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Due to its thermally driven structural phase transition, vanadium dioxide (VO,) has emerged as a
promising material for micro/nano-actuators with superior volumetric work density, actuation
amplitude, and repetition frequency. However, the high initial curvature of VO, actuators severely
obstructs the actuation performance and application. Here, we introduce a “seesaw” method of
fabricating tri-layer cantilevers to compensate for the residual stress and realize nearly arbitrary
curvature control of VO, actuators. By simply adjusting the thicknesses of the individual layers,
cantilevers with positive, zero, or negative curvatures can be engineered. The actuation amplitude
can be decoupled from the curvature and controlled independently as well. Based on the experi-
mentally measured residual stresses, we demonstrate sub-micron thick VO, actuators with nearly
zero final curvature and a high actuation amplitude simultaneously. This “seesaw” method can be
further extended to the curvature engineering of other microelectromechanical system multi-layer
structures where large stress-mismatch between layers are inevitable. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4958692]

Micro- and nano-actuators are widely used in reconfigur-
able metamatelrials,1 microelectromechanical  systems
(MEMSs), and nanoelectromechanical systems (NEMSs),
such as electrical switches” and micro-mirror arrays.’ To opti-
mize the performance of those devices, large amplitude and
strong, high speed force output are required. Vanadium diox-
ide (VO,) has emerged as a promising actuator working mate-
rial with superior overall performance.*® This is because VO,
undergoes a metal-insulator phase transition (MIT) at a tem-
perature slightly above room temperature (67 °C) that causes a
significant shrinkage of the crystal along the C-axis of its ru-
tile phase, thus leading to a large strain transformation and
high work density.*'*

In spite of these attractive properties of VO, actuators,
these devices suffer from large residual stress mismatch
between VO, and the clamping materials in a multi-layer
structure.”!> Previous work on VO, actuators generally uti-
lize two fabrication approaches, pre-release deposition®® and
post-release deposition*®7?1213:13:16 o£ VO, films. In the pre-
release deposition approach, VO, is first deposited on thermal
oxide. Then, a metal layer (e.g., Cr) is deposited onto the VO,
layer, followed by etching to define the anchor and actuator
pattern. This approach uses conventional fabrication techni-
ques, but the high built-in residual stress in Cr leads to a high
initial curvature.>® In the post-release deposition approach,
VO, films are grown directly on released cantilever struc-
tures”'> or atomic-force microscopy (AFM) probes.*'?!¢
This method also results in a high initial curvature due to the
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built-in stress within the VO, layers. Since these approaches
in previous work are based on stress-mismatched bi-layer con-
figurations, neither of them realizes arbitrary control of VO,
actuator curvatures or the elimination of the high initial curva-
ture. However, nearly zero and controllable curvatures are
critically important in many position/curvature-sensitive
micro/nano-devices.'’ ' For example, some reconfigurable
nanomechanical metamaterials utilize geometrically tunable
metallic gaps to adjust the transmission coefficient. With a
near zero-curvature suspended structure, the performance will
be enhanced with a small and controllable gap.'” Surface
machined MEMS switches also require the cantilever to
default to near zero curvature to make the top and bottom
electrodes easier to contact each other.>** A high initial cur-
vature in VO, cantilevers severely impedes the wide applica-
tion of VO,-based actuators.

For conventional multi-layer structures in MEMSs,
many stress engineering techniques are used to solve the
high initial curvature problem. However, such techniques
usually involve additional, complex fabrication processes,
such as deposition parameter optimization,”'™* thermal
annealing,”* ion implantation,” or different deposition
methods.?® Since VO, is sensitive to high temperature and
oxidation environments, these stress engineering processes
not only elevate the fabrication complexity and cost of VO,
devices, but also may degrade the physical properties of
VO, films. Moreover, deposition of high-quality VO,
requires high temperature,*'® which limits the selection of
underlayer materials, making it more difficult to find a
stress-matched material with VO, and further limits the
VO, actuator fabrication.

Published by AIP Publishing.
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In this work, we demonstrate a way to control the cur-
vature of VO,-based actuators using a “seesaw” method
with a tri-layer cantilever structure. Thin layers with differ-
ent residual stresses are used to build the tri-layer actuator.
Our rational design of the thickness ratios among the three
layers realizes a nearly arbitrary control of the curvature.
This work is based on the pre-release deposition approach,
and no additional stress engineering processes or microfab-
rication techniques are needed. Furthermore, this method
achieves independent control of the initial curvature and
the insulating (I) to metallic (M) phase curvature change,
which greatly facilitates the design of VO,-based devices.
First, we analyze the limits of the conventional bi-layer
VO, actuators. In comparison with the bi-layer design, the
“seesaw” tri-layer design is introduced to overcome the cur-
vature control limits within conventional bi-layer struc-
tures. We then analyze the curvature control of tri-layer
actuators and compare their performance to the bi-layer
counterpart. We experimentally measure the residual
stresses of all materials involved in our devices. Finally,
based on the fabrication design and residual stress informa-
tion, Au/Cr/VO, tri-layer actuators are fabricated and
tested, and the experimental results are found to agree with
our simulation design.

Figure 1(a) shows a schematic diagram of bi-layer canti-
lever VO, actuators, which are formed by mechanically cou-
pling a VO, layer with another material without phase
transition. The curvature of the actuator greatly changes
when the VO, layer switches from its I-phase to M-phase.
However, due to the residual stress mismatch between the
two layers, the VO, actuators typically exhibit an unwanted
initial curvature when it is released. To simulate the curva-
ture of the bi-layers, we utilize the model by Nikishkov?’ to

(a) (b)
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calculate the curvature of Cr/VO, and Au/VO, bi-layer
cantilevers
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where K is the cantilever curvature, m is the total number of
layers in the cantilever, E, = E,/(1 — ), yu = Yu-1 + tn,
and yp = 0. The material properties involved are Young’s
modulus £,, Poisson’s ratio v, film thickness 7,, and initial
strain ¢, of the nth layer. Note that the initial strain can be
calculated by the residual stress and material elastic
properties.

The analytical results for both the I-phase and M-phase
of VO, are shown in Figure 1(b). Note that thermal expan-
sion is neglected here because it only induces a small curva-
ture change compared to that caused by residual stresses and
the VO, phase transition.” For the calculated results shown
in Figure 1, material properties (elastic modulus and
Poisson’s ratio) were obtained from previous reports,'>2%%
and other parameters (film thickness, residual stress, etc.)
were taken from our experiments, unless otherwise specified.
To accurately design the VO, strain change during the phase
transition, we first utilized a lumped method by fitting an
“effective stress change” during the VO, phase transition
with experimental data and used it in the following analytical
discussion and device design.'” Cr and Au are selected as the
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FIG. 1. Analytical comparison between bi-layer and tri-layer VO, actuators. (a) Schematic diagram of a Cr/VO, and an Au/VO, bi-layer actuator, where resid-
ual stresses cause unwanted initial curvatures. The orange arrows indicate the strain change of each layer after release (same in (d)), while the blue arrows indi-
cate the cantilever bending direction (i.e., sign of curvature). (b) Calculated curvature of Cr/VO, and Au/VO, bi-layer actuators when the VO, is in the I-phase
or M-phase. (¢) Curvature change between the I-phase and M-phase of VO, for Cr/VO, and Au/VO, bi-layer actuators. (d) Schematic diagram of an Au/Cr/
VO, tri-layer actuator. (e) Calculated curvature of Au/Cr/VO, tri-layer actuators when the VO, is in the I-phase or M-phase. The lines represent the contour
where the curvature equals zero (same in (f)). (f) Curvature change between the I-phase and M-phase of Au/Cr/VO, tri-layer actuators.
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clamping materials because they are widely used in a variety
of reconfigurable metamaterials and MEMS/NEMS related
applications.'*® Moreover, the residual stresses in Cr and Au
are larger and smaller than that in VO,, respectively. Figure
1(b) clearly shows that the VO, bi-layer system tends to
bend towards the side with larger initial built-in tensile stress
and hence exhibits a large curvature. Here, we define the
positive curvature as an upward bend in the cantilever.
Regardless of the thickness ratios of the layers, the curvature
never changes its sign or even reaches zero. The peak value
appears at the thickness ratio of ~0.6 for Cr/VO, and ~0.7
for Au/VO,.>'% Since a large curvature change defines a
greater stroke and a better performance of the actuator, we
further compute the curvature change of the bi-layer VO,
actuators between the I-phase and M-phase, as shown in
Figure 1(c). The curvature change is calculated as the
M-phase curvature minus the I-phase curvature and has a lin-
ear relationship with the I-phase or M-phase curvatures
themselves. If the thickness of either layer dominates (with
a thickness ratio far from 1), the total curvature and the cur-
vature change decrease simultaneously. Therefore, in this
bi-layer configuration, it is not possible to achieve a flat cur-
vature (in either I-phase or M-phase) without sacrificing the
net curvature change.

To solve this problem, here we introduce the tri-layer
configuration. As depicted in Figure 1(d), the Cr layer, which
possesses the largest residual stress, is sandwiched by an Au
and a VO, layer, which have smaller stresses, forming a
“seesaw”’ structure in terms of stress compensation. Within a
certain range, arbitrary curvatures can be achieved by simply
adjusting the thickness ratios between the three layers.26
Based on the Equations (1)—(3), we plot, in Figure 1(e), the
calculated curvature of Au/Cr/VO, actuators when the VO, is
in the I- or M-phase, which proves that adjusting the thickness
of either or both layers (Cr and Au) results in curvatures with
different signs or zero value. Note that the bi-layer cases cor-
respond to the horizontal and vertical axes in Figure 1(e),
which means that the limit of curvature adjustment in the
tri-layer case is the bi-layer configuration. In Figure 1(f), we
show the curvature change of tri-layer VO, actuators between
the M-phase and I-phase. It is shown that there is no degrada-
tion in the actuation performance, when compared to the
bi-layer configuration, if it is carefully designed. The maxi-
mum curvature change of a tri-layer VO, actuator with zero
curvature in the M-phase is roughly —1.31 x 10*m~!, while
the peak values of Cr/VO, and Au/VO, structures
are —1.35 x 10*m~! and —1.21 x 10*m™!, respectively. By
designing the thickness ratio in the tri-layer actuator, we can
achieve zero curvature in either M-phase or I-phase,
whereas the curvature change is nearly arbitrarily adjustable
as well. The independent control of the initial curvature and
the I-M phase curvature change greatly expands the MEMS/
NEMS design space and widens the applications of VO,
actuators.

To determine the residual stresses in individual layers for
the tri-layer design, we used the free-standing cantilever
method.’**' We separately deposited Au, Cr, or VO, layers
onto silicon cantilevers (NANOSENSOR Co., NCHR-W) and
used an optical profilometer (ADE Phase Shift MicroXAM
Optical interferometric profiler) to measure the cantilever

Appl. Phys. Lett. 109, 023504 (2016)

-500 -

-1,000

-1,500 T 1

Measured residual stress (MPa)

-2,000 T

T T T
S O & (o
& & & &

I M

FIG. 2. Measured residual stresses of the Au, VO,, and Cr films with differ-
ent thicknesses involved in this work. Note that the negative value indicates
a tensile residual stress developed within the film.

curvature after the thin film deposition. Based on these results,
numerical calculations in COMSOL™ Multiphysics were
used to retrieve the residual stresses within the deposited
films, and the results are presented in Figure 2. The calculated
residual stresses in Cr, Au, and VO, thin films agree well with
previous reports. 253273

We also experimentally tested the curvature control and
performance of the tri-layer VO, actuators. The fabrication
process, as shown in Figure 3(a), started with a deposition of
170nm VO, on a Si substrate with a 1 um thick thermal
oxide (SiO,) by pulsed laser deposition (PLD). A krypton
fluoride excimer laser (4 = 248 nm) was focused on a VO,
target (99%) with a fluence of 350 mJ and a repetition rate of
5 Hz. The substrate temperature was kept at 575 °C, and the
total oxygen pressure was 7 mTorr during the deposition.
The 44nm Au and 33 nm Cr deposition and patterning were
done by photolithography, e-beam evaporation, and lift-off.
Then, the anchor area was defined by photolithography using
S1818 photoresist. The S1818 photoresist and Au/Cr layers
served as masks in the following reactive ion etching (RIE),
which etched the exposed VO, film with minimal lateral
etching. Afterwards, the whole substrate was treated with
buffered oxide etchant (BOE, 5:1) for a period of time,
which etched part of the SiO, beneath the cantilevers without
fully releasing the cantilevers. Since the initial curvature of
our design is quite small compared to that of previous

—_

a) (b)

FIG. 3. Fabrication of VO, tri-layer cantilever actuators. (a) Deposit VO,
film on the Si substrate with a 1 um thick thermal oxide overlayer. E-beam
evaporation of Cr and Au layers and lift-off. Define the anchor region using
the photoresist and the RIE patterning of VO,. Wet etch the sacrificial layer
with BOE (5:1), remove photoresist with acetone, and then dry etch the re-
sidual thermal oxide with HF vapor. The thicknesses of the layers are not
scaled. (b) SEM image of a released VO, actuator array.
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FIG. 4. Experimental results of the Au/Cr/VO, tri-layer actuator. (a) Temperature-dependent resistivity of a representative VO, film used, showing clear
metal-insulator phase transition around 67 °C. The following characterizations were done at room temperature (~25°C) or 85°C, where VO, is fully in its
I-phase or M-phase, respectively. (b) Optical images of VO, tri-layer actuators with corresponding schematic diagrams. (c) Comparison of experimental and
simulated cantilever deflection, in both the I-phase and M-phase of VO,. Note that, for a clear comparison, only part of the beam profiles are plotted.

work,s’8 severe stiction between the cantilevers and the bot-
tom substrate was observed if we completely released the
cantilevers using the wet etching method and directly took
them out. Instead, we applied HF vapor to fully release the
suspended structures, following the removal of the photore-
sist by acetone. The VO, that covers the anchor area well
protected the underlying SiO, and thus defined the anchor
during the HF vapor etching process. We carefully controlled
the HF vapor etching time because it may create a negative
influence on VO, actuators. Critical point drying can also be
used to release such structures. An SEM image of the
released cantilevers is shown in Figure 3(b).

Depicted in Figure 4(a) is the resistance of a representa-
tive VO, film used as a function of temperature, confirming
the expected I-M phase transition. The shape of the VO, tri-
layer actuator was measured at room temperature (~25 °C)
and 85 °C, where the VO, film was completely in its I-phase
and M-phase, respectively. To help the release of the sus-
pended structure, we intentionally designed the VO, tri-layer
actuator to bend upwards at low temperature (I-phase).
When the actuator was globally heated up beyond the phase
transition temperature (reaching the M-phase), the in-plane
shrinkage of the VO, layer actuated the entire cantilever and
bent it downwards, reaching a nearly zero curvature. The
cantilever profile was observed with a reflective microscope,
as shown in Figure 4(b). To quantify the curvatures driven
by the phase transition, we measured the cantilever profile
with an optical microscope. Shown in Figure 4(c) is the
comparison between the experimental results and numerical
simulation by COMSOL. The VO, actuator achieved a cur-
vature of 1.9 x 10°m~" in its M-phase with a curvature
change of —9.3 x 10>m™"! across the phase transition. The
slight discrepancies between the measured and the simulated
curvatures are attributed to a few factors: (1) inaccuracy in
the actual thicknesses of Au, Cr, and VO, layers, (2) error in
the estimated residual stress of each layer, and (3) uncer-
tainty in the phase transition stress in the VO, layer. Using
slightly different thicknesses of Au and Cr by —3nm and
+4 nm, respectively, the experimental result can be perfectly
fitted with the simulation result, which also shows the sensi-
tivity of the curvature to thickness variations.

In summary, a “seesaw” method to compensate resid-
ual stress is proposed and implemented in an Au/Cr/VO,

tri-layer cantilever structure to realize full control of the cur-
vature of VO, phase-transition actuators. The curvature can
be designed to be arbitrarily positive, zero, or negative by
simply tuning the thickness ratio among the three layers
involved. Moreover, the actuation amplitude of the VO,
actuator, determined by the curvature change between the
I-phase and M-phase state of the VO, layer, can be
decoupled from the initial curvature value itself. The nearly
arbitrary and decoupled control of VO, actuator curvatures
and actuation amplitudes show the potential to greatly
expand the applications of VO, actuators in such fields as
reconfigurable metamaterials, MEMSs, and NEMSs.
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