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Ultrathin complex oxide nanomechanical
resonators

D. Davidovikj® '#, D. J. Groenendijk'4, A. M. R. V. L. Monteiro!, A. Dijkhoff', D. Afanasiev', M. Siskins® ',
M. Lee!, V. Huangz, E. van Heumen 2, H.S. J. van der Zant® ', A. D. Caviglia1B & P. G. Steeneken® 3%

Complex oxide thin films and heterostructures exhibit a variety of electronic phases, often
controlled by the mechanical coupling between film and substrate. Recently it has become
possible to isolate epitaxially grown single-crystalline layers of these materials, enabling the
study of their properties in the absence of interface effects. In this work, we use this tech-
nique to create nanomechanical resonators made out of SrTiO; and SrRuQOs. Using laser
interferometry, we successfully actuate and measure the motion of the nanodrum resonators.
By measuring the temperature-dependent mechanical response of the SrTiO3 resonators, we
observe signatures of a structural phase transition, which affects both the strain and
mechanical dissipation in the resonators. Here, we demonstrate the feasibility of integrating
ultrathin complex oxide membranes for realizing nanoelectromechanical systems on arbitrary
substrates and present a novel method of detecting structural phase transitions in these
exotic materials.
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of complex oxides are extremely sensitive to mechanical strain

due to the strong coupling between the lattice and the charge,
spin, and orbital degrees of freedom!=6. This sensitivity stems
from rotations and distortions of the corner-connected BOg
octahedra (where B is a transition metal ion situated in the centre
of the octahedron formed by the oxygen atoms), which determine
the overlap between orbitals on adjacent atomic sites”. The B-O
bond lengths and rotation angles are routinely controlled by
strain through heteroepitaxy, which forms a powerful tool to tune
the properties of ultrathin films. The strong dependence of their
electronic properties on mechanical strain has attracted a lot of
attention towards their implementation in nanoelectromechanical
sensors and actuators®, but exploiting this trait to the fullest has
been limited by the requirement of a substrate for the epitaxial
growth. This constrains the possibilities for their mechanical
manipulation and integration with electronics and it could not be
circumvented until recently, when single-crystal films of complex
oxides were successfully released and transferred®19. This sparked
a new wave of interest in studying the properties of these mate-
rials, this time in their isolated, ultrathin form!!.

On the other hand, a wide variety of mechanical manipulation
techniques have been developed for van der Waals materials!?,
where weak interlayer bonding enables exfoliation of single- and
few-layer films. Their ease of manipulation has enabled the top-
down fabrication of nanomechanical elements, such as suspended
membranes and ribbons. This, combined with their flexibility, low
mass, and remarkable strength, has made them promising candi-
dates for nanomechanical sensing applications!3-16, Conversely, the
well-developed field of nanomechanics has established a solid basis
for characterizing the thermal and mechanical properties of van der
Waals materials!7-19,

In this work, we utilize the fabrication techniques for van der
Woaals materials to realize ultrathin nanomechanical resonators
made out of epitaxially grown single-crystal complex oxide films.
We show that these devices can be used to detect signatures of
temperature-induced phase transitions of the material, which
manifest themselves through changes of strain and, even more
prominently, of mechanical dissipation in the resonators.

I t is well established that the electronic and magnetic properties

Results

Fabrication of complex oxide nanodrums. The fabrication of the
complex oxide mechanical resonators is described in Fig. 1. To
isolate the epitaxial SrTiO; (STO) and SrRuO; (SRO) thin films
from the substrate, a water-soluble epitaxial Sr;Al,0¢ (SAO) layer
is first deposited by pulsed laser deposition on a TiO,-terminated
STO(001) substrate (see ‘Methods’). Figure la shows the reflec-
tion high-energy electron diffraction (RHEED) intensity of the
specular spot during the growth of SAO and STO. Oscillations are
observed during the growth of both films, indicating that the
growth occurs in layer-by-layer mode. Atomic force microscopy
(AFM) topographic maps are shown in Fig. 1b, ¢, showing that
the STO surface has a step-and-terrace structure, corroborating
the growth mode. An X-ray diffraction (XRD) measurement of an
SRO/SAO/STO heterostructure is shown in Supplementary Fig. 1
and discussed in Supplementary Note 1.

To dissolve the sacrificial layer and release the thin film from the
substrate, a polydimethylsiloxane (PDMS) layer is attached to the
surface before the entire stack is immersed in deionized water. After
the dissolution of the SAO layer (approximately 1 h for a 5 x 5 mm?
50-nm-thick SAO film, see Supplementary Movie 1), the film can be
transferred onto other substrates such as Si/SiO, using a deterministic
dry transfer technique?’. An XRD measurement of a 10 unit cell
(uc.) STO flake on a Si/SiO, substrate is shown in Fig. 1d. Laue
oscillations are clearly visible, indicating that the films are of excellent

crystalline quality after the release and transfer process. Since the film
is no longer epitaxial on the substrate, the rocking curve (Fig. le) is a
measure of the morphology of the STO film lying on the SiO,. The
small full width at half maximum (0.95°) indicates that the film lies
very flat on the Si/SiO, substrate. To fabricate nanomechanical
resonators, we transfer the STO and SRO films onto Si/SiO,
substrates pre-patterned with circular cavities (schematically shown
in Fig. 1f), demonstrating the feasibility of creating suspended
complex oxide membranes. An optical image of 9 u.c. (thickness:
h=3.6nm) thick SRO drums (diameter: d =13 um) is shown in
Fig. 1g. It is remarkable that these materials, much like their van der
Waals counterparts, have the flexibility and tensile strength required
to be suspended with aspect ratios exceeding d/h > 3600.

Mechanical characterization of the nanodrums. We characterize
the high-frequency dynamics of the complex oxide nanodrums
using the optical actuation and detection set-up shown in Fig. 1h.
The drums are mounted in the vacuum chamber (10~¢ mbar) of a
closed-cycle cryostat with optical access. Their motion is read out
using a red HeNe laser (1 =632.8nm). The complex oxide
membrane and the silicon underneath form a Fabry-Pérot cavity,
where the motion of the membrane modulates the intensity of the
reflected light, which is measured by a photodiode. The resona-
tors are actuated optothermally using a blue laser (A =405 nm)
that is coupled into the optical path via a cold mirror2!-22,
Measurements are performed in a homodyne detection scheme
using a vector network analyser (VNA), simultaneously sweeping
the actuation and detection frequencies.

The mechanical resonances of several STO and SRO drums are
shown in Fig. 2. Although STO is transparent in the visible
range?3, the motion of the drums can still be actuated and
measured optically since the refractive index of the STO is
different from that of vacuum and the absorption edge of strained
STO can shift to higher wavelengths®. Figure 2a, b shows
measurements of two STO drums and Fig. 2¢, d of two SRO
drums of different diameters. Measurements over a wider
frequency range show that higher-order resonances of the drums
can also be detected; two examples are shown in Fig. 2e, f, where
up to four higher-order resonances are visible. By taking the ratio
of the second harmonic (f;) to the fundamental mode (f;), we can
estimate whether the mechanical properties are dictated by the
pre-tension (theoretical ratio 1.59) or if they are dominantly
determined by the bending rigidity (theoretical ratio 2.09), the
latter being dependent on the Young’s modulus of the material
(E). It can be seen from Fig. 2¢ that the STO drums are in a cross-
over regime (ratio 1.72), similar to what has been observed in
drums of similar dimensions made of Mo0S,22 and TaSe,2° (an
AFM nanoindentation measurement of the sample characterized
in Fig. 2¢ is shown in Supplementary Fig. 2 and the derivation of
the extracted properties is outlined in Supplementary Note 2). On
the other hand, the mechanical properties of the SRO drums are
almost entirely determined by their pre-tension since f/fy = 1.47,
which is close to the theoretical value of 1.59. Statistics on 18 STO
drums are shown in Supplementary Fig. 3 and discussed in
Supplementary Note 3.

Temperature-dependent mechanical properties. Having con-
firmed that the resonators can be mechanically characterized at
room temperature, we now investigate how their mechanical
properties change with temperature. The signal of the SRO drums
<200 K was below the noise level of the measurement system, so
systematic temperature-dependent measurements could only be
performed on the STO drums. STO is known to undergo several
phase transitions as a function of temperature. A phase transition is
characterized by a discontinuity in specific heat?®, which, depending
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Fig. 1 Sample fabrication and basic characterization. a Reflection high-energy electron diffraction (RHEED) intensity oscillations during the growth of
Sr3AlL,Og (SAO)—red line—and SrTiO3 (STO)—blue line. Inset: RHEED diffraction pattern and atomic force microscopic (AFM) image of the SAO surface.
The scale bar is 200 nm. b AFM images of the STO and ¢ SrRuO3 (SRO) film surfaces grown on top of the SAO. The scale bars are 1pum. d X-ray diffraction
measurement of a 10 unit cell (u.c.) STO film transferred on a Si/SiO, substrate. The expected peak positions are marked by the vertical dashed lines.
e Rocking curve around the (002) reflection. f Schematics of the transfer of a thin SRO film onto a pre-patterned Si/SiO, substrate. g Optical image of
suspended 9 u.c. SRO drums with a diameter of 13 um. The purple surface is the area covered by the SRO film, including the three suspended drums
marked by the arrows. The scale bar is 10 pm. h Set-up for interferometric displacement detection (VNA vector network analyser, PD photodiode, LD laser
diode, BE beam expander, PBS polarized beam splitter, CM cold mirror).
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Fig. 2 Mechanical characterization of SrTiO; (STO) and SrRuO; (SRO) nanodrums. Resonance frequency measurements of 20-nm-thick STO and 10
nm-thick SRO nanodrums. a, b Frequency spectra of two STO drums with diameters of a 3 pm and b 4 pm. The red lines are linear harmonic oscillator fits.
The extracted quality factors are shown in each of the panels. ¢, d Frequency spectra of two SRO drums with diameters of ¢ 5 pm and d 13 pm. The red lines
are linear harmonic oscillator fits. The extracted quality factors are shown in each of the panels. e A wide-range frequency spectrum of the drum shown in
b. The positions of the fundamental resonance mode (fo) and the second resonance mode (f;) are marked with vertical dashed lines. f A wide-range
frequency spectrum of the drum shown in €. The positions of the fundamental resonance mode (fo) and the second harmonic (f;) are marked with vertical
dashed lines. The magnitude is a dimensionless number defined as the ratio of the input and output voltage of the vector network analyser.

on its magnitude, is expected to influence the mechanics of the
membranes?’, as it is closely related to the thermal expansion
coefficient?8, Figure 3 shows the mechanical properties of an STO
nanodrum as a function of temperature. The temperature depen-
dence of the resonance frequency (Fig. 3a) shows an evolution that
is commonly observed in two-dimensional (2D) materials?*-31. The

monotonic increase of f, with decreasing temperature is usually
ascribed to a difference in the thermal expansion coefficients
between the membrane and the substrate3%31, which results in
thermally induced tensile stress. The fact that the resonance fre-
quency increases with decreasing temperature despite the decrease
of the Young’s modulus of bulk STO below the transition
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Fig. 3 Temperature dependence of the mechanical properties of a 4-um SrTiO3; (STO) drum. a Resonance frequency as a function of temperature (inset:
temperature range 4-200 K). b Quality factor as a function of temperature. The red line is a guide to the eye (x-axis range goes to 200 K). ¢ Inverse quality
factor (Q~ ") as a function of temperature in the region between 4 and 80 K. The fitting error for all graphs is within the size of the data points. For the
Q factor, measurement-to-measurement fluctuations are observed with a standard deviation between 11% at 4K and 4% at 200 K.

temperature3233 indicates that the mechanical behaviour of the
resonator is dominated by tension, rather than bending rigidity?2.
Since the resonance frequency f; is related to the effective thermal
expansion coefficient of the system aegs (fg o g (T)AT), an abrupt
change in a.g will noticeably affect f;. Interestingly, a discontinuity
is observed in f; at around 30K (Fig. 3a, dashed line), which
coincides with the temperature at which the STO undergoes a
structural phase transition, where the Sr ions disorder along [111]
directions, rendering the structure locally triclinic34-3¢. This tran-
sition is accompanied by changes in mechanical properties323337:38,
as well as in the thermal expansion coefficient of STO3.

Another, more often discussed phase transition occurs in this
material at 105K, a temperature at which the cubic structure of
bulk STO is known to break up into locally ordered tetragonal
domains joined by ferroelastic domain walls*®4!. Signatures of
this transition are absent from the resonance frequency as a
function of temperature (inset of Fig. 3a). A possible reason may
be that STO undergoes no substantial changes of the specific heat
at this transition#, hence there is no significant influence on the
mechanics. It is important to note that optical second-harmonic
generation (SHG) measurements, sensitive to structural distor-
tions, performed on this sample still show a prominent feature at
around 105K, as shown in Supplementary Fig. 4 and discussed in
Supplementary Note 4.

While the shift in the resonance frequency (Fig. 3a) at 27 K is
relatively small, we observe more pronounced features in the
mechanical dissipation. To characterize dissipation, we use the
quality factor Q of the resonator (shown in Fig. 3b), which is
extracted from the frequency domain measurements as Q = fo/Af
(Af is the full width at half maximum of the resonance peak). The
overall monotonic decrease of dissipation (increase in Q) at lower
temperatures is often observed in 2D materials?>3143 and in
microelectromechanical systems in general** and is a subject of
ongoing discussion. A proposed explanation for this effect is the
increased in-plane tension, which is known to lower dissipation
in nanomechanical structures?>#>-47. Nevertheless, at the tem-
perature of the phase transition we observe an evident change
of trend.

Whereas f; is influenced by the pre-tension of the membrane
and the Young’s modulus of the STO, the quality factor is also
dependent on the intrinsic losses in the material*®, which at low
temperatures are expected to be dominated by thermoelastic
damping. Zener*3 defines a proportionality between the thermo-
elastic damping term and the specific heat in the following way:

Q(T) x “jF(TT))T, where a and ¢, are the thermal expansion

coefficient and the specific heat of the material, respectively.
Taking & o ¢, %, we get a direct relationship between the damping
and the specific heat Q~1(T) & c,(T)T. The inverse of the quality
factor for the same resonator is plotted in Fig. 3¢, which shows an
evident peak in the dissipation at around 30 K. Interestingly, the
position and the width of the peak are in accordance to the
peak in specific heat of STO measured by Durdn et al.>0. In
Supplementary Note 5, we discuss similar trends in f, and Q as a
function of temperature that were observed in two other drums
from the same STO flake (see Supplementary Figs. 5 and 6). For
another STO sample (h = 16 nm), the transition was not observed
under intrinsic thermally accumulated strain but did reappear
with added strain by means of electrostatic gating (Supplemen-
tary Fig. 7), suggesting that strain can play a role in stabilization
of the anomaly, similar to the proposed effect of defects’!.

Discussion

We demonstrated the fabrication of ultrathin mechanical reso-
nators made of epitaxially grown STO and SRO films. Using laser
interferometry, we mechanically characterized the nanodrums
and showed that they can be used as nanomechanical devices,
much like drums made of van der Waals materials?!,22:25:31,52,53,
We show that phase transitions affect the temperature-dependent
dynamics of the resonators and that their mechanical dissipation
can shed light on the microscopic loss mechanisms, which are
often coupled to electronic and magnetic degrees of freedom. This
work connects and presents advances in two fields: (i) the field of
complex oxides will benefit from a method for probing the
mechanical properties of these strongly correlated electron
materials in suspended form; (ii) the field of nanomechanics will
now have access to a class of atomically engineerable materials
and heterostructures with exotic properties that can be used as
functional elements in nanoelectromechanical systems (NEMS).
Such nanomechanical resonators can be used in self-transducing
mechanical devices, suspended Bragg reflectors, bimorphic
actuators, and novel thermomechanical and piezoelectric sensors.
Furthermore, by decoupling the high-temperature growth of the
materials from the device fabrication flow, the presented complex
oxide NEMS resonators can be easily integrated into fully func-
tional complementary metal oxide semiconductor devices that
cannot tolerate temperatures >400 °C.

Methods

Pulsed laser deposition of epitaxial films. SAO, STO, and SRO films were grown
by pulsed laser deposition on TiO,-terminated STO(001) substrates. The pulses
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were supplied by a KrF excimer laser and the substrate was mounted using two
clamps and heated by an infrared laser. SAO and STO were deposited using a laser
fluence of 1.2 J/cm?, a substrate temperature of 850 °C, and an oxygen pressure of
1076 mbar. SRO was deposited at 600 °C, with a fluence of 1.1 J/cm? and an oxygen
pressure of 0.1 mbar. The growth occurred in layer-by-layer mode for SAO and
STO, while SRO was grown in step-flow mode. After the deposition, the hetero-
structures were annealed for 1 h at 600 °C in 300 mbar O, and cooled down in the
same atmosphere.

Release and transfer. The thin films were released by adhering a PDMS layer to
the film surface and immersing the stack in water. Dissolution of a 50-nm SAO
layer was found to take approximately 60 min, without stirring or heating the
water. After releasing the substrate, the PDMS layer with the thin film was dried
using dry N,. The STO and SRO films were transferred onto pre-patterned Si/
285 nm SiO, substrates using an all-dry deterministic transfer technique?’. The
crystallinity of the thin films before and after their release was investigated by XRD
(see Fig. 1b).

Mechanical characterization. The mechanical characterization of the resonators
(Figs. 2 and 3) was performed with an active position feedback and variable fre-
quency range to ensure that the laser spot is always centred and focussed on the
drum. The resonance peaks are recorded with high accuracy (5000 points per
measurement) to rule out any measurement artefacts in the interpretation of the
data. In order to eliminate potential artefacts stemming from variations in the
adhesion between the membranes and the substrate, the samples are thermally
cycled prior to the measurement.

Second harmonic generation. The optical SHG measurement was performed in a
reflection geometry to further confirm the presence of the structural transition seen
in the mechanical experiments. The sample was excited by a 100-fs laser pulse at a
central wavelength of 800 nm from a regenerative Ti:Sapphire amplified laser

system operating at a 1-kHz repetition rate. The fluence of the laser radiation used
in the experiment was in the order of 10 mJ/cm?. The nonlinear optical response at
the central wavelength of 400 nm was detected using a photomultiplier tube.

Data availability

The manuscript has associated data in a data repository. The numerical data shown in
figures of the manuscript can be downloaded from the Zenodo online repository at
https://doi.org/10.5281/zenodo.3978636.
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