VO2-
based microbridges with different buckling profiles from a 75° 
side view. The SEM images for three different types of micro-
bridges without VO2 coating are shown in Figure S1 in the 
Supporting Information. Magnified views of the beam center 
and anchor are presented in Figure 2d,e, respectively, where 
the metal resistor lines can be seen clearly. Figure 2f shows 
the cross section view of the film layout and Figure 2g shows a 
closer view of the VO2 thin film coating.

2.2. Effect of Residual Axial Stress

The resonant frequency is measured by the laser deflection 
method which is schematically shown in Figure 3 and described 
in detail in the Experimental Section. Three VO2-based micro-
bridges with same dimensions but different buckling profiles 
are tested and analyzed. Because of the diagonal arrangement 
of the beam, the underetching effect results in a concave 
boundary condition which causes a minimum elongation of 
the effective beam length of L L W

1

2
eff = + , where W is the beam 

width.[41] From the SEM images, the L, W, and h are meas-
ured to be 316, 42, and 2.27 µm, respectively (see Figure S2 in  
the Supporting Information), thus the minimum value of Leff 
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is estimated to be 337 µm. However, the actual effective length 
could be much longer than this value depending on the isotropic 
etching time. After scratching out the suspended structure, the 
actual Leff is revealed to be 377 µm as shown in Figure S1b  
in the Supporting Information. Given that the beam body 
is made of 91.9% SiO2, 3.3% Pt, and 5% VO2, Eeff is approxi-
mated as 76.6 GPa, where the Young’s modulus of each indi-
vidual material can be found in Table S1 in the Supporting 
Information. Thus, the σc is estimated from Equation (1) to be  
−9.14 MPa for the coated device and −7.84 MPa for the uncoated 
beam. For an uncoated beam, the residual axial stress (σl) can 
be calculated by considering the difference in thermal expan-
sion coefficients in SiO2 layer and Si substrate as[42]
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where E 70 GPaSiO2 =  and 0.17SiO2ν =  are the Young’s mod-
ulus and Poisson’s ratio of SiO2, 0.7 10 KSiO

6 1
2α = × − −  and αSi =  

2.8 × 10−6 K−1 are the thermal expansion coefficients of SiO2 and 
Si, respectively, and ΔT represents the temperature difference 
between room temperature and SiO2 deposition temperature. It 
should be noted that here the influence of Pt is not considered 
since it is deposited while the sample remains at room tem-
perature. The estimated residual axial stress for the uncoated 
beam is estimated (from Equation (2)) to be −49.6 MPa at room 
temperature. This value indicates compressive stress much 
larger than σc and therefore the devices exhibit buckled state as 
shown in Figure S1 in the Supporting Information.

For a VO2 coated microbridge, the finite element method 
(FEM) (see Figure S3 and Table S1 in the Supporting Informa-
tion) shows a first mode resonant frequency of 70.2 kHz. How-
ever, the resonant frequency of the three devices is measured  
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Figure 1. Fabrication processes of VO2-based bridge resonators. a) Deposition of 1 µm SiO2 layer on Si substrate by PECVD. b) Metalization of 
200 nm Pt/Ti thin film by sputtering coating and the heater traces are patterned by the lift-off method. c) PECVD deposition of the second SiO2 layer  
of 1 µm. d) Resonator beam structure defined by plasma dry etching of SiO2. e) MEMS structure released by isotropic etching with XeF2. f) Deposition 
of 100 nm VO2 thin film by PLD deposition. g) Statistic of buckling preference after the MEMS structure release. h) Resistance measurement of VO2 
test patch as a function of temperature during a full heating and cooling cycle to verify the film quality.
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to be 236.5, 247.6, and 266.7 kHz for down-buckled beam, up-
buckled beam, and bell-shaped buckled beam, respectively. The 
large discrepancy between the simulation and experimental 
results can be attributed to the mismatch of the thermal expan-
sion coefficient and lattice constant between the VO2 and SiO2 
layers. Given that all materials are deposited at different tem-
peratures, the mismatch in the thermal coefficients leads to 

large residual film stress at room temperature. It should be 
noted that the interface stress during the SPT is mainly due 
to the lattice mismatch which comes from the reconfiguration 
of the crystalline structure. However, this induced film strain 
can be modeled by introducing an equivalent thermal expan-
sion coefficient of VO2.[43] With this taken into account, the 
FEM simulation gives an estimation of the first mode resonant 
frequency to be 258.8 kHz (see Section 3 in the Supporting  
Information), which is close to the experimental measure-
ments. According to Euler–Bernoulli beam theory, the first 
mode resonant frequency of a buckled microbridge increases 
when the beam body undergoes compressive axial stress and 
decreases when the axial load is tensile. The relation between 
resonant frequency and residual axial stress can be expressed 
as[44]

f
L

2
(| | | |)

eff eff
2 l cρ

σ σ= −
 

(3)

where ρeff = 2920 kg m−3 is the effective density of the beam. 
Equation (3) indicates that when σl equals to σc, the resonant 
frequency is not measurable, which is the Euler buckling limit 
condition. Any deviation of the σl from σc, by either adding 
compressive or tensile stress, would lead to a rapid increase in 
the resonant frequency. Given that the σc can be estimated by 
Equation (1) and f can be measured experimentally, the σl is 
estimated to be −20.7 MPa for the up-buckled beam, −21.9 MPa 
for the down-buckled beam, and −23.9 MPa for the bell-shaped 
beam according to Equation (3). It can be seen that the compres-
sive residual stress in the beam after VO2 deposition becomes 
smaller (compared to the estimated value of −49.6 MPa before 
deposition), but it is still larger than σc of the coated beam. This 
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Figure 3. Schematic diagram of the laser deflection method used to 
measure the resonant frequency of a 300 µm VO2-based bridge reso-
nator; the VO2 phase transition can be induced either by electrothermal 
(i.e., resistive, or Joule) heating or substrate heating. Mechanical vibra-
tion input is provided by the piezoelectric disk.
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Figure 2. SEM images of VO2-based bridge resonators used in this work. a) A 300 µm VO2-based bridge resonator with up-buckled profile, scale bar: 
50 µm. b) A 300 µm VO2-based bridge resonator with down-buckled profile, scale bar: 50 µm. c) A 300 µm VO2-based bridge resonator with bell-
shaped buckling profile, scale bar: 50 µm. d) Beam center, scale bar: 10 µm. e) Beam anchor, scale bar: 10 µm. f) A cross section view of the stacked 
layers, scale bar: 1 µm. g) A cross section view of the VO2 thin film coating, scale bar: 100 nm.
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is also consistent with the observations by comparing Figure 2 
and Figure S1 in the Supporting Information (all SEM images 
are taken under the same condition) that the buckling ampli-
tudes are reduced after VO2 deposition.

When VO2 is thermally actuated, the material undergoes an 
SPT from M-phase to R-phase. In the low-temperature region 
before the phase transition, the vanadium atoms are alter-
natively spaced at distances of 2.65 and 3.12 Å. During the 
phase transition, the crystalline structure is rearranged into a 
more organized phase with vanadium atoms equally spaced at 
2.87 Å.[45] This distortion in the structure leads to a 0.7% con-
traction of the film along the c-axis direction.[46] Thus, high 
strain energy is induced into the beam body with a significant 
amount of stress and strain.[31] The added compressive stress 
in the VO2 thin film will induce tensile stress in the SiO2 
beam body—note that no external force is added to the beam 
during the SPT. Thus, a bending moment is generated to dis-
tort the beam structure into a curved shape with the film of a 
larger thermal expansion coefficient on the convex side. For a 
C–C bridge structure, the two fixed anchors restrict the large 
lateral deflection and lead to a high residual stress level along 
the beam longitudinal direction. This residual tensile stress in 
the SiO2 beam body causes a resonant frequency increase in an 
unbuckled microbridge[37] and a resonant frequency decrease in 
a buckled microbridge.[44]

2.3. Bending Moment in the Up-Buckled Beam

Microbridge resonator structures usually deviate from ideal 
C–C structures in terms of the flexibility of the anchor, which 
changes the fixed–fixed boundary condition into a pinned–
pinned or fixed–pinned condition. For an up-buckled micro-
bridge with profile as shown in Figure 4c, the VO2 thin film 
deposited on the SiO2 surface is under tension at room temper-
ature.[47] When the VO2 is thermally actuated, compressive sur-
face stress is induced to the convex side of the beam surface due 
to the SPT. This leads to a decrease in the surface tensile stress 
and consequently, a positive bending moment is generated on 
the pinned axis A and A′ (see Figure S4a,b in the Supporting 
Information). On the other hand, the upper edges B and B′ of 
the beam (see Figure S4b in the Supporting Information) tend 
to move toward the beam center. When Joule heating is used 
for the electrothermal actuation method, the heat is mainly con-
centrated along the suspended beam (not the substrate). Unlike 
the uniform heating that occurs during the substrate heating, a 
large thermal gradient is expected between the suspended beam 
and its anchor; which results in “cold anchors” that remain in 
fixed–fixed condition. In this case, the lateral deflection and the 
relative movement of edges B and B′ are significantly lower, 
and axial tensile stress is induced at the beam boundaries AB 
and A′B′. As the temperature increases and the SPT proceeds, 
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Figure 4. The resonant frequency shift of a 300 µm VO2-based microbridge in the up-buckled state. a) Resonant frequency shift through a complete 
heating and cooling cycle by using integrated resistive heaters. b) Resonant frequency shift through a complete heating and cooling cycle using sub-
strate heating. c) 3D reconstruction of the device showing the buckling amplitude in +z direction. d) Normalized buckling amplitude change as a 
function of substrate heating along the beam axial length.
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this residual axial tensile stress accumulates and results in a 
monotonically decrease in the resonant frequency as shown in 
Figure 4a (as expected for a buckled C–C beam).

The resonant frequency tunability is also found to be corre-
lated with the actuation method. As shown in Figure 4b, when 
the substrate heating is used to induce the VO2 SPT, the reso-
nant frequency shift behaves in a very different way compared 
to the Joule heating method shown in Figure 4a. During the 
heating loop, the resonant frequency decreases at the onset 
of the SPT, similarly to the case for Joule heating. When the 
temperature reaches about 76 °C, the resonant frequency 
approaches its minimum value (≈235 kHz) and then starts to 
increase as the heating loop continues. It should be noted that 
this turning point, which leads to a bidirectional tunability, hap-
pens in the middle of the SPT—from the cooling curve, this 
value of temperature remains within the hysteresis region. 
Thus, the microbridge is still subjected to a positive bending 
moment. Figure 4c shows the 3D reconstruction image of this 
up-buckled bridge with its height distribution information, 
taken by using the bottom of the etched cavity as the reference 
plane. The normalized buckling amplitude with respect to the 
fixed top surface is plotted along the beam longitudinal direc-
tion and shown as a function of substrate heating tempera-
ture in Figure 4d. It can be seen that the buckling amplitude 
decreases by ≈5% between 70 and 90 °C, and the first notice-
able change occurs between 70 and 80 °C, which includes the 

turning point shown in Figure 4b. Thus, for substrate heating, 
the lateral deflection is no longer restricted by the fixed–fixed 
boundary condition that exists when using Joule heating. The 
relative movement of edges B and B′, therefore, induces com-
pressive axial stress and results in an increase in the resonant 
frequency. This transition from a fixed–fixed boundary condi-
tion to fixed–pinned boundary condition can be attributed to dif-
ferent thermal distribution profiles upon the actuation methods 
used. It is worth to mention that here the “fixed–pinned” is used 
instead of “fixed–fixed” as the best fit boundary condition which 
represents the semiflexible anchor in our case. Unlike the Joule 
heating method, the substrate heating provides a more uniform 
thermal distribution, with a much lower temperature gradient 
between the suspended beam and the two anchors.

2.4. Bending Moment in the Down-Buckled  
and the Bell-Shaped Beam

When considering a down-buckled beam, the VO2 thin film is 
coated on the concave side of the beam. During the SPT, com-
pressive stress is added to this side of the beam body, which 
causes a negative bending moment exerted on the bridge (see 
Figure S4c in the Supporting Information). The boundary 
interfaces D and D′ tend to move against each other. Figure 5a 
shows the resonant frequency measurement as a function of 
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Figure 5. The resonant frequency shift of a 300 µm VO2-based microbridge in the down-buckled state. a) Resonant frequency shift through a com-
plete heating and cooling cycle by Joule heating. b) Resonant frequency shift through a complete heating and cooling cycle by substrate heating. c) 3D 
reconstruction of the device showing the buckling amplitude in −z direction. d) Normalized buckling amplitude change as a function of substrate 
heating along the beam axial length.
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Joule heating current for a full heating and cooling cycle. The 
fixed–fixed boundary condition, in this case, results in com-
pressive axial stress, which increases the resonant frequency in 
the heating loop. Similar to what happened in the up-bucked 
beam, at the onset of critical lateral deflection (between 70 
and 80 °C, see Figure 5d), the fixed–fixed boundary condition 
transitions into a fixed–pinned condition where the rotational 
force on the anchor pushes the edges D and D′ (Figure S4d, 
Supporting Information) against each other, leading to a ten-
sile stress along the beam axis. As shown in Figure 5b, the 
sign of the change in frequency with temperature turns at 
a similar temperature (≈76 °C) to that observed for up-state 
buckled bridges (Figure 4b). It should be noted that the change 
in frequency for these cases have opposite signs (i.e., up-state 
buckled beam turns from decreasing to increasing frequency; 
while the opposite is true for the down-state buckled beams). 
The change in buckling amplitude along the beam length is 
shown in Figure 5d. This bidirectional resonant frequency 
tunability observed for VO2 buckled bridges under substrate 
heating also explains the unclear phenomenon observed in a 
previous work, where a bump is observed in the frequency–
temperature curve.[44]

As indicated in Figure 1g, down-buckled microbridges with 
the downward bell-shaped profile are also observed. The buck-
ling amplitude for these devices is plotted in Figure 6d along 
the beam length with respect to different substrate heating 

temperatures. It can be seen that the buckling plots for this 
type of bridges are in a bell-shaped profile, which is different 
from the sinusoidal profiles observed for up- and down-state 
buckled bridges. In the bell-shaped buckled bridges, the reso-
nant frequency tunability exhibits more complicated patterns as 
demonstrated in Figure 6a,b. The potential explanation for the 
first turning point in the frequency response curve before the  
SPT could be attributed to the complicated stress distribu-
tion at the wafer edge during the manufacturing process, but 
the underlying mechanism for this unexpected behavior is 
not clear at this stage. Nevertheless, both actuation methods 
(i.e., Joule heating and substrate heating), show similar reso-
nant frequency shift patterns across the SPT region, since 
the general trend of the geometric distortion in this type of 
beam is also reducing the buckling amplitude upon a negative 
bending moment.

3. Conclusions

In this work, the changes in the resonant frequency of VO2-
based MEMS buckled bridge resonators across the coating’s 
SPT is explained in terms of the evolution of the axial stress 
on the beam. Different buckling profiles were analyzed. Due 
to the mismatch in the thermal expansion coefficients between 
layers, the microbridge exhibits buckling status with various 
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Figure 6. The resonant frequency shift of a 300 µm VO2-based microbridge with the bell-shaped buckling state. a) Resonant frequency shift through 
a complete heating and cooling cycle by Joule heating. b) Resonant frequency shift through a complete heating and cooling cycle by substrate heating.  
c) 3D reconstruction of the device showing the buckling amplitude in −z direction. d) Normalized buckling amplitude change as a function of substrate 
heating along the beam axial length.
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buckling profiles which can be classified into three groups: up, 
down, and bell-shape. The difference in the buckling profiles 
can be attributed to the overetching issue, the profiles of the 
boundary, and the nuance in fabrication processes. The first 
mode resonant frequency is measured by the laser deflection 
technique and is verified by the FEM simulation. Two thermal 
actuation methods are used for inducing the VO2 SPT: resis-
tive heating and substrate heating. The resonant frequency is 
measured throughout full heating and cooling cycles. The fre-
quency tunability shows a strong dependency on the actuation 
methods and the buckling profile of the bridge. This pheno-
menon is attributed to a transition in the boundary condition 
from fixed–fixed constraint to a fixed–pinned constraint. Resis-
tive (or Joule) heating shows a monotonic change in frequency, 
whereas the substrate heating exhibits a bidirectional change 
in frequency. When a lateral deflection happens in the beam 
structure, the magnitude of the present axial stress is released, 
and the resonant frequency starts to shift in the opposite direc-
tion. The significant difference in the frequency tunability is 
also observed for those microbridges with different buckling 
profiles. By depositing the VO2 thin film on either the concave 
or convex side of the beam (corresponding to up- and down-
buckled bridges, respectively), different bending moments are 
induced and exerted on the microbridges. This results in oppo-
site trends in the frequency tunability across the SPT. The high 
sensitivity of the tunability to the stress is also demonstrated 
by comparing two down-buckled beams, where one has a sinu-
soidal shape, and the other a bell-shape. Although the buckling 
amplitude decreases in a similar trend, a more complicated fre-
quency tunability is observed for the bell-shaped beams. This 
research provides fundamental considerations for stress con-
trol, frequency tunability, and actuation methods in bimorph 
MEMS devices.

4. Experimental Section
Device Fabrication: The fabrication process of VO2-based MEMS 

resonator with clamped–clamped (C–C) structure followed the 
standard CMOS microfabrication which is schematically shown 
in Figure 1a–f. The fabrication started with a 1 µm SiO2 thin film 
deposited on a single crystalline silicon substrate by plasma enhanced 
chemical vapor deposition (PECVD) method at 300 °C with SiH4 as 
the carrier gas. The next step was the metallization and patterning of 
the heater traces. This was done by the sputtering coating of a 20 nm 
Ti layer and followed by deposition of 180 nm Pt layer with the same 
method. Here, the Ti thin film was used as the adhesion layer. Then, 
the metal heater traces were patterned by the lift-off method. In the 
next step, the second layer of 1 µm SiO2 thin film was deposited on top 
by using the same PECVD method as the first SiO2 layer. The MEMS 
structure was then defined by reactive ion etch (RIE) of SiO2 layer  
(2 µm in total) with SF6. Isotropic etching of the Si substrate was then 
performed by using the XeF2 gas to release the beam structure. The 
last step was the deposition of VO2 thin film by pulsed laser deposition 
(PLD) method, which was performed in a 15 mTorr O2 atmosphere at 
595 °C with excimer laser pulses bombarded onto the vanadium target 
at the energy and repetition rate of 550 mJ and 10 Hz, respectively. 
The deposition was performed for 15 min and resulted in a VO2 thin 
film ≈100 nm thick. The finalized device was then mounted on a 
customized thermally conductive IC package which allowed for either 
Joule heating or substrate heating actuation method. At this stage, the 
device was ready to be wire bonded with an external circuit and tested.

Experimental Setup: The first mode resonant frequency of the VO2-
based MEMS resonator was measured by the laser deflection method 
which is briefly described as a schematic diagram shown in Figure 3. 
The device was first attached on the thermal conductive IC package, 
which was also fixed onto a Peltier heater, by thermally conductive silver 
paste. A thermocouple was then placed onto the IC package close to the 
device in order to monitor the temperature. A piezoelectric actuation 
disk was also placed beneath the Peltier heater which provided the 
AC sweeping mechanical force in order to determine the resonant 
frequency. Then, the whole package was placed into a vacuum chamber 
and pumped down to below 10 mTorr. An AC electrical sweeping 
signal was provided by a network analyzer (HP-3589A) and drove the 
piezoelectric actuator into vibration. The VO2 resonator exhibit strong 
vibration at its natural resonant frequency and deflected away the laser 
beam focused onto the beam center. This difference in the light intensity 
was captured by a photodiode detector, which was also connected with 
the network analyzer. To avoid any undesirable heating effect caused 
by the laser beam, especially in the phase transition window of VO2, 
a neutral density filter (ND = 1) was used to reduce the laser power 
shine on the device while still providing a detectable optical signal. The 
laser power was measured to be reduced from 5.8 to 0.32 mW after the 
neutral density filter and was further reduced to 0.29 mW by the glass 
window on the vacuum chamber. The diameter of the beam spot was 
measured to be around 160 µm, which was four times larger than the 
resonator’s width. Thus the actual power delivered by the laser spot to 
the resonator should be much lower than 0.29 mW.

3D Reconstruction: The 3D reconstruction representations are shown 
in Figures 4c, 5c, and 6c and the buckling amplitudes along the beam 
axis at different temperatures shown in Figures 4d, 5d, and 6d were 
measured by Keyence VHX-600. The 3D height distribution contour map 
was realized by the z-axis stacking technique. The microscope was first 
focused on the bottom surface of the etching cavity as the zero height 
reference level. Then, an automatic scan on z-axis focusing planes was 
performed to collect the 3D spatial information.
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