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ABSTRACT: Strain engineering is one of the most effective H
approaches to manipulate the physical state of materials,
control their electronic properties, and enable crucial
functionalities. Because of their rich phase diagrams arising
from competing ground states, quantum materials are an ideal
playground for on-demand material control and can be used to
develop emergent technologies, such as adaptive electronics or
neuromorphic computing. It was recently suggested that
complex oxides could bring unprecedented functionalities to
the field of nanomechanics, but the possibility of precisely
controlling the stress state of materials is so far lacking. Here,
we demonstrate the wide and reversible manipulation of the
stress state of single-crystal WO; by strain engineering
controlled by catalytic hydrogenation. Progressive incorporation of hydrogen in freestanding ultrathin structures determines
large variations of their mechanical resonance frequencies, inducing static deformation. Our results demonstrate hydrogen
doping as a new paradigm to reversibly manipulate the mechanical properties of nanodevices based on materials control.

KEYWORDS: hydrogen doping, transition metal oxides, tungsten trioxide, strain engineering, chemical strain, oxide MEMS,
microelectromechanical systems

B INTRODUCTION in response to chemical doping,'” electric fields,"* and epitaxial
p ping p
.14 . e . .
Complex oxides are characterized by a rich energy landscape strain. © These characteristics have important technological
governed by multiple thermodynamic parameters, including applications, such as electrochromic devices, smart win-
temperature, stress, chemical potential, and electromagnetic dows,""™"” and gas sensing where record-holding part per

fields.'~ Phase competition in these quantum materials leads
to giant responses to external stimuli associated with large and
nonlinear susceptibilities. Chemical doping is a powerful
control parameter to switch between their competing phases,

million (ppm) sensitivity to H, was recently demonstrated."®
Here, we show that the electromechanical response of

freestanding single-crystal WO; microresonators can be

and oxygen vacancies have often been employed to induce reversibly controlled by hydrogen gas at room temperature.

changes in electrical, structural, or magnetic properties, The incorporation of hydrogen in WO; thin films induces a
. . . e 4-7 . .

although with limited reversibility.” " Hydrogen intercalation change in the out-of-plane lattice constant up to 1.3%, an effect

is an alternative route to effectively control the ground state of
these materials, as an example, by stabilizing metallic phases
and promoting lattice symmetry,” " but the possibility of

that we use to tune the mechanical resonances of WO,

microbridges as their stress state changes from tensile to

precisely controlling the stress state is so far lacking. A compressive.

particularly interesting system with multiple competing ground

states regulated by anharmonic couplings between different Received: August 20, 2019
structural distortions is WO;.'" Its complex energy landscape Accepted: October 30, 2019
determines large changes of its lattice and electronic properties Published: October 30, 2019
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B RESULTS AND DISCUSSION

This experiment is performed on a 50 nm-thick single crystal
WO, film grown on top of a Ti-terminated SrTiO; (001)
substrate. The WO; thin film shows a flat surface with a step-
and-terrace morphology that indicates good heteroepitaxial
growth (film characterization in Supporting Information,
Section I). A small amount of Pt, of equivalent thickness 0.2
nm, is then deposited by electron-beam evaporation to enable
hydrogen intercalation, as described in the Methods section
and in ref 18. We note that the hydrogen incorporation rate
can be regulated by the amount of Pt catalyst: here, we choose
to use a low amount of catalyst to slow down the process and
monitor it as a function of time. The single-crystal character of
WO; is confirmed by X-ray characterization, where reciprocal
space maps and narrow rocking curves show that the film is
coherently strained to the substrate lattice. 6—26 scans along
the (001) and (002) peaks of WO, present finite size
oscillations, indicating high crystal quality (see Supporting
Information, Section II). From the X-ray data, we extract a ¢
axis length of 3.70 A, in agreement with previous reports of
WO, thin films on SrTiO;.'> Considering that in its bulk,
pseudocublc phase WOj; has a lattice constant of about 3.77
A" epitaxial lock imposed by the substrate determines an
elongation of the a and b axes of about 3.4%, with a
consequent decrease of the ¢ axis that in our film amounts to
—2%. The film is hence under in-plane tensile stress. This
analysis indicates that the unit cell volume in thin films is
slightly larger than that in bulk. This is expected and could be
related to two mechanisms: a Poisson’s ratio lower than 0.5
and the presence of oxygen vacancies. While the former
contribution is present in the vast majority of compounds, the
presence of oxygen vacancies is almost unavoxdable in WO,
thin films with optimal structural quality'> and most probably
constitutes one of the main relaxation mechanisms for epitaxial
strain.

We measure the structural response of WO; to H, gas by
monitoring changes in its ¢ axis parameter by X-ray diffraction.
The experimental procedure comprises the two steps
illustrated in Figure la: The sample is initially placed at
room temperature in a sealed chamber filled with 1 bar of a
20% H,/Ar mixture for 24 h (intercalation) to achieve a stable
(saturated) hydrogen doping condition. When transferred to
the XRD setup, the sample is exposed to air at ¢ = 0. In this
step, hydrogen is released from the WO; lattice (deintercala-
tion), and the material progressively regains its initial state.
Figure 1b shows several §—26 scans taken during hydrogen
deintercalation, where a progressive shift of the WO,(001)
peak and its finite size oscillations occurs. This shift
corresponds to a change in the WO; ¢ axis parameter, which
is reported as a function of time in Figure 1b. In the hydrogen-
doped state at t = 5 min, we measure cyo, = 3.75 A, indicating
an increase of about 1.25% with respect to the undoped
condition. Upon hydrogen deintercalation, ¢y, progressively

decreases and recovers the value of the initial state after about
1 h. This indicates that hydrogen determines a large and
reversible expansion of the WO; lattice, with a magnitude
comparable to what has been previously reported upon the
formation of oxygen vacancies or intercalation of alkali
metals, 121920

The large lattice expansion induced by hydrogen doping
offers the interesting possibility to control the mechanical
stress of the material in a reversible manner. To explore this
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Figure 1. Lattice expansion due to hydrogen doping in WOj; thin
films. (a) Schematic representation of the experiment showing
hydrogen intercalation in a 20% H,/Ar mixture and deintercalation
in air. (b) X-ray scan showing the sharp (001) peak of the SrTiO;
substrate and WO, (001) peak with its finite size oscillations during
hydrogen deintercalation. The inset shows the variation of WOj; ¢ axis
length as a function of time.

possibility, we realize WOj; freestanding microbridges. The
structures are fabricated by using lithographic patterning and
combined dry/wet etching processes to remove the SrTiO;
substrate, a procedure similar to the one used in previous
reports’ (see also Methods section and Supporting Informa-
tion, Section III). Figure 2a shows the false-color micrograph
of a typical WO; microbridge acquired by scanning electron
microscopy. The freestanding structure (S ym-wide, 110 ym-
long) is composed of a 50 nm-thick WOj; crystalline thin film
(purple) and S0 nm-thick gold elements (yellow) comprising
two 5 ym X S pm mirrors and a 1 ym-wide microwire that
runs throughout the freestanding region. The mirrors are used
to reflect the laser light employed to measure the mechanical
motion of the bridge in an optical lever geometry (Figure 2b),
while the microwire provides a low-impedance electrical
channel required for the electrical excitation. By applying an
alternating electrical current through the gold wire, the
microstructure is mechanically actuated via the magnetomotive
and electrothermal mechanisms (see Methods). The typical
mechanical spectrum of a pristine 110 gm-long microbridge is
shown in Figure 2c. We also fabricated microbridges of other
lengths between 50 and 110 ym, all of which show similar
spectra (see Supporting Information, Section IV). The
fundamental resonance mode of the longer beams shows a
better signal-to-noise ratio compared to the shorter ones, as
expected due to a larger deflection. Furthermore, a higher
quality factor is observed, which is attributed to lower
clamping losses (see Supporting Information, Section V). For
these reason, we focus on the 110 pm-long microbridge to
investigate the changes induced by hydrogen incorporation.
The simultaneous mechanical and electrical characterization
is performed in a vacuum chamber with variable gas
environment, optical access, and a controlled sample temper-
ature fixed at 25 °C. The WOj; device is initially in an undoped
condition, and we measure its mechanical spectrum as a
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Figure 2. Hydrogen doping of single-crystal WO; microbridges. (a) Scanning electron micrograph in false colors of the measured device. (b)
Schematic of the experimental setup (VNA, vector network analyzer). (c) Mechanical spectrum of a 110 ym-long microbridge in the pristine state.
(d) Colormap of the mechanical spectra of the microbridge in (a) as a function of time when exposed to S mbar of 20% H,/Ar gas mixture and (e)
electrical conductivity measured at the same time. The color scale in (d) is linear and normalized in V/V. (f) Illustration of the three regimes

identified in (d).

function of time in Figure 2d. Details of the optical setup
employed in this experiment are reported in the Supporting
Information, Section VI. At t = 0, we introduce a 20% H,/Ar
mixture at a low pressure (0.5 mbar) to follow the hydrogen
intercalation dynamics with minimal damping of the
mechanical motion. Hydrogen doping results in a dramatic
change in the mechanical behavior of the microbridge, which
can be divided into three distinct regions: (i) a steep decrease
of the eigenfrequencies, (ii) a transitional regime, and (iii) a
flat response. The lowest mechanical mode a has a smooth
behavior across different regions and corresponds to the first
flexural mode, as discussed in the following. At ¢ = 0, the WO,
microbridge is in a tensile strain state originating from the
lattice mismatch with the SrTiO; substrate. In this condition,
the structure can be schematically modeled as an ideal thin and
long double-clamped beam where the flexural resonance
frequencies are given by the Euler—Bernoulli equation”'

t |E[ 1 A%

WO =g Lla=a b“g(t) (1)
with resonance frequency f, relative to the nth mode, axial
strain €, Young modulus E, density p, Poisson ratio v, length |,
and thickness t. a, and b, are numerical coefficients related to
the mode shape. Equation 1 shows that the mechanical
eigenfrequencies of the microbridge change as a function of
strain €. In our experiment, € changes continuously over time
due to the large WOj; lattice expansion during hydrogen
intercalation (Figure 1). The most dramatic effect is observed
in region (i), where the relaxation of the initial tensile strain
results in a large drop of the resonance frequencies. According
to eq 1, the frequency of the first flexural mode fi(e) is
expected to reach zero at the critical strain value

44440

1 (t)zl
g =— o
1-2\1) b )

However, in real systems, this is typically not observed because
device asymmetry causes the frequency to reach a smooth
minimum at the finite strain value £.”” In our experiment, this
occurs in region (ii) at t ~3 h, where the resonance frequency
of the lowest mode & shows a minimum at f = 80 Hz, about
one-fifth of its initial value. A further increase in the
compressive strain causes out-of-plane buckling. This occurs
in region (iii), where eq 1 is not applicable and the resonance
frequency of a increases again as the compressive strain energy
is stored in the form of out-of-plane deformation (buckling).
At the onset of the buckled state, the frequencies of the odd
mechanical modes are expected to rise slightly,”*>* consistent
with the small frequency increase of « in region (ii). Multiple
higher-order modes are visible in the spectral map of Figure
2d, with frequencies above a. Their frequencies cannot be
represented by a simple string resonator because interfacial
stress and nonuniform mass distribution play an important
role. These resonances are probably related to torsional and
flexural modes of even order, which show different responses
to strain,® as discussed in the last part of this work. An
avoided crossing between modes  and y occurs at around ¢ =
2 h, indicating a strong coupling between the mechanical
modes. This feature arises as each mode shows a different
tuning slope with applied compressive stress.”*~>> Finally, we
note that the data reported in Figure 2d are in good qualitative
agreement with similar measurements performed during
hydrogen deintercalation in air, thus showing good reversibility
of the process (Supporting Information, Section VII).

During hydrogen intercalation, we also measure the time
dependence of the electrical conductivity of WO; (owo,),
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which is reported in Figure 2e. In our device design, the
conductivity of the whole microbridge is always determined by
the gold microwire, whose constant electrical resistance (50 Q)
is much lower than that of WO; at any level of hydrogen
doping. For this reason, we monitor 6y, on a separate region

of the film close to the microbridge. The data shows the
progressive metallization of the material due to electronic
doping, in agreement with previous reports.”® Hydrogen
intercalation progresses smoothly during the whole experi-
ment, and saturation occurs only toward the end of the
measured time span (¢ > 8 h). This indicates that between ¢ = 4
and 8 h the amount of hydrogen in the WO; lattice is
significantly increasing, even if the mechanical modes show a
flat response. We note that, albeit the suspended WO,
microbridge has a higher surface area exposed to H, gas
compared to the clamped film, in both cases the Pt catalyst is
present only on the top surface, thus determining the same rate
of hydrogen intercalation. Furthermore, the rate of hydrogen
dynamics in this experiment is significantly longer than during
the XRD measurements of Figure 1 because of the low
hydrogen pressure and the different rates of intercalation and
deintercalation.'® The observed evolution of the microbridge
mechanical states is schematically summarized in Figure 2f.
A strong evidence of the insurgence of a buckled state upon
the intercalation of hydrogen can be obtained by optical
microscopy. For this purpose, we report in Figure 3 a series of

H, deintercalation
in air

N

t=2 min

EEE———]
t=63 min

Figure 3. Relaxation of the buckled state upon hydrogen
deintercalation. Optical images of the WO; microbridge of Figure
2a initially in a condition of saturated doping and exposed to air at t =
0. The white dashed rectangle indicates the magnified region. The
schematic drawing illustrates how relaxation of the buckled state
brings back the microbridge in the microscope focal plane.

photographs showing one gold mirror of the microbridge. For
this experiment, the microbridge is first prepared in a
saturated-doping state, and at t = 0 it is exposed to air at
room temperature, the same procedure used in Figure 1. The
photographs are acquired at different times with an objective
lens (depth of field of about 0.7 ym) whose focal plane is fixed
to have in focus the clamped edges of the microbridge. In the
initial state at t = 2 min, the mirror is out of focus, indicating
static deformation in the direction perpendicular to the focal
plane. The structure gradually gets more in focus at t = 45 min,
and at t = 63 min, after about 1 h in air, the whole microbridge
is in focus, indicating the recovery of a flat state in the undoped
conditions. We note that this time span of hydrogen
deintercalation in 1 bar of air is comparable to the one of
the XRD measurements of Figure 1 and, as previously

discussed, much faster than the slow dynamics observed in
Figure 2.

To better understand the changes of the WO; microbridge
mechanical properties, we perform a finite element analysis as a
function of strain (details in Methods and Supporting
Information, Section VIII). We report in Figure 4a,b the strain

a 20 C
— £4
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Figure 4. Finite element simulation of a strained WO; microbridge.
(a) Strain dependence of the first flexural (@ and ) and torsional (y)
mechanical modes and (b) corresponding mode shapes. (c) Vertical
displacement of the microbridge center as a function of strain.

dependence of the three lowest modes of the simulated device
and the corresponding mode shapes. The trend of the
frequencies well represents our experimental data, with a
rapid decrease of the first and second flexural modes a and
and a slower variation of the torsional mode y. Due to their
different slopes, f and y intersect at about f = 1.3 MHz
(frequency value indicated by the gray dotted line). Also, the
presence of a mode crossing is consistent with our
experimental results, where it occurs around f = 045 MHz
(Figure 2d). We note that the experimental crossing frequency
is about three times smaller than the simulated one, a
discrepancy probably caused by the fact that we used values of
Eyo, and vy, from first principles since no experimental data

is available in the literature.’® However, the strain value
corresponding to the crossing point in our simulations is
weakly dependent on E and v (Supporting Information,
Section VIII) and can thus be used as a reference to estimate
the in-plane strain of our experimental device. As an additional
reference point, we note that in the experimental data of Figure
2d, the frequency of mode a at t = 0 corresponds
approximately to the frequency of the avoided mode crossing
(f = 0.45 MHz). Using this information in Figure 4a, we can
estimate the initial strain of the microbridge to be about ¢, =
0.25% (crossing of mode a with the gray dotted line).
Surprisingly, this value is rather small compared to the epitaxial
mismatch of 3.4% between WO; and the SrTiO; substrate.
However, this can be explained considering that oxide
compounds can easily accommodate stress with the formation
of dislocations or point defects, such as oxygen vacancies. In
particular, previous work shows that a low concentration of
oxygen vacancies during the growth of WO; is sufficient to
determine a relatively large lattice expansion, thus effectively
relaxing the strain while maintaining a high crystal quality.'”
It is possible to estimate the total experimental variation of
the microbridge strain from the ¢ axis expansion Ac measured
by XRD (Figure 1). For this purpose, we note that by taking
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into account the different constraints for an epitaxial film and a
freestanding structure we have

E ( )As
(3)

%o

with out-of-plane lattice parameter in the undoped state ¢,
Poisson ratio v, and total strain variation A¢ (see Supporting
Information, Section IX). With the parameters employed in
the simulation, we obtain Ae = 0.75%. Taking the initial
microbridge strain as +0.25% for the discussion above, we can
estimate the strain in the saturated doping condition to be
about —0.5%. On the basis of this analysis, we calculate the
vertical displacement of the microbridge center as a function of
strain in Figure 4c. For positive (tensile) strain, the
displacement is negligible, while beyond the critical value ¢,
the structure relaxes the negative (compressive) strain by
bending. At & = — 0.5%, the simulation gives a displacement of
4 pm, a value compatible with the optical measurements of
Figure 3. We note that the crossing point between tensile and
compressive strain (&, ~ 0) lies at one third of the estimated
range of experimental strain in Figure 4c. This is in good
agreement with the experimental data of Figure 2d, where the
critical condition of region (ii) lies also at about one third of
both the total time and the electrical conductivity spans.
Finally, we emphasize that in MEMS/NEMS devices, it is
particularly difficult to generate large compressive stress, a
condition that usually requires additional components such as
electrostatic actuators, piezoelectric elements, or resistive
heaters. These components present important drawbacks
such as difficulty of focusing the actuation force on the
resonator beam, hurdles in high-purity material fabrication, and
insurgence of high temperatures. Our approach involving
chemical doping proved to be a fundamental step forward over
the present difficulties, providing a pathway for strong and
localized strain control of micro and nanodevices.

1+v
1—-v

B CONCLUSIONS

In summary, we demonstrated a new effective approach for
controlling in situ the stress state of oxide-based freestanding
structures. We achieved reversible control of the mechanical
properties of single-crystal WO; microbridges, where the large
lattice expansion due to hydrogen intercalation allowed us to
finely tune the stress state from tensile to compressive, with a
final buckled configuration. The proposed approach could be
extended in two directions: by exploring the mechanical
response of other oxides micromechanical systems to hydrogen
doping and by realizing full-oxide heterostructures comprising
a WO; layer acting as functional strain-tuning element. Our
work highlights the potential of complex oxides to realize
tunable nanomechanical systems or novel sensing devices.

B METHODS

Device Fabrication. The single-crystal, S0 nm-thick WO; thin
film on TiO,-terminated SrTiO;(001) substrate was grown by pulsed
laser deposition using 500 °C substrate temperature, 8 X 107> oxygen
pressure, 1 J cm™ laser fluence, and 1 Hz repetition rate. Pt was
deposited by e-beam evaporation, and its growth rate was monitored
using a quartz microbalance. The process was stopped at an
equivalent thickness of 0.2 nm. The microbridge structures were
realized by a two-step electron-beam patterning using PMMA resist.
The first patterning step was used to define the geometry of high-
reflectivity mirrors and the low-impedance microwire, followed by
electron-beam evaporation of a 5/45 nm Ti/Au overlayer and lift-off

44442

in acetone. The second patterning step defined the microbridge mesa
and was followed by a 6 min Ar etching process (10 mA beam
current, 500 eV beam energy, and 7 X 107* mbar pure Ar
atmosphere) during which a total of 60 nm of the WO,/SrTiO,
heterostructure was removed. The microbridges are finally made
freestanding by selectively etching the SrTiO; substrate in a 4%
aqueous solution of HF at 30 °C for 30 min, resulting in a total of 7
um vertical distance between the etched substrate and the
freestanding WO;. This process has a high fabrication yield with
more than 90% of the patterned microbridges freestanding and ready
to be measured.

Measurement Setup. The electrical conductance measurements
were performed using a four-probe DC configuration on a patterned
square of the clamped WO; film. Contacts to the WO; film were
provided by wire-bonding Ti/Au metal pads. The mechanical
measurements were performed in a custom setup featuring a
controlled gas atmosphere, temperature stability of 50 mK, motion
detection of microstructures with optical lever technique and
electrical pass-through. The optical images of Figure 3 were acquired
with an Olympus microscope equipped with a UMPlan FI 100X/0.90
objective lens.

Mechanical Measurements. The mechanical modes of the
microbridges are excited by biasing the device with an AC voltage
across the metal microwire of the form V(t) = V(1 +sin(wt)). Two
concurrent mechanisms determine the appearance of a mechanical
force: magnetomotive and electrothermal. The magnetomotive
mechanism arises from the Lorentz force exerted on the current
flowing in the microbridge by the magnetic field of a permanent
magnet located in the sample chamber. The electrothermal
mechanism is due to the periodic thermal expansion and contraction
of the microbridge determined by periodic Joule heating. Since the
resistance of the metal microwire (~50 Q) is much lower than that of
the WO; bridge, even in its most doped state, the current flowing in
the wire does not depend on WO; doping conditions, hence
providing a constant excitation magnitude. We note that the film
thickness of S0 nm was chosen to have resonance frequencies falling
within the accessible measurement range of our detector (2 MHz)
and homogenous doping in the out-of-plane direction. Thinner
samples would improve both aspects but with the risk of lowering the
fabrication yield. The data in Figure 2 were acquired using an Agilent
HP4395a vector network analyzer with a 1 kHz bandwidth and 5
averages taken over a period of 20 s. Details of the optical setup are
reported in the Supporting Information, Section VI.

Finite Element Simulation. Finite element analysis was
performed in COMSOL Multiphysics using the structural mechanic
module. The calculations employed the “static” and “prestressed
eigenfrequency” solvers with a parametric sweep of the strain value.
The mechanical parameters used to model the WO; microbridge are
E =300 GPa, v = 0.25, and p = 7600 kg m™, while Au was modeled
using the standard material library provided by the software. Further
details and device geometry are discussed in Supporting Information,
Section VIIL

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.9b14501.

Growth and surface analysis of WO; thin film, structural
analysis by X-ray diffraction, device fabrication, pictures
of the final devices, mechanical properties of micro-
bridges of different lengths, details of the finite element
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