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Integration of High-Tc Superconductors with High-Q-Factor

Oxide Mechanical Resonators
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Eric Wahlberg, Emilio Bellingeri, Francesco Bisio, Floriana Lombardi, Daniele Marré,

and Luca Pellegrino

Micro-mechanical resonators are building blocks of a variety of applications in
basic science and consumer electronics. This device technology is mainly
based on well-established and reproducible silicon-based fabrication
processes with outstanding performances in term of mechanical Q-factor and
sensitivity to external perturbations. Broadening the functionalities of
micro-electro-mechanical systems (MEMS) by the integration of functional
materials is a key step for both applied and fundamental science. However,
combining functional materials with silicon-based devices is challenging. An
alternative approach is directly fabricating MEMS based on compounds
inherently showing non-trivial functional properties, such as transition metal
oxides. Here, a full-oxide approach is reported, where a high-T,
superconductor YBa,Cu;0, (YBCO) is integrated with high Q-factor
micro-bridge resonators made of single-crystal LaAlO; (LAO) thin films. LAO
resonators are tensile strained, with a stress of about 350 MPa, show a
Q-factor above 200k, and have low roughness. YBCO overlayers are grown ex
situ by pulsed laser deposition and YBCO/LAO bridges show zero resistance
below 78 K and mechanical properties similar to those of bare LAO
resonators. These results open new possibilities toward the development of
advanced transducers, such as bolometers or magnetic field detectors, as well
as experiments in solid state physics, material science, and

quantum opto-mechanics.
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L. Pellegrino

1. Introduction

A distinct feature of many transition metal
oxides is their compatible crystal lattice
and the consequent opportunity to fab-
ricate epitaxial heterostructures showing
emergent properties.['l Paradigmatic real-
izations of this capability are conductive
interfaces hosting superconducting quasi-
2D electron gas,[>*! which can be further
manipulated to integrate spin-polarization,
ferro-electricity and magnetism.>% Growth
of crystalline complex oxides is also possi-
ble on pre-patterned suspended oxide thin
films, where ex situ etero-epitaxial growth
has been demonstrated.!”#! These full-oxide
suspended devices can be characterized
by mechanical methods to measure their
static displacement or eigenfrequencies,
which are related to the mechanical prop-
erties of their constituent materials,*-!"]
toward the development of new functional
micro-electro-mechanical devices.[1213]

Mechanical resonators are among the
most sensitive transducers and are em-
ployed in a variety of fields, from bio-
molecules detection to quantum informa-
tion processing. A critical parameter of me-
chanical resonators is their quality factor

(Q-factor), which is directly related to their capability to sense
variations of physical quantities such as mass or tension.!

14]
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Q-factor can be enhanced by lowering the relative energy loss
per cycle towards the environment at the clamping points. This
is possible by increasing the tension of the structures,>'7] or
by realizing specific device geometries that confine the me-
chanical modes within the resonator.['®2°] Designing complex
oxide heterostructures by controlled growth allows for precise
stress engineering,[212*l making these materials suitable to re-
alize tensile-stressed mechanical resonators with relatively high
Q-factor.!?®] Thin films of LAO on STO are a good choice for this
purpose as they have a lattice mismatch of up to 3%, which leads
to a large built-in tensile strain that, during the growth, gets par-
tially relaxed.[?] Moreover, as LAO is a common substrate mate-
rial for growing many oxides, suspended structures made of LAO
are ideal candidates as templates for the realization of functional
sensors or actuators.

© 2024 Wiley-VCH GmbH
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Figure 1. Characterization of LaAlO; thin films grown on SrTiO;(007). a) Time evolution of the reflection high-energy electron diffraction (RHEED)
intensity during the thin film growth. The inset shows the RHEED diffraction pattern at the end of the deposition. b) AFM topography image of the
LAO surface. ) X-rays 626 diffraction measurement of the LAO thin film. The inset shows a magnification of the STO and LAO (001) peaks. d) w-scan
(rocking curve) of the LAO(002) peak. e) Coefficients of the complex dielectric response of the LAO thin films and f) corresponding optical constants.
An optical bandgap of 3.4 eV is estimated from the intersection at =0 of the tangent to the onset of the ¢, peak (black dotted line).

In this work, we discuss the realization of a device consist-
ing of a high-T. superconductor grown on top of a high Q-factor
oxide mechanical resonator made of a single-crystal suspended
LAO micro-bridge. LAO bridges are fabricated from thin films
deposited on top of a SrTiO,(001) substrate. Structural and op-
tical properties of pristine LAO films are investigated by X-ray
diffraction and spectroscopic ellipsometry. Mechanical character-
ization of LAO micro-bridges, such as eigenfrequency and Q-
factor length dependence, provides the in-plane stress and the
intrinsic Q value of the material. We discuss the characteris-
tics of YBCO grown on top of LAO micro-bridges by compar-
ing their crystalline quality and transport properties with those
of films grown on a STO(001) substrate. We also characterize the
YBCO/LAO resonators at room temperature, in view of the real-
ization of superconducting MEMS.

2. Results and Discussion

LaAlO, films were deposited by pulsed laser deposition (PLD)
on SrTiO,(001) single crystals, as detailed in the Experimental
Section. The quality and deposition rate of the LAO film were
monitored during the growth by reflection high-energy electron
diffraction (RHEED). The time evolution of RHEED intensity
is reported in Figure 1a and shows oscillations, corresponding
to a growth rate of 41 pulses per unit cell, on top of a slow-
varying non-monotonic background. Such time evolution has al-
ready been observed during the growth of low-stress LAO thin
films.1?®] The RHEED diffraction pattern at the end of the depo-
sition (inset panel) shows striped features and absence of peaks
related to 3D diffraction, as expected from thin films with low
roughness. The LAO surface was inspected by atomic force mi-
croscopy and is reported in Figure 1b. It has a flat topography
with a RMS roughness below 0.3 nm over a 5 X 5 pm? area.
Here, we focus on 100 nm thick LAO films because pre-
vious studies on other complex oxides MEMS showed that a
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good fabrication yield requires a film thickness of several tens of
nanometers. 1225271 However, for thickness values above 25 nm
the large epitaxial strain in LAO due to the STO substrate re-
laxes with the formation of cracks across the full height of the
deposited films and may result in its delamination from the
substrate.[?] Consequently, to obtain LAO films of about 100 nm
and resistant to the fabrication of suspended structures we need
to lower the built-in strain of the material due to the epitaxial
growth. To do so, the simplest approach is to control the growth
parameters, in particular the substrate temperature and the oxy-
gen pressure, to promote the formation of defects that can relax
the epitaxial strain during the growth, such as oxygen vacancies
or dislocations. The resulting films allow to obtain a good fabri-
cation yield of the suspended structures.

Since a certain amount of defects in our LAO films is both ex-
pected and desirable, it is relevant to understand their impact on
the properties of the deposited material. We characterized the de-
posited LAO films by combining X-ray diffraction measurements
(XRD) and spectroscopic ellipsometry measurements. XRD data
reported in Figure 1c were acquired in Bragg-Brentano configu-
ration and show (00l) peaks without spurious phases. The inset
panel is a close-up around the (001) peaks of the STO substrate
and the LAO film. LAO is tensile strained due to the epitaxial
mismatch with STO, with a c-axis of 3.81 A. Considering the film
thickness of 100 nm, the diffraction peak is quite broad, suggest-
ing a low crystal quality. This is also confirmed by the w-scan
(rocking curve) reported in Figure 1d with a full width at half
maximum of 1.1°, a relatively large value that signals the pres-
ence of crystallographic defects.

Crystal defects also affect the optical response of LAO, which in
bulk form is a transparent insulator with a bandgap of 5.6 eV.[%?
We thus checked a possible degradation of LAO optical proper-
ties by spectroscopic ellipsometry. Real (¢;) and imaginary (e,)
components of the dielectric response are reported in Figure 1d,
while the corresponding optical constants n and k are reported

© 2024 Wiley-VCH GmbH
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Figure 2. Mechanical characterization of LaAlO; micro-bridge resonators. a) Optical micrograph of a harp array of LAO bridges. The inset shows a
magnification of the clamping region. b) Mechanical spectrum of a 500 um-long bridge with the first four flexural modes marked with their frequency
value. ¢, d) Length dependence of the eigenfrequency of the first flexural mode for two samples having bridges of different lengths. The black dashed
line is the best fit using Equation (1) providing the stress (c). More than 100 bridges were measured for “Dev A” and 15 for “Dev B”. ) Resonance peak
under piezoelectric excitation, f) thermomechanical noise spectrum and (g) amplitude decay corresponding to the first flexural mode of the bridge in
(a). Units are referred to the electrical signal measured from the detector. h) Length dependence of the Q-factor of the first flexural mode for “Dev A”

and (i) “Dev B”. The black dashed lines are linear fit.

in and Figure le. The bandgap of our LAO thin films is 3.5 eV,
as obtained from the intersection at zero of the tangent to the
maximal slope of ¢, (black dashed line). Its value is lower than
the bulk one, but in good agreement with optical transmittance
measurements performed on LAO/STO heterostructures under
various growth conditions.[?”] The presence of defects is particu-
larly visible in the low-energy region, below the bandgap, where
€, shows broadband absorption due to in-gap states. Despite such
small absorption, no significant heating effect during the follow-
ing mechanical measurements of suspended LAO bridges were
observed. Understanding of the interplay between broadband op-
tical absorption and stress relaxation upon different growth con-
ditions is of interest for the design of micro-mechanical devices
based on LAO or other complex oxides.

2.1. LaAlO; Mechanical Resonators

Suspended micro-bridge structures were fabricated by UV lithog-
raphy and Ar-ion dry etching of the LAO films followed by se-
lective wet etching of the STO substrate in HF bath. Details of
the fabrication process are discussed in the Experimental Section
and based on previously reported processes for complex oxides
micro-resonators.!'2>?] An example of the fabricated devices is
reported in Figure 2a, where suspended regions are light and
clamped ones are dark. The inset shows a magnification of the
clamping region of a bridge. The faceting of the crystal that can
be seen in the under-etched regions is determined by the etch-
ing anisotropy of the STO substrate in HF.[3] We fabricated two
sets of LAO samples, “Dev A” has many short bridges to obtain
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a robust statistics on the fabrication yeld and mechanical prop-
erties, while “Dev B” has very long bridges to explore the limits
of the current fabrication protocol. In the first case the micro-
bridges length spans from 100 to 250 um with steps of 5 um and
in the second it spans from 150 to 1000 pm, while the width is
always 4 pm.

The mechanical spectra of LAO resonators was measured in
the optical lever detection scheme, and mechanical excitation was
provided by a piezoelectric element, as detailed in the Experi-
mental Section. Figure 2b shows the mechanical spectrum of a
LAO bridge resonator having length 500 pm. The first four flexu-
ral modes are marked with their frequency value and are evenly
spaced, as expected for a bridge under high tensile stress. In such
condition, a bridge resonator is in the string limit and the fre-
quency of the n™ flexural modes is given by its density (p), its
length (L), and the tensile stress (c):3!]

fn=%\/§ (1

The in-plane stress of LAO is obtained from the length depen-
dence of the resonance frequency of the first flexural mode (f;) in
Figure 2a,b. The experimental data-points are reported together
with their fit with Equation (1) (dashed line), showing good agree-
ment. Both the samples show an in-plane tensile stress in the
350 MPa range, a relatively high value that confirms the high
stress condition of the LAO film expected from Figure 2b. Consid-
ering the difference in lattice constants of STO and LAO (3.90 and
3.79 A),’?) and the bulk Young modulus for LAO of 170 GPa, 3334
we estimate the upper limit for stress to be about 5 GPa. This
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is one order of magnitude higher than what we measured. This
lower value is consistent with the formation of defects during the
growth, that allows to reduce the stress in order to obtain higher
fabrication yield of the suspended structures.

The measurement of the Q-factor is a critical aspect to evalu-
ate the performance of a mechanical resonator. In Figure 2e—g
we show different evaluation methods of the Q-factor of the first
flexural mode of the same 500 um bridge shown in Figure 2a. Re-
ported values are all consistently above 200k. Figure 2e is the res-
onance power spectrum measured upon piezoelectric excitation
and the dashed line is the fit of a Lorentzian function. Figure 2f
is the thermo-mechanical noise spectrum in the same frequency
region fitted by the thermal noise function.[*] Figure 2g shows
the time-dependence of the oscillation amplitude after turning
off the piezoelectric excitation (¢ = 0). The time constant of the
resonator ringdown (r) is obtained by fitting an exponential de-
cay function and provides the Q-factor (Q = zzf;).>!]

In tension-dominated mechanical resonators, the stress in-
creases the mechanical Q-factor through the dissipation—dilution
mechanism,['”3¢] which is quantitatively represented by the fac-
tor D:

Q=Qu'D 2)

where Q,,, is the intrinsic Q-factor, a relevant parameter to evalu-
ate the performances of a material for MEMS applications. For
a uniform rectangular beam having high aspect ratio, as our
LAO bridges (h/L < 1073), if dissipation—dilution is the dominant
mechanism determining the Q-factor, the latter is proportional to
L:

iR
0-0, /2 ®)

where E is the Young’s modulus and h is the thickness.

In Figure 2h,i, we plot the length dependence of the Q-factor
for the same set of resonators reported in Figure 2¢,d, respec-
tively. Despite the spread of the data, which is likely due to the
residues on the samples due to the fabrication process still un-
der optimization, the number of measured resonators allows us
to identify a linear trend. A linear fit (black line) gives a slope of
about 2:10° m™! for “Dev A” and 3.8x 10® m~! for “Dev B”, which
are rather compatible with each other, considering the dispersion
of the data-points. By inverting Equation (3), it is then possible to
obtain Q,,. Previous reports indicate that the Young’s modulus
of bulk LAO along the (001) is about 170 GPa.?334 However, in
100 nm-thick crystalline films of other oxides compounds, such
as SrTiO, and EuTiO;, a halving of the Young’s modulus with re-
spect to the bulk values has been observed,!'*”] which increases
the uncertainty over the expected Young’s modulus of our de-
vices. The stress of ¢ ~350 MPa corresponds thus to an in-plane
strain in the 0.2-0.4 % range, which is in good agreement with
previous measurements performed on tensile-strained WO, and
(La,Sr)MnO; single crystal micro-bridge resonators.[>>?’] The re-
sulting Q,,, is in between 200 and 500, which is about ten times
lower than what recently measured in 100 nm-thick Si;N, res-
onators having the same length scale.[3®! This difference suggests
that the relatively high values of mechanical Q-factor measured
on our LAO resonators could be further enhanced by optimiz-
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ing material quality and, in case, the fabrication protocol. Better
evaluation of Q,,, can be achieved by direct measurements of the
Young’s modulus of these thin structures by in situ techniques,
such as multi-modal analysis of the bridges’ resonance frequen-
cies or AFM force-distance measurements.>”:3]

2.2. YBCO/LAO Micro-Bridges

To demonstrate the potential of LAO suspended structures as
templates for ex situ hetero-epitaxial growth of complex oxides
thin films, we selected YBCO, a high-T, superconductor whose
critical temperature is strongly affected by its crystal quality and
strain.[*°! Figure 3a,b shows the XRD 6-26 scans of two 100 nm
YBCO films deposited on a single-crystal STO(001) substrate
(YBCO/STO) and on LAO after the release of the bridges from
the STO substrate (YBCO/LAO/STO). We compare in Figure 3c
the (005) peak of the YBCO deposited the STO substrate and on
the patterned LAO film. They have an almost identical shape, but
the one belonging to the YBCO/LAO/STO shows a +0.09 ° shift,
corresponding to a -0.19 % variation in the out-of-plane direction.
The YBCO c-axis is thus 11.68 A for the film deposited on the
STO substrate, identical to its bulk value, while 11.66 A for the
film deposited on the patterned LAO. We found a more marked
difference between the two cases when comparing their rocking
curves. w-scans measurements of the YBCO(005) peaks are re-
ported in Figure 3d, where we also show their full width at half
maximum (FWHM), which is an indication of crystalline disor-
der. A larger value is found for the YBCO/LAO/STO case, sig-
nalling lower crystal quality. This is expected, since the growth
on STO(001) can be considered an ideal case, while it is relevant
to note that the peak width of YBCO on patterned LAO is much
lower than the one of the underlying LAO film, which is reported
in Figure 1d. Although the diffraction pattern of YBCO on LAO
indicates a high crystal quality, showing no spurious phases and
an almost identical amplitude of the peaks with respect to the film
grown on top of the STO substrate, we can not obtain informa-
tion about the film deposited on the suspended regions as their
volume is negligible with respect to the one of the pad regions.
To directly probe the characteristics of the YBCO film on sus-
pended LAO, we thus performed four-probe electrical transport
measurements across a micro-bridge. The temperature depen-
dence of the electrical resistance was measured from 300 K down
to 70 K and is reported in Figure 4 (orange line). The measured
bridge has a width of 4 um and a length of 50 um and its opti-
cal micrograph is included as inset of the same figure panel. The
electrical connections were realized by ultrasonic bonding wires
on the 200x200 pm? pads located at the two ends of a bridge. The
YBCO film is found to be superconducting even across the nar-
row freestanding membrane. The onset of the superconducting
transitionis at T_ ., = 90 K, reaching zero resistance atabout T,
=78 K. The transition on YBCO/LAO/STO is about 10 K, broader
than on YBCO/STO (purple line) where it is less than 2 K. This
broadening may be caused by various factors, such as crystalline
quality, oxygen non-stoichiometry, non-homogeneous strain pro-
files, or temperature gradients along the suspended LAO bridge.
We note that a long post annealing in oxygen atmosphere did not
change the superconducting properties and that the XRD data
indicate that the c-axis lattice parameter of the YBCO/LAO/STO
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Figure 3. XRD analysis of a 100 nm-thick YBCO film grown on STO(001) substrate (YBCO/STO) and on patterned LAO film after the release of the
bridges (YBCO/LAO/STO). a, b) 626 scans of the heterostructures where markers identify the material associated to each (00/) peak: STO (), LAO
(A\), and YBCO ([J). YBCO(003/6/9) peaks are too close to the STO ones and were not marked. c) Comparison of the (005) diffraction peaks and d)
w-scans of the two cases. In (d) the YBCO/LAO/STO peak is magnified for easier comparison.

film corresponds to the optimally doped YBCO.*!l In order to
elucidate the exact origin of such broadening, detailed measure-
ments of superconducting properties of YBCO films as a function
of bridge length and width, as well as a function of deposition pa-
rameters are required.

In order to assess the influence of the growth of YBCO on the
characteristics of LAO resonators, we measured the mechanical
properties at room temperature of about ten YBCO/LAO micro-
bridges having length from 175 um to 700 um, to be compared
with those of bare LAO resonators reported in Figure 2. Figure 5a
shows the resonance frequency of the first flexural mode as a
function of the bridge length. The stress is obtained by fitting
Equation (1) (black dashed line) and is about 180 MPa. This value
is one half of the one obtained for bare LAO bridges, indicat-
ing that YBCO growth involved some strain relaxation, although
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not critical if considering the thickness of the YBCO (150 nm).
The mechanical Q-factor of these bridges was evaluated by ring-
down measurements and reported in Figure 5b. The longest one
reaches Q-factor of about 180k, with a relaxation time constant
longer than 500 ms, as reported in Figure 5c. We note that, de-
spite the higher thickness and lower stress, the slope of the Q
versus L relationship is comparable to those measured for bare
LAO. This suggests that intrinsic Q,,, could be even higher than
that of LAO. This effect is likely due to thickness dependence of
Q,.1» as observed in Si devices, and related to the reduction of sur-
face losses with respect to volume ones.3®! These results are very
promising for studying the fundamental properties of YBCO and
for the fabrication of sensors based on suspended YBCO struc-
tures, such as kinetic inductance bolometers, magnetic field sen-
sors, or superconducting opto-mechanical resonators.[*>43]
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Figure 4. Temperature dependence of the normalized electrical resistance of YBCO deposited on a STO substrate (purple) and a LAO micro-bridge (or-
ange) as those shown in the optical micrograph. The close-up inset shows the resistance evolution around the superconducting transition temperature.
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Figure 5. Mechanical properties of YBCO/LAO resonators at room temperature. a) Frequency of the first flexural mode as a function of the bridge length.
By fitting Equation (1) (black dashed line), we obtain the tensile stress, 6. b) Quality factor as a function of the bridge length. The slope of the linear fit
(black dashed line) is comparable to that of bare LAO bridges. c) Ringdown measurement of a 700 um-long bridge showing Q-factor above 180k.
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3. Conclusion

In conclusion, we demonstrated the fabrication of single crys-
tal LAO suspended bridges as templates for ex situ growth of
functional complex oxides, choosing the high-T. superconduc-
tor YBCO as functional layer grown ex situ. Mechanical charac-
terization of bare LAO resonators provided an in-plane stress of
about 350 MPa, mechanical Q-factors as high as 200k, and an
intrinsic Q-factor in the 200-500 range, which is about one or-
der of magnitude lower than what reported for Si compounds.
More experiments are required to clarify the intrinsic limits of
this material, and other similar oxides, in terms of mechanical
losses, and if they can be improved by controlling the growth con-
ditions and the fabrication processes. Single crystal YBCO thin
films deposited on top of LAO bridges show high crystal qual-
ity and superconducting behavior. Although further optimiza-
tion process may be required to reach the sharp transition ob-
served in optimally-doped film grown on STO(001) substrates,
zero-resistance state in suspended bridges is reached above the
critical threshold of liquid nitrogen temperature. Mechanical
properties of suspended YBCO/LAO bridges at room tempera-
ture are comparable to those of bare LAO resonators, showing
lower stress but similar Q-factor values. Potential applications
of the presented device include bolometers, magnetometers, or
even opto-mechanical experiments related to fundamental stud-
ies of the superconducting transition, in particular in its mixed
state.

4. Experimental Section

Growth of LaAlO; Thin Films: LAO films were deposited by pulsed
laser deposition on top of not-terminated SrTiO; (001) single crystal sub-
strates from a 10x 10 X1 mm? single crystal LAO target. The growth tem-
perature was 900 °C, the background oxygen pressure was 1-107* mbar,
the laser fluency was 2 ) cm™2, the laser repetition rate was 2 Hz, and the
target-substrate distance was about 3.5 cm. LAO growth rate was of about
70 nmh~T.

Growth of YBa,Cu,0; Thin Films: YBCO thin films were deposited by
pulsed laser deposition. The growth temperature was 800 °C, the back-
ground oxygen pressure was 0.7 mbar, the laser fluency was 1.25 | cm~2,
and the target-substrate distance was 55 mm. In order to prevent dam-
age of the bridges due to differential thermal expansion, the samples were
heated and cooled at slow rate of 5 degrees per minute.

Fabrication of the Suspended LAO Bridges: Suspended microstructures
were fabricated by UV lithography. SPR-220-4.5 photo-resist was deposited
by drop-casting and spin-coated at 6000 RPM for 45 s and then baked at
120 °C for 135 s. LAO etching was performed by Ar lon milling in a system
equipped with a water-cooled sample holder. Etching time was 45 min,
with Ar ions energy of 500 eV and current density of 0.2 mA m~2. Photo-
resist was removed in an acetone ultrasonic bath at room temperature,
followed by an ethanol bath. The STO substrate was selectively etched by
soaking the samples in a 5 % HF aqueous solution kept at 35 °C in bain-
marie for 30 min. During the bath, the samples were kept suspended above
a magnetic stirrer rotating at 200 RPM. They were then transferred in a
deionized water bath, followed by two different baths of pure ethanol to
remove the presence of water. Finally, they were dried in a CO, critical
point dryer system.

Mechanical Resonance Measurements: Mechanical spectral response
of the resonators was measured at 25 °C in a custom setup featuring ac-
tive temperature control and base pressure of 2-10> mbar. Device mo-
tion was probed by optical lever detection scheme. Mechanical excitation
was provided by a AC-biased piezoelectric element glued by ceramic epoxy
nearby the device.
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Statistical Analysis:  All the results reported in this work were obtained
by analyzing the raw data acquired from the instruments. Data analysis
was performed by using a Python script which was included in the data
repository (see “Data Availability Statement”).
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