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ABSTRACT Miniaturization of the steam engine to the microscale
is hampered by severe technical challenges. Microscale mechanical
motion is typically actuated with other mechanisms ranging from
electrostatic interaction, thermal expansion, and piezoelectricity to
more exotic types including shape memory, electrochemical reaction,
and thermal responsivity of polymers. These mechanisms typically offer
either large-amplitude or high-speed actuation, but not both. In this
work we demonstrate the working principle of a microscale solid
engine («SE) based on the phase transition of V0, at 68 °C with large
transformation strain (up to 2%), analogous to the steam engine
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invoking large volume change in a liquid—vapor phase transition. Compared to polycrystal thin films, single-crystal VO, nanobeam-based bimorphs deliver

higher performance of actuation both with high amplitude (greater than bimorph length) and at high speed (greater than 4 kHz in air and greater than 60 Hz in

water). The energy efficiency of the devices is calculated to be equivalent to thermoelectrics with figure of merit ZT = 2 at the working temperatures, and much

higher than other bimorph actuators. The bimorph «SE can be easily scaled down to the nanoscale, and operates with high stability in near-room-temperature,

ambient, or aqueous conditions. On the basis of the «SE, we demonstrate a macroscopic smart composite of V0, bimorphs embedded in a polymer, producing

high-amplitude actuation at the millimeter scale.
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dioxide (VO,) have demonstrated very

large, reversible curvature changes
when heated slightly above room tempera-
ture." 3 VO, undergoes a first-order metal—
insulator transition (MIT) at 68 °C, accompa-
nied by a structural transition from a mono-
clinic phase (M1, T < 68 °C) to a tetragonal
rutile phase (R, T > 68 °C) with a large
transformation strain of ~1% along the rutile
c-axis (cg). Coupling VO, with an inactive
material to form a bilayer structure enables
actuation with giant amplitudes.? The trans-
formation strain is several orders of magni-
tude higher than that of conventional
bimorph actuators that rely on a difference
in linear thermal expansion coefficient be-
tween two materials.* Indeed, bimorphs
incorporating polycrystal thin films of VO,
on Si microcantilevers have achieved large
curvature changes' over 2500 m~', while

B ilayer structures based on vanadium
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bimorphs utilizing single-crystal VO, nano/
microbeams coupled with Cr have produced
curvature changes® over 23000 m~". Here,
the single-crystalline nature of VO, nano-
beams enhances the curvature change by
aggregating the structural transformation
strain along the bimorph length direction
(nanobeam axis), in contrast to the case of
polycrystal VO,/Si where the strain is partially
canceled and averaged along the bimorph
length. This benefit results from the fact that
single-crystal VO, nano/microbeams support
single-domain MIT where the entire nano/
microbeam cross section is a single structural
phase, as opposed to spatially inhomoge-
neous MIT in the case of polycrystal VO, thin
films. In addition to the large amplitude and
high speed in actuation, the fact that the MIT
in VO, can be triggered with a wide range
of external stimuli (thermal, mechanical,
and optical as well as electrical)’”~® greatly
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Figure 1. (a) Steam engine based on the liquid—vapor transition; (b) the microsolid engine based on a solid—solid phase
transition; (c) the phase diagram (cy stress vs temperature) of VO,. Here the stress is normalized by the Young's modulus
(140 GPa), and positive (negative) means tension (compression). The three rectangular boxes show schematically the length
of a VO, nanobeam in the three phases, where the length direction (cg) is vertical. The rectangular loop shows a possible cycle
of the solid engine, and the red star is the point where the work is done. (d) Calculated energy efficiency of a VO,-based linear
solid engine and bimorph solid engines for transformation strain of £ = 1% (M1-R) and 2% (M2-R). Also shown is the energy
efficiency of thermoelectrics with ZT = 1 and 2, and the Carnot efficiency between 68 and 27 °C. Conventional bimorphs based
on differential thermal expansion would have a negligibly low (0.002%) efficiency.

enriches the functionalities of such devices. However,
the mechanism and fundamental limits of this VO,-
based actuation technology have not been evaluated
in terms of practical performance metrics such as
energy efficiency, speed, and actuation amplitude.

In this work, we theoretically analyze and experi-
mentally demonstrate these limits by investigating
single-crystal VO, nanobeams side-coated with Cr as
bimorph actuators in response to wind cooling as well
as optical (laser) excitation. Here Cr is chosen for its
high Young's modulus.? The devices actuate not only
with larger amplitudes than those based on polycrystal
VO, films, but also respond to optical activation deep
into the kHz range, which is five times faster.’® A
relatively high energy efficiency (equivalent to thermo-
electrics of ZT = 2.1) is also predicted. By varying the
frequency and location of the laser excitation, we
analyze the heat transfer dynamics in these structures.
The bending state of the thermally actuated device
depends on the phase composition and domain struc-
ture of VO,, which is dictated by the temperature profile
along the bimorph. Thus, the ability of the cantilevered
bimorph to accumulate and dissipate heat determines
the maximum frequency at which such an actuator can
be operated. Bimorph cantilevers with submicrometer
cross sections exhibit enhanced rates of heat dissipation
to ambient air benefiting from their large surface to
volume ratio,'’ and thus deliver actuation at higher
speed compared to their thin-film based counterparts
with bimorph widths far above micrometers.

WANG ET AL.

RESULTS AND DISCUSSION

High Energy Efficiency of Actuation. Figure 1 panels a
and b show the analogy between the proposed micro-
scale solid engine (uSE) and the steam engine. It is
known that the size change from a solid—solid struc-
tural transition is much smaller than the volume ex-
pansion in the liquid—vapor transition. However, solids
offer much stronger force, which compensates for the
small displacement. VO, is such a solid and undergoes
the transition at 68 °C. Compared to the M1 structure,
the R structure shrinks along the cg-axis by ~1% and
expands along the other two directions.'> A second
monoclinic, insulating phase (M2) can be stabilized by
doping™~'® or tensile stress'®~'® along cg, as shown in the
phase diagram'® in Figure 1c. The M2 phase, on the other
hand, elongates by about 1% along cg compared to M1.2°
The strain is thus ~2% between the M2 and R phases.

In microactuation, high amplitude and high force
tend to be mutually exclusive due to the limited output
work density of the working material that drives the
actuation. The volumetric work density describes max-
imum mechanical work output per unit volume of the
working material. It is given by Ye?/2, where Y is the
Young's modulus of the material, which determines
the amount of force, and ¢ is its maximum strain, which
limits the actuation amplitude. The work density of VO,
was estimated to be 0.63 J/cm? for polycrystal films.?
This value is calculated to be 7 J/cm? for single-crystal
VO, beams, which is comparable to shape memory
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alloys, more than 10 times higher than that of most
organic materials and electrostrictive polymers,
hundreds of times higher than piezoresistive materials,”’
and 3 orders of magnitude higher than human
muscles.

The theoretical energy efficiency of a single-crystal
VO, nano/microbeam oriented along c as a linear uSE
can be calculated by dividing the maximum work
output from the axial elongation by the total heat
needed to drive the MIT. The former is calculated from
the critical stress across the MIT, which is related to the
latent heat (H) through the Clapeyron equation.® The
latter is the sum of the latent heat and the energy
needed to heat the VO, from Ty, = 27 °C t0 Thigh =
68 °C. The efficiency is found to be (see Supporting
Information),

" B Thigh — Tiow 1
linear Thigh 1+ co(Thigh — Tiow)/H

m

where c is the specific heat and p is the density of VO,.
Equation 1 highlights that a higher latent heat for the
phase transition results in a higher efficiency, being
utilized to output work through the material expan-
sion, while the specific heat contributes to heating the
working material and represents a loss in the energy
efficiency. A possible thermodynamic cycle for the uSE
isillustrated in Figure 1¢, with work being output as the
VO, cools and expands from the R phase to M1 phase.
Figure 1d shows a high efficiency of 7.7%, equal to 64%
of the Carnot efficiency (12%) for a linear uSE operating
between 27 and 68 °C. However, the displacement
needs to be magnified for practical use. We couple the
VO, nanobeam with a clamping layer (Cr in this case)
forming a bimorph uSE to offer large microscale actua-
tion transverse to the nanobeam axis (Figure 2 panels a
and b).

By treating the bimorph as an elastic bilayer beam
with a spring constant, we can calculate its energy
efficiency as a function of VO, thickness for ¢ = 1%
(M1-R) and 2% (M2-R). An efficiency of ~3.4% is predicted
for VO,/Cr nanobeam bimorphs involving the M2-R
transition (see Supporting Information). Impressively,
this is equivalent in efficiency to thermoelectrics with
figure-of-merit ZT = 2.1 operating between these two
temperatures. As another comparison, conventional
bimorphs based on differential thermal expansion
between the two layers over this temperature range
are estimated to have a much lower energy efficiency
of ~0.002%.

The transformation strain, 1% for M1-R and 2% for
the M2-R transition, is not only several orders of
magnitude higher than that of conventional inorganic
bimorph actuators relying on differential thermal
expansion,* but also much higher than the saturation
strain in piezoelectric materials. Finally, shape memory
alloys** and organics-based actuators®®> may provide
strains greater than 5%, but VO, maintains the
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Figure 2. (a) A close-up scanning electron microscopy im-
age of the VO,/Cr bimorph; (b) schematic of a VO,/Cr
bimorph cantilevered from the substrate; (c,d,e) optical
image of a cantilevered VO,(1 um)/Cr(0.3 um) bimorph at
substrate temperature of 25, 53, and 68 °C; length L =217 um
and width a = 1 um; (f) fast and high-amplitude oscillation of
the bimorph under room-temperature wind cooling where
the substrate is at 69 °C.

advantage of much higher force (due to higher
Young's modulus) and speed (due mostly to lower
temperature change needed).

High-amplitude actuation activated by global heating/cool-
ing. Single-crystal VO, nanobeams grown by vapor
transport are always oriented along the cg direction
with a rectangular cross section.®* In a cantilevered
bimorph of a VO, nanobeam coupled with Cr
(Figure 2a), the VO, near the interface is typically under
compressive stress at room temperature, and the
bimorph bends into a high curvature state toward
the Cr side (Figure 2c). In heating the device above
68 °C, the VO, contracts into the R phase and the
bimorph straightens, as shown in Figure 2e. We define
the actuation amplitude, A, to be the linear tip dis-
placement between these two bimorph configura-
tions. The normalized amplitude between these two
states, A divided by the bimorph length L, is typically
A/L ~ 0.8 or higher. This amplitude is extraordinarily
large compared to inorganic bimorphs based on other
mechanisms, and is also greater by nearly a factor of
3 than that achieved in polycrystal VO,/Si bimorphs.'>
The actuation can be induced by global (i.e., substrate)
heating as in this case, but it can be also activated by
environmental temperature fluctuation (e.g., wind), as
well as by local heating (e.g., a focused laser).

When heating the Si substrate to above 68 °C and
simultaneously blowing gentle, room-temperature
wind toward the device, the VO,/Cr bimorph cantile-
vers rapidly and irregularly oscillate (Figure 2f and
video in Supporting Information). The oscillation arises
from turbulent air convection that cools the bimorph
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cantilever across the MIT, rather than any mechanical
pushing force imposed by the wind. To confirm this, we
performed the same experiment without heating the Si
substrate, and the VO,/Cr cantilever did not oscillate
with any speed or direction of wind. This is expected
because the kinetic force from the wind onto objects
with submicrometer cross section is negligible.

Upon global heating, the bimorphs bend outward
(straightening) at T > 68 °C as expected for the M1-R
transition; interestingly, before that, at intermediate
temperatures, the VO, bimorphs bend inward
(increasing curvature, Figure 2d). Due to the ~1%
elongation of the VO, nanobeam upon the M1—M2
phase transition, the VO,/Cr bimorph bends further
toward the Cr side resulting in an increase in curvature.
This strain is more than an order of magnitude higher
than the contribution of linear thermal expansion
difference’*** between Cr and VO,, which produces
a strain of only 0.028% between room temperature and
68 °C. This M2 strain also significantly increases the
actuation amplitudes, with A/L rising to >1.2 in most
bimorphs. This is analyzed below in more detail using
local laser heating.

Spatially Resolved Activation by Local Heating with a Focused
Laser. Alaserfocused on the VO,/Cr bimorph thermally
actuates the device by locally driving the phase transi-
tion at the hot spot along the VO, nanobeam. The
dynamics of heat transfer for our quasi-1D system are
governed by''%°

T 2T
Ca (x, t) Ka (x,t)_Zha+b

at ax2 ab

o [T(x, 1) —Tol (2)

where « is the effective thermal conductivity of the
nanobeam bimorph, Ty is the environment tempera-
ture (27 °C), h is the total heat transfer coefficient from
the bimorph surface to air, and a and b are the bimorph
width and thickness, respectively. In the case of con-
tinuous local laser heating at a fixed location, varying
laser power produces different bending curvatures as
shown in Figure 3. We attribute the inward (outward)
bending to the laser activated local transition of M1 to
M2 (R). This is further confirmed by u-Raman spectros-
copy carried out at different laser intensities. The
Raman spectrum recorded at the intermediate (high)
laser intensities clearly proves the local emergence of
the M2 (R) phase. We note that in bimorphs based on
polycrystal VO, thin films, due to their spatially inho-
mogeneous phase transition, such clear M1-M2-R tran-
sition and the resultant amplitude enhancement are
not resolved."?

By investigating the bimorph bending as a function
of continuous laser power and focusing position, we
obtain a clear picture of the actuation behavior. As
shown in Figure 4a, for a fixed laser position, low to
intermediate laser powers cause the bimorph to de-
flect in the negative direction (bending inward) due to
the M1-M2 transition, while high laser powers produce

WANG ET AL.
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Figure 3. Three bending states of a VO,/Cr bimorph acti-
vated by a continuous laser heating at increasing laser
intensities (1%, 10%, and 50%), corresponding to M1, M2,
and R local phase at the laser spot as identified by the
Raman spectra. It is known that the 615 cm ™" peak in the M1
phase shifts to 650 cm™" in the M2 phase,?**° and the R
phase exhibits no Raman due to its metallicity. The dashed
curve in two of the images represents the original bimorph
configuration to show the bending. The experiments were
performed in ambient and the substrate is at room tem-
perature. Here 100% laser power corresponds to 1 mW.

deflection in the positive, outward direction due to the
M1-R transition. The temperature distribution depends
primarily on heat dissipation through two channels:
(i) “sub”, conduction along the bimorph to the Au/Si
substrate, and (ii) “air”, dissipation to the ambient via
air convection and conduction, as shown in the first
and second terms on the right-hand side in eq 2.
The characteristic time constants for these two heat
dissipation channels®® are 74y, = x’pc/4x and Tn;, =
(pc/h)-ab/(a + b). It is immediately seen that 7,
depends only upon the distance (x) for heat to diffuse
from the laser spot to the substrate, while ,; relies only
on the bimorph surface area in contact with air. For
typical devices at laser position x & 150 um, we estimate
the characteristic maximum response frequencies to be
fouo = 1/7sup ~ 0.4 kHz, and £, = 1/7,; ~ 3 kHz. We also
note that bimorphs with smaller cross section would
perform well up to higher frequencies, owing simply to
the higher surface-to-volume ratio which reduces 7.
Figure 4b displays the x-dependence of bimorph bend-
ing angle between laser on and off (in the low-
frequency limit), calculated from 6 ~ A/(L — x). Ap-
proaching the root (x = 0), the rapid drop in 8 is due to
the increasing “sub” effect. Far from the root and the
substrate, the x-independent “air” effect dominates as
expected.

High-Speed Operation and Frequency Dependence. For many
applications, it is critically important for the actuator to
operate at high speed. We now activate the actuation
with pulsed localized heating by chopping the incident
laser beam at frequency f. At very high frequencies, the
actuation amplitude A is expected to rapidly decrease,
due to inability of the bimorph to dissipate heat and
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Figure 4. (a) Actuation amplitude as a function of continuous laser power at fixed laser position x/L = 0.3. Negative amplitude
indicates inward bending due to the activation of M2 phase. (b) L-6 as a function of laser position at fixed laser power of
0.4 mW, where 6 ~ A/(L — x) is the bending angle. Here the bimorph is VO,(700 nm)/Cr(200 nm), length L = 100 um, width
a =700 nm, and the substrate is at room temperature. (c) Amplitude of actuation operated in room air and water activated
with a chopped laser. Here the bimorph is VO,(900 nm)/Cr(300 nm), length L = 115 um, width a = 900 nm. Incident laser power
is 0.5 mW and relative position is fixed at x/L = 0.5. Inset shows actuation in deionized water with a continuous laser.

return to its original unheated state within the period of
time 1/f. From bimorphs based on polycrystal VO, films,
Merced et al.'® observed the attenuation of A to —3 dB
(1/+/2 amplitude) at a laser chopping frequency fqg ~
1 kHz. Figure 4c shows measured A versus f from a typical
nanobeam VO,/Cr bimorph. Here we plot A(f) in decibels
by 20-log[A(f)/Apcl, where Apc = A(f = 0) is the linear
displacement of the bimorph tip between its unper-
turbed position and its state under continuous laser
activation (with the same laser intensity). It can be seen
thatindeed for very high frequencies (f> ~3 kHz), A starts
to decrease; but at intermediate frequencies, A actually
increases. This is because the VO, nanobeam at the laser
spot is no longer just switching between M1 and R
phases with 1% axial strain, but is instead transitioning
between M2 and R phases with higher (~2%) axial strain.

The phase diagram in Figure 1c helps clarify the
behavior at intermediate frequencies, where the bi-
morph loop is raised upward and right into the M2/R
region. Now, the useful work could be collected at the
M2 phase boundary, while cooling limitations prevent
the VO, from switching back to the M1 state. To ensure
that the rise in amplitude is not due to mechanical
resonance, the cantilever's resonant frequency was
calculated (Supporting Information) to be 1.29 MHz,
significantly higher than the optical actuation frequen-
cies. At the maximum laser chopping frequency of
4 kHz, A has dropped to only about —2 dB. Extrapolat-
ing the data points beyond here, we estimate the 3 dB-
attenuation frequency of f_34g is ~4.5 kHz, nearly five
times faster than values reported for bimorphs with
polycrystal VO, films.” This is expected from the much
smaller cross section of our bimorphs and is consistent
with the f,;, estimated above.

Operation in Aqueous Condition. In addition to working
in air, the nanobeam device also delivers high-

WANG ET AL.

PDMS

Figure 5. (a) Low-temperature curved state of the hybrid
smart composite film; (b) high-temperature straightened
state. Global heating is provided through the metal base at
theright. The film is 2 mm long, 1 mm wide, and 20 um thick.
(a) Schematic 3D view and cross section view of the hybrid
composite film.

amplitude and high-speed actuation in aqueous con-
ditions. The inset of Figure 4c shows the bimorph
deflected by a laser in water. From the recorded video
(Supporting Information), the actuation is stable and
the response time in water is faster than 17 ms, the
time resolution of our camera. This is faster by several
orders of magnitude than other aqueous actuation
mechanisms such as polymer swelling. Compared to
polymeric materials, the higher speed arises funda-
mentally from the much higher thermal conductivity
and lower specific heat of VO,, as well as the fast speed
of the MIT and the small temperature rise needed to
drive the MIT.

Demonstration of a Hybrid Smart Composite. By aligning
VO,/Cr bimorphs and incorporating them into a poly-
mer matrix, we can extend the large-amplitude actua-
tion to the macro-scale, and form a hybrid smart
composite film, useful for fluidic valves and smart
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shape-programmable structures. Figure 5 shows the
large-amplitude actuation (A/L = 0.9) by globally heat-
ing such a millimeter-scale smart composite. The com-
posite is a dense assembly of aligned VO,/Cr bimorphs
embedded into a thin film of polydimethylsiloxane
(PDMS) measuring 2 mm x 1 mmi in size. A slightinward
bending was also observed between 25 and 37 °C,
consistent with the M2 phase formation in VO,. It can
be envisioned that by depositing Cr onto only patterned
regions of aligned VO, nanobeams, followed by PDMS
molding, one can program the location, direction, and
amplitude of actuation in the smart composite.

CONCLUSION

We report a bimorph actuator composed of a single-
crystal VO, nanobeam coupled with a Cr layer. Unlike
traditional bimorph actuators based on differential
thermal expansion, the actuation of this device is
activated upon the structural phase transition in VO,
at atemperature slightly above room temperature. The
actuation can be driven thermally, photothermally, or
electrically. We investigate time-independent and
time-dependent actuation behavior of the actuators
using focused pulsed laser heating. Compared to
previously reported bimorph actuators based on poly-
crystal VO, thin films with much larger width, these
single-crystal VO, nanobeam-based bimorphs exhibit
superior performance in terms of (i) much higher actua-
tion amplitude (by a factor of ~3), and (ii) much faster

METHODS

Nanobeam Growth. Ultralong VO, nanobeams were synthe-
sized in a horizontal tube furnace from V,05 powder (99%,
Sigma-Aldrich), following a recently reported vapor transport
method.?® Unpolished quartz substrates were placed down-
stream from the source powder, resulting in long, freestanding
nanobeams. The growth conditions were as follows: tempera-
ture ~ 880 °C, Ar carrier gas pressure ~ 5 Torr, flow rate ~ 7
sccm, and time & 3 h. The growth products were analyzed by
Raman and heated optical microscopy to confirm the identity
and phase transition properties.

Bimorph Cantilever Preparation. Nanobeams were manually
transferred into the edge of Si substrates (Si substrate was
precoated with 10 nm Cr and then 300 nm Au to enhance
thermal conductivity). Next, the nanobeams were clamped
onto these substrates through ion-beam induced Pt deposi-
tion, with Pt thickness roughly matching the nanobeam
thickness to ensure sufficient clamping and thermal conduc-
tivity. Next, a layer of Cr was deposited onto the side of the VO,
cantilevers by electron-beam evaporation. Here Cr is chosen
for its high Young's modulus. A Cr/VO, thickness ratio of ~0.4
was used to maximize the bending curvature, calculated from
beam bending theory.? Finally, the bilayer cantilevers were
annealed in Ar at 250 °C to improve the clamping between Cr
and VO,.

Hybrid Film Fabrication. Long and free-standing nanobeams
grown on unpolished quartz were brushed several times with a
Si chip to flatten and roughly align in the desired actuation
direction. Next, bimorphs were formed by e-beam evaporation
of Cr. PDMS (10:1 monomer ratio) was dropcast onto a heated
bimorph chip (85 °C) so that the bimorphs are all straight. The
chip was spun at 7000 rpm for 45 s and quickly returned to the
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response speed (by five times). The former is explained
by the single-crystallinity of the VO, nanobeam used,
such that the VO, undergoes the phase transition via a
single domain to maximize the use of transformation
strain, as opposed to random, multiple domains in the
case of thin films. The latter is explained by the smaller
width and thus higher surface-to-volume ratio of a
nanobeam-based bimorph, which facilitates heat dis-
sipation to ambient air. Moreover, due to the single-
domain nature of the phase transition, an otherwise
hidden phase (M2) plays an important role; a compli-
cated and nonmonotonic actuation behavior is ob-
served and explained on the basis of the phase
diagram of VO,. The energy efficiency of our devices
is calculated to be equivalent to thermoelectrics with
ZT =2.1.

The bimorph as a uSE can be easily fabricated and
integrated at the nanoscale and up to the macroscale.
The device functions may be further broadened and
efficiency further enhanced by reducing the MIT tem-
perature of VO, from 68 °C toward room temperature
with a small concentration of tungsten doping.?’” As
heat slightly above room temperature is ubiquitous
and much more abundant than those at higher tem-
peratures, the bimorph uSE demonstrated here may
be used as sensors, actuators, and energy harvesters
operating in near-room-temperature, ambient or aqu-
eous conditions, including physiological and microfluidic
environments.

hot plate for curing at 85 °C for 4 h. Finally, the film was cut with
a scalpel and peeled with a probe tip.

Laser Actuation. A continuous-wave argon ion laser (514.5 nm)
provided local heating to nanobeam cantilevers at room tem-
perature. A low-jitter optical chopper pulsed the laser up to 4 kHz.
A CCD video camera captured the fast oscillation of the canti-
levers, and the tip moving amplitudes were extracted from
individual video frames. We note that our camera is not fast
enough to resolve each position of the bimorph oscillating at
high frequencies, but the oscillation amplitude can be clearly
determined from the video frames.

Raman Characterization. Micro-Raman spectroscopy was con-
ducted at room temperature using a Renishaw 2600 system,
with excitation provided by a 488 nm Ar-ion laser. An Olympus
50x objective was used and the Raman signal was collected for
several minutes, with laser intensities tuned to produce desired
amounts of bending.

Conflict of Interest: The authors declare no competing
financial interest.

Acknowledgment. K. W. was supported by the National
Science Foundation under Grant No. EEC-0832819 through
the Center of Integrated Nanomechanical Systems. Materials
preparation and device fabrication were supported by the
National Science Foundation under Grant No. ECCS-1101779.
We are grateful for permission to use the laser setup in Prof. C. P.
Grigoropoulos's lab, as well as assistance from Richard Novak
and Lakshmi Jagannathan.

Supporting Information Available: Movies of actuation by
wind, high and low frequency laser, and self-oscillation under
continuous laser; additional actuation frequency data and

VOL.7 = NO.3 = 2266-2272 = 2013 K@}Nﬁ@i{\j

WWwWW.acsnano.org

2271



theoretical efficiency analysis. This material is available free of
charge via the Internet at http://pubs.acs.org.
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1. Wind actuation (Movie 1).

Video of the bimorph actuation via wind cooling is shown in Movie 1. Here, the substrate
is heated to 69 °C, and 500 sccm of wind is directed in a direction opposite to the bimorph
bending (inwards, increasing curvature). The observed bending amplitude is very large (A/L
~0.8), but the duty cycle is moderate to low (< 50%).

At higher substrate temperatures, the VO,/Cr bimorph becomes increasingly difficult to
cool across the metal-insulator phase transition (MIT), resulting in smaller amplitude in
oscillation. Increasing wind speed does not increase the amplitude greatly, but it noticeably
increases the oscillation duty cycle. That is, for any given period of observation time, stronger
wind causes more instances of bimorph actuation and lowers the time percentage that the
bimorph stays stationary. The duty cycle is characterized as low, medium, or high depending on
the percentage of times the bimorph is oscillating between the straight and bent states, as
observed in the videos collected. The results of these trials at substrate temperatures of 68 and 75
°C for 3 different wind speeds are listed in Tab. S1.

Substrate Wind Flow Nominal Oscillation

Temperature |(sccm) amplitude (um) |Duty Cycle
200 230 Low

68 °C 500 238 Medium
2000 235 Medium
200 206 Low

75 °C 500 181 Medium
2000 201 High

Tab. S1. Bending amplitude and qualitative switching duty of a cantilevered bimorph under
various wind flow rates and two substrate temperatures. The bimorph is VO,(1 um)/Cr(0.3 pm)
with length L =217 um and width a = 1 pum. Amplitude error is £ 5 pm.

2. Laser actuation in water (Movie 2).

Movie 2 shows the bending of a bimorph soaked in de-ionized water and activated with a
laser beam turned repeatedly on and off. By analyzing individual video frames, it is found that
the bimorph completes bending within the time lapse between two consecutive frames. The



video frame rate is 60/sec, giving an upper limit of the response time of ~17 msec and lower
frequency limit of 60Hz. The actual speed should be much faster.

The amplitude response of the device shown is much lower than that shown in the main
text, Fig. 4c, due to the illumination point far from the base, exciting a reduced region to phase
transition. Additionally, the Cr has started delaminating, visibly peeling from the base of the
bimorph and causing discontinuities along the bimorph length. The loss of bonding between the
two layers dramatically reduces the net strain difference in the bimorph, reducing the amplitude
change. Physical degradation like this can be prevented by a more careful Cr deposition,
followed by a post-deposition anneal.

3. Nucleation of the M2 phase at intermediate temperatures.

From the strain-temperature phase diagram (Fig.1c), we expect the M2 phase to be stable
at intermediate temperatures under tensile strain. We attribute the nucleation of M2 in the
bimorphs to be at the free side of the curved VO, nanobeam, which is under tensile strain. Cr
diffusion into VO, at the VO,/Cr interface also tends to stabilize the M2 structure,’ but this is
unlikely the leading effect here, since the Cr deposition and rapid anneal at 250 °C is not
expected to diffuse much Cr into the VO, nanobeam.

4. Pulsed laser actuation (Movie 3, Movie 4).

The bimorph actuation can be analyzed by decomposing the total oscillation amplitude
into inward bending amplitude A"* (from the unperturbed position towards the max M2 position)
and outward bending amplitude A® (from the unperturbed position towards the max R position),
so that the total amplitude A( f ) = AY? ( f ) + AF ( f ) By plotting the two oscillation amplitudes

separately, we see that the rise in A( f ) at intermediate fresults from an increase in A" 2( f ), as
shown in Fig. S1. This is explained by the limited cooling as the frequency rises. The peaking
and eventual decrease of A™? ( f ) at higher f also occur due to the cooling limitations — the VO,
is unable to cool to a sufficiently low temperature, not even able to reach the M2 phase, and
therefore stays in the heated R phase during the entire time of laser pulsing. The results with
varying frequency at 3 positions along this bimorph are shown in Fig. S1. A sustained outward
bending behavior can be seen for x/L = 0.3, producing considerable bending up to high
frequencies. The high performance may represent an optimal excitation position on this bimorph,
maximizing both “sub” and “air” modes of heat transfer and increasing the operating speed of
the device.

By comparing the A( f ) dependence between bimorphs of various cross section areas, we
can better understand the “air” term of heat dissipation. Figure S2 plots A( f ) for 3 bimorphs and
reveals an improving high-frequency performance as the VO, thickness decreases. The peak
displacements occur at frequencies of ~ 1, 2, and 3 kHz for bimorphs with VO, nanobeam
thickness of 1, 0.9 and 0.7 um respectively. This agrees with the predicted behavior, since the
thinner bimorph has a greater surface to volume ratio, which increases the efficacy of the heat
dissipation to air. Referring to the time constant 7, in the main text, the characteristic frequency

2



is inversely proportional to the “effective bimorph diameter”, ab/ (a + b). This qualitatively
agrees with our observation of higher f34p at smaller bimorph thickness.

Due to the fixed laser intensity, the outward oscillation towards R phase ( A* ( f ) ), shown
in Fig. S1, cannot increase with f. The eventual decline in A® ( f )may be attributed to a negative

feedback effect inherent in the sideways deflection of the experiment. The laser is directed at a
point to heat the bimorph in its straight state, and the bimorph absorbs most of the incident laser
energy under continuous and low frequency laser operation. At higher frequency operation, the
nanobeam spends more time away from the initial state, settling instead in the inward or M2
bending region when the laser is chopped to be off. Consequently, when the laser pulse switches
back on, less of the bimorph is in the pathway and less incident energy is absorbed, which
reduces the total displacement and heating back towards the R position. It is possible that an
alternate experimental setup, with nanobeam oscillation in the plane of the laser beam, could
yield high tip displacement performance at even higher frequencies. In this hypothetical setup,
the inward (M2) bending is expected first to decline to zero with further inability to cool,
followed by the decrease of R-phase bending at high frequencies. Here, the displacement would
saturate into the maximum R position. In this regime, the bimorph is unable to cool even to M2
temperatures, and retains the laser-induced R-phase, producing the same displacement that
occurs at a continuous laser irradiation. Nonetheless, even given these limitations, the nanobeam
bimorphs respond with outward R phase displacements at very high frequencies. From Fig. 4(c),
the 3dB-attenuation frequency is 2.5kHz, solely considering outward bending.

Videos of actuation by laser are shown for a 217 pum long bimorph with thickness VO,(1
um)/Cr(0.3 um), and width 1 um. A low-frequency (10 Hz) chopped laser results in M1-R
switching, while high-frequency (2kHz) results in primarily M1-M2, as shown in Movies 3 and 4,
respectively.
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Fig. S1. Decomposition of the total amplitude into M2 amplitude and R amplitude shows the
different frequency behavior of the actuation driven by the M1-M2 and M1-R transition. Colored
lines are provided as a visual aid. Three laser positions are shown.
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Fig.S2. Frequency response of actuation of 3 cantilevers with different VO, thickness. Bimorphs
have similar width. Lengths are 100, 115, and 217 pm, respectively. The laser power is fixed for
the experiments, and the focal position along the bimorph is fixed at x/L ~ 0.4 for all three curves.

5. Self-oscillation (Movie 5).

An intriguing observation is a natural self-oscillation effect: even at un-chopped,
continuous laser incidence, a heated bimorph will absorb energy, deflect, cool and then return
back towards the laser in a steady, fast cycle. This process can be further studied to shed insight
on the heat transfer dynamics. Movie 5 shows this effect for a bimorph of thickness VO, (1
um)/Cr(0.3 um), length 100 um, and width 1 um, for an incident laser power of 0.6 mW. By
positioning the laser at the nanowire edge opposite to the inward (M2) bending direction, we can
verify the negative feedback mechanism observe a natural oscillation in bending. As we move
the laser away from its initial position towards the R position, we can induce an increased self-
oscillation amplitude. The bimorph increases its R phase deflection and M2 deflection, as it
accumulates more heat by coinciding more along the laser beam path.

6. Hybrid bimorph film (Movie 6).

A macroscopic PDMS film with dense and aligned VO,/Cr bimorphs embedded
produced very large actuation amplitudes. Movie 6 shows the response as temperature is varied
from 25 °C o 120 °C for a film measuring length 2mm, width 1mm, and thickness 20 pm. The
maximum response (amplitude change) occurs in the 70 — 90 °C range, as this temperature at the
global heat source results in local temperatures in the film around the phase transition of 68 °C.
The bending amplitude ratio was measured to be A/L = 0.9, close to but not as high as that in
global heating (A/L = 1.2) of single bimorphs. There is a small inward bending of the bimorph
film as it is heated from 25 °C to 37 °C, indicative of the M2 phase transition.



7. Energy efficiency calculation.

For a linear micro solid engine (LSE) based on a VO, beam oriented along cgr with length
L, width a, and thickness b, the maximum energy efficiency can be calculated by

E, L-g-o.-a-b S

E, LabpcAT + LabH

m

77 linear —

where & 1s the transformation strain (analogous to volume change in the liquid-vapor transition,
~ 1% for M1-R and 2% for M2-R), ot is the critical stress that would drive the phase transition
at a given T (analogous to pressure in the liquid-vapor transition, and is the stress at the phase
boundary in Fig.S3a), p represents density, ¢ the specific heat, and H the latent heat. AT = Ty -
T = 68°C - 27°C. The numerator in equation (S1) is the work output from a complete engine
cycle as shown in Fig.S3a. The Clapeyron equation links oc to H,

do, H (S2)

ar & Tour '

Assuming a linear phase boundary,” we have

_doc \p_H-AT (S3)

dar & Tymr

Oc

Substituting into equation (S1), we obtain

AT 1

inear = ' . (S4)
n T, 1+pcAT/H
This is equation (1) in the main text. We note that
AT
77 arno = (SS)
) t TMIT

As predicted by equation (S4), although the engine efficiency decreases as T, moves toward
Thigh = Twrr, its relative value would approach the Carnot efficiency if the engine is operated near
the phase boundary (AT—0).
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Fig. S3. a. The cg stress — temperature phase diagram of VO,. The stress is normalized by the
Young’s modulus. The Clapeyron equation relates the slope of the phase boundary to the latent
heat of transition. The loop shows an engine cycle, where the red star is the point when work is
done. b. Geometry of the bimorph system for energy efficiency calculation.

For the bimorph uSE coupling a VO, and a Cr layer, the efficiency calculation is more
complicated. By treating the bimorph as a bilayer elastic beam with a spring constant, we can
estimate the efficiency by dividing the mechanical work output at maximum displacement with
the total heat absorbed (global heating). The spring constant is estimated from basic elastic beam
theory,"

_3a V7B Y242V bY,b, - (267 + 207 + 3bb,)
T 12(Y,b, + Y,b,)

: (56)

where Y is the Young’s modulus (Yvoz = 140 GPa and Y, = 280 GPa), L the length, a the width
and b the thickness of the beam, and subscript “1”” and “2” denote the VO, layer and the Cr layer,
respectively. Defining the total curved path of the tip motion as / (Fig.S3b), the work output for a
full bending cycle is then
E, = 2-lkeﬁJ2

27 (S7)
Our system typically operates beyond the “small beam bending” limit, as the displacement is
large, I/L ~ A/L ~ 1. However, we note that a simple scaling argument predicts the energy
efficiency to be an intensive rather than extensive quantity, and be independent of the bimorph
length L: a bimorph with length L outputs the same amount of work as two bimorphs each with
length L/2 connected in series. Therefore, for the efficiency calculation, we only need to
calculate for bimorphs with maximum bending still within the linear deformation regime
I/L << 1. This is the case for bimorphs with small L. This is because the bending curvature 1/R
is generally independent of the beam length L and is given solely by the thicknesses and Young’s
moduli of the two layers,"™"



l _ 6YlblY2b2 (bl + bz)
R Y?2b! +Y2b} +2Y,bY,b, -(2b7 +2b2 +3b,b,

) “Ey» (S8)

where & is the transformation strain. For the Y,/Y, ratio in our case, the largest 1/Ris given by
b, /b, = 0.4. Comparing bimorphs with the same b; and b, thicknesses and thus the same 1/R,
those with smaller L give not only smaller /, but also smaller //L. In fact, it can be proved from
the geometry in Fig.S3b that generally,

L .

l/L _ J‘ﬁ S ﬂ
o | B

At small deflection angles (i.e., smaller L/ 2R), we have [ ~ * / 2R . Thus we can utilize the

bimorph spring constant k. in the low-deflection Hooke’s law behavior given by equation (S7)
to predict a work output linearly proportional to L. Since the energy input E, is also

apg . (S9)

proportional to L, the energy efficiency (7 = E,, /E,, ) is therefore independent of L. As in the
case of linear uSE, the energy input is given by

E, ~La(b,p,c, + b,p,c,))AT + Lab H , (S10)

where c¢; is the specific heat of VO, (=~ 690 J/kgK)," ¢, the specific heat of Cr (+444 J/kgK)",
and H the latent heat of the MIT of VO, (= 1000 Cal/mol = 250 J/em®).Y i A VO, density p; of
4.66 g/lem® was used,™ along with a Cr density”* p, of 7.19 g/em’.

The calculated energy efficiencies are shown in Fig.1d in the main text, for bimorphs
with L =5 um while varying the thickness. These efficiencies are compared to those of
thermoelectrics operating between Thigh = Tyvit = 68 °C and Tioy = Tp = 27 °C. Assuming the
thermoelectric figure-of-merit to be ZT, the thermoelectric engine efficiency is given by,

_Thigh_]-}ow V1+ZT_1

= : . (S11)
Mg Theh VI+ZT +T,, [Ty

We also would like to point out the difference between intrinsic energy loss and extrinsic
energy loss in evaluation of efficiency in an energy conversion technology. Intrinsic loss is the
fundamental, unavoidable loss that is attributed to the limit of the working material (such as the
thermal conductivity and electrical conductivity of the material in thermoelectrics), while
extrinsic loss is the avoidable loss attributed to realistic limit in a device design (such as the heat
loss via air or packaging material, and energy loss due to contact resistance in thermoelectrics).
Without the intrinsic loss, the efficiency would approach the Carnot efficiency. Without the
extrinsic loss, the efficiency of thermoelectrics will be given by Eq.(S11).

In analogy, in our efficiency evaluation of VO, uSE, the intrinsic energy loss is indeed included,
which is the heat needed to increase the VO, temperature up to the MIT temperature (determined
by the specific heat of VO,, and completely lost during a cycle). Without this intrinsic loss term,
the efficiency will be simply the Carnot efficiency. The extrinsic energy loss is the loss via air
convection, or possible friction loss during actuation. Without the extrinsic loss, the efficiency is
given Eq.(S4).



Therefore, to analyze the pure materials performance in the VO, engine, we believe it is indeed a
fair and appropriate comparison, to compare the intrinsic efficiency predicted by Eq.(S4) in our
case, to the intrinsic efficiency predicted by Eq.(S11) in the case of thermoelectrics. The
following table summarizes the different levels of efficiency calculation between these two
mechanisms.

Mechanism Thermoelectrics VO, for actuation (this work)
Condition |k=0,c=00, ZT = c=0,H=wo

Physical limit
Efficiency | 1 = Ncamot M = Ncarnot

k>0, o <o, ZT finite. ¢>0.H <.

Materials limit | €ondition | Intrinsic loss: heat

conduction, Joule heat. Intrinsic loss: heat capacity.

(Only intrinsic

loss included) N < MCarnot; N < MNcarmot;

Efficiency
N =3.4% for ZT = 2.1 N = 3.4% for ¢ and H of VO,
device limit o Additional extrinsic loss: Additional extrinsic loss:
Condition | air heat loss, contact ) L
(Extrinsic loss resistance loss, etc. air heat loss, friction loss, etc.

also included)

Efficiency | n<3.4% forZT =2.1 N < 3.4% for c and H of VO,

8. Calculation of cantilever resonant frequency
From beam theory, we know the spring constant for a simple beam in transverse oscillation™ is
given by
F  3El
k _—— 3
o L

forming the general case of equation (S7), where the bending modulus (stiffness) EI is replaced
by the expression for a bimorph. We find the resonant frequency f,, with the relation

(S12)

R (S13)

2\ my,

where m,, = ﬁm _33 pabL 1s used, since the beam mass is distributed (resulting in varying

7140 140
velocities) along the oscillation length. For a beam sharing the dimensions in our experiment and
the frequency calculations of thermal transport in the main text (L = 150 um, a = 700nm, b; =
700nm, b, = 200nm), the resonant frequency is calculated to be 1.29 MHz, significantly higher
than the frequencies examined by pulsed optical excitation. Thus the rise in deflection
amplitudes at intermediate frequencies is not attributed to resonance, but rather the M2-R
transition.
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