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ABSTRACT: We image and characterize the mechanical modes of a 2D drum resonator
made of hBN suspended over a high-stress Si;N, membrane. Our measurements
demonstrate hybridization between various modes of the hBN resonator and those of the
Si3N, membrane. The measured resonance frequencies and spatial profiles of the modes
are consistent with finite-element simulations based on idealized geometry. Spectra of the
thermal motion reveal that, depending on the degree of hybridization with modes of the
heavier and higher-quality-factor Si;N, membrane, the quality factors and the motional
mass of the hBN drum modes can be shifted by orders of magnitude. This effect could be

exploited to engineer hybrid drum/membrane modes that combine the low motional
mass of 2D materials with the high quality factor of Si;N, membranes for optomechanical or sensing applications.
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wo-dimensional materials enable the fabrication of

nanomechanical resonators with high aspect ratios, very
low mass, and high resonance frequencies. > They have
remarkable mechanical properties, such as extremely high
fracture strength and Young’s modulus.® A wide variety of 2D
materials are now the subject of large research efforts due to
their unique electronic,”* magnetic,”’” and optical' '* features
as well as the potential to combine these materials in layered
heterostructures.'” Hexagonal boron nitride (hBN) is known
to have comparable mechanical properties to graphene,'* but
in contrast to graphene and other 2D materials, it has a large
band gap of almost 6V, making it a transparent insulator
with low absorption in the visible and near-infrared ranges.'®
hBN has also been shown to host bright and stable quantum
emitters,'” which are strain-coupled to the motion of the
crystal lattice.'®'” These properties make hBN a prime
candidate for optomechanical devices and integration into
high-finesse optical cavities.”’

Most devices based on suspended flakes of 2D materials are
fabricated by direct exfoliation"”' or dry stamping onto a
prepatterned substrate.”” Due to the thickness of the substrate
and the fact that there is usually no optical access from both
sides, these samples are not suitable for integration with
microscale optical cavities in the membrane-in-the-middle
(MIM) configuration.””™** In addition, mechanical mode
imaging on such devices has revealed that these transfer
techniques have a deleterious effect on the mode shapes and
potentially on the mechanical properties of the resonators due
to the inhomogeneous stress they impart to the flake.”***’
Aside from degrading the overall performance of the devices
and their reproducibility, this is also problematic for sensing
implementations that require calibrated mode shapes.*
Suspended devices made from 2D materials grown by chemical
vapor deposition are fabricated with wet transfer techniques,””
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but they usually exhibit many folds, cracks, or other
imperfections that affect the resulting mechanical resonators
to a similar degree.zg’30

In this work, we employ a wet transfer technique to fabricate
devices from exfoliated flakes of hBN (Figure 1 (a)), which are
placed on top of holes in Si;N, membranes, resulting in thin
devices with optical access from both sides (Figure 1 (b)). We
characterize such an hBN/Si;N, mechanical resonator by
recording thermal mode spectra as well as detailed spatial
mode shapes. We find that the mode shapes match well with
COMSOL Multiphysics simulations based on idealized
geometries. Finally, we explore how hybridization between
the mechanical modes of the Si;N, membrane and of the hBN
drum affects the mechanical properties of the latter.

While hybridization between 2D material resonators and
underlying Si;N, membranes has been observed before,”**
here we focus on changes in the quality factor (Q) and
effective mass (m*). In our case, the underlying Si;N,
membrane has a much higher Q than that of the hBN drum.
This results in hybridization where the Si;N, membrane lends
its mechanical properties to the modes of the hBN drum,
which could be useful for sensing applications®"*>** and the
engineering of functionalized mechanical systems.

Our device fabrication starts with exfoliated hBN flakes (hqg-
graphene) on a Si/SiO, substrate with a 300 nm oxide layer.
hBN offers a poor optical contrast when on PDMS, which is
typically used in stamping techniques.”> However, when on a
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Figure 1. (a) Sample fabrication procedure. hBN flakes are exfoliated onto Si/SiO, substrates and then spin-coated with PMMA in step 1. In step
2, the oxide layer is removed, releasing the PMMA layer with embedded hBN flakes. In step 3, this PMMA layer is brought into contact with the
Si;N, membrane, producing an hBN drum resonator. Finally, in step 4, the PMMA is removed in a solvent clean. (b) Photograph of a finished
sample. (c) AFM measurement of the area indicated by the small white rectangle in (b), giving a flake thickness of 48 nm.
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Figure 2. Mode images and spectrum obtained for the sample shown in Figure 1 (b). The top row shows the measured mode images, and the
second row shows mode images simulated with COMSOL. Since often more than one mode could be found with matching mode images, the
modes are represented with a shaded area rather than with a specific peak in the thermal spectrum shown below. The last two mode images are
beyond the frequency range of the thermal spectrum shown; therefore, no shaded area is indicated. Arrows highlight modes of the Si;N, membrane
that did not hybridize with any hBN drum modes, starting with the fundamental Si;N, mode. The last row shows an example of a series of
apparently identical modes in one of the shaded areas. m*, Q, and the resonance frequency are displayed on each of the six graphs. Scale bars

correspond to 10 ym.

Si/SiO, substrate, the flakes can be carefully evaluated and
selected, making it possible to find flakes without defects, steps,
or folds. The Si/SiO, chip is then spin-coated with a layer of
poly(methyl methacrylate) (PMMA), after which the oxide
layer is removed in a 2 M NaOH solution. This results in a
floating PMMA membrane with hBN flakes attached to its
bottom surface (Figure 1 (a) steps 1 and 2). We have found
that slow etching of the SiO, at room temperature yields a
smoother and cleaner PMMA membrane compared to a faster
process at elevated temperatures, as is often employed. After
replacing the NaOH solution with DI water in several rinsing
steps, the PMMA/hBN membrane is transferred to another

2017

vessel where it floats above the target substrate. This substrate
is a stoichiometric (900 MPa stress) Si;N, membrane
(Norcada). It is 200nm thick, has lateral dimensions of
300 pm X 300 pm, and features 30-ym-diameter holes in a grid
pattern. The Si;N, membrane is glued with Crystalbond to a
metal holder so as not to float away or move during the
transfer. To position the PMMA membrane on top of the
Si3N, chip, we used a micromanipulator setup under an optical
microscope. While positioning the hBN flake above the target
hole in the Si;N, membrane, the water is slowly removed until
the hBN flake settles on top of the hole (Figure 1 (a) step 3).
The device is left to dry overnight, after which the PMMA is
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Figure 3. (a) Thermal spectrum of the fundamental mode with the fit in red. Q and m* extracted from this fit are shown to the right of the peak,
while the inset to the left shows the expected deflection as simulated with COMSOL. The motion is confined to the hBN that covers the central
hole. (b, ¢) Q and m™* as a function of the resonance frequency for all observed modes at different temperatures. The six modes shown at the
bottom of Figure 2 are represented with star-shaped markers. (d) Q vs m*. The dashed lines in (c) and (d) indicate m;; of hBN and Si;N,. (e) and
(f) show the extracted force sensitivity vs Q and m*; the diamond-shaped markers represent the fundamental hBN mode at room temperature.

removed in acetone followed by IPA at 50° for 30 min each
(Figure 1 (a) step 4). Finally, the sample is put into a UV/
ozone cleaner for 10 min to remove organic residue.

The characterization of the sample is carried out in a room-
temperature vacuum chamber (pressure <10™*mbar) with
optical access for a modified Michelson interferometer (ref
36.). A single-frequency diode laser (630 nm) is used to detect
the motion of the hBN drum in a balanced detection scheme.
We use a long-working-distance 50X objective with an NA of
0.5 (Mitutoyo G-Plan Apo 50x), giving us a spot size of around
800 nm. The length of the reference arm of the interferometer
is stabilized via a feedback loop to keep the interferometer
stable and at maximum sensitivity throughout the measure-
ments. We also use this length control of the reference arm,
which can cover more than the laser wavelength, as calibration
to convert from units of (V>/Hz) to (m?/Hz). The mechanical
response is measured by exciting the sample resonantly with a
piezoelectric shaker to an amplitude of a few nanometers while
recording the demodulated signal with a lock-in amplifier
(Zurich HF2LI). A stack of piezo scanners (Attocube
ANSxyS0) makes it possible to map the reflected intensity of
the sample as well as to image the mechanical modes as in
Figure 2.

Mode imaging is not only a tool that can give insight into
the imperfections (folds, wrinkles, inhomogeneous strain, etc.)
of the membrane and their effect on the mode shapes but also
allows us to identify to which mode each resonance peak found
in the spectrum belongs. This turns out to be particularly
useful when the resonance spectrum is not well predicted by
theory or, as in our case, is complicated by hybridization of the
modes.

2018

We characterized and imaged a wide array of mechanical
modes visible in the thermal spectrum (Figure 2) of the sample
shown in Figure 1 (b). These data give insight into the
resonance spectrum and confirm that the mode shapes (first
row of images in Figure 2) match the ones simulated with
COMSOL (second row of images in Figure 2). We can also
use the thermal spectra to characterize the mechanical
properties of the modes in question, in particular, their m*
and Q. For example, the thermal spectrum recorded for the
fundamental mode of the hBN drum at around 2MHz is
shown in Figure 3 (a). The theoretical effective mass m= 1.89
X 107'* kg agrees with the measured m* = 1.71 X 10™"*kg. For
the theoretical value, we assumed a density of hBN of pypy =
2100 kg m™ and a ratio between m* and geometrical mass m
of m*/m = 0.265.>” The drum has a diameter of d = 30 ym and
a thickness of t = 48 nm (Figure 1 (c)). To fit the thermal
spectra, we use the power spectral density

2Tk, T

m*((woz _ wZ)Z + FZwZ)

S(@) =
(1)

where w/27 is the frequency (@, at resonance), I' = w,/Q is
the line width, T is the temperature, and kg is the Boltzmann
constant. We assume that the sample is in thermal equilibrium
with the surrounding bath. The optical power (~100 W) was
chosen so as to cause a negligible shift in the resonance
frequencies of the hBN drum; this was done by increasing the
power until a heating effect could be observed and then
reducing the power well below that point.

We measure a quality factor of Q = 6250 for the
fundamental mode of the hBN drum. We are not aware of a
device with higher Q at room temperature based on a 2D
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material. Typically, Q factors of such devices are in the range of
101102 321303839

We often find several copies of a specific mode shape in a
frequency interval, indicated by the shaded regions in Figure 2.
An example of a series of such modes with observable thermal
motion can be seen at the bottom of Figure 2. We attribute the
presence of such copies to hybridization between an hBN
drum mode and several modes of the Si;N, membrane that are
close in frequency (Figure S3 (c)). We again employ
COMSOL simulations to gain more insight into the combined
system (Figure S1). The simulations predict a variety of
hybridized modes, where the Ince—Gaussian-type modes
expected for the hBN drum are combined with modes of the
Si;N, membrane.*’ This results in a much larger number of
modes compared to that of a bare hBN drum and also affects
the rotational orientation of the hBN drum modes. When
taking a closer look at the bottom row in Figure 2, it becomes
apparent that some of the mode images show motion (bright
color) surrounding the typical double maxima of the drum
mode, hinting at hybridization with the surrounding Si;N,
membrane. As expected, the mode with the lowest Q factor
(second image) shows no motion in the surrounding Si;N,
membrane, while the one with the highest Q factor (last
image) shows strong motion that even merges with the mode
shape of the hBN drum. The fundamental mode of the hBN
drum is not expected to show any hybridization (inset Figure 3
(a)), since it sits in a frequency gap in the mode spectrum just
after the fundamental mode of the Si;N, membrane (arrows in
Figure 2; Figure S3). Instead, for higher-order modes of the
hBN drum, we expect hybridization with modes of the Si;N,
membrane based on the simulations.

To further investigate this hybridization, we extract m* and
Q for all of the modes observed in the thermal spectrum. We
also performed measurements both at liquid nitrogen (77 K)
and liquid helium (4 K) temperatures. The sample was cooled
in a liquid helium bath cryostat (Cryomagnetics), and
measurements were performed using a fiber-based microscope
as described in ref 41.

In Figure 3 (b), we show Q as a function of the resonance
frequency. For a small frequency interval, there are often many
modes at different Q values that almost appear in a vertical line,
representing groups of modes such as the one shown at the
bottom of Figure 2. The room-temperature quality factor Q =
1.8 X 10° for the Si;N, membrane (Figure S3 (a)) is much
higher than the one for the fundamental mode of the hBN
drum (Figure 3 (a)). Among the observed thermal spectra
whose mode images match modes expected for the hBN drum
(e.g., Figure 2 bottom row), we have found Q factors in excess
of 1 X 10° almost reaching the value of the Si;N, membrane.

If the motion that we detect on the hBN drum were coupled
to motion in the Si;N,, then we would expect an increase in
m* of this hybridized mode since the Si;N, membrane is a
much heavier oscillator. As can be seen in Figure 3 (c), where
we look at m* instead, we indeed find an increase in these
values. The observed values for room temperature (red
markers) fall between a lower limit (red dashed line)
corresponding to mg of the fundamental mode of the hBN
drum and an upper limit (green dashed line) corresponding to
m} of the Si;N, membrane. While these limits are only
estimates, especially for the circular hBN drum where the
effective mass depends on the mode in question,37 the
behavior matches our expectations for different degrees of
hybridization. If we plot the observed Q vs m* (Figure 3 (d)),
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we find that the modes with higher Q tend to have a higher
m*, and the two values appear to be correlated. From this
observation, we can conclude that, via hybridization, the Si;N,
membrane can lend its high Q factor to the hBN at the cost of
a higher effective mass. In Figure 3 (e,f), we show the extracted
force sensitivity (Supporting Information). At room temper-
ature, the best value is achieved for the fundamental mode,
showing that hybridization does not have a positive effect for
this sample. The improvement observed at low temperature is
partially due to a drop in effective mass of the observed modes.
To explain the shift toward lower m™*, we need to take changes
in the resonator geometry during cool down into account.
Bulk hBN is known to have a negative thermal expansion
coefficient;** therefore, as in graphene, it is reasonable to
expect that this property is preserved or even enhanced in the
2D limit.* Therefore, we expect a bulging of the membranes
when going to low temperatures. While no such effect was
observed for monolayer hBN,*® the sample presented here is
not thin enough to be clearly in the membrane regime, where
the drum would be expected to stay under tension by adhering
to the side walls of the underlying substrate.” Indeed, we
observe buckling for our sample, as can be seen in the reflected
intensity maps in Figure 4 (a,b). While we observe an increase

Figure 4. (a, b) Maps of the height differences extracted from the
reflected intensity, showing the bulging effect at lower temperatures.
(c) Fundamental hBN mode at room temperature (left) and modes of
the bulged drum at 4K (middle, right). The image in the middle
shows a complex mode that spans a large area, for which thermal
motion could not be observed. The image on the right is a more
typical mode representing the ones that we were able to characterize
(Figure 3). Dashed circles show the drum edge, and the white squares
in the last two images indicate the limited scan window at 4 K.

in Q (Figure 3), especially when comparing similar effective
masses, the effect is not as large as in other published
work.”???%* 1t is difficult to draw clear comparisons since the
nature of the mechanical modes significantly changes after the
bulging takes place (Figure 4 (c)). For example, we cannot
observe the evolution of the Q factor of the fundamental mode
as a function of temperature, since no corresponding mode
exists after buckling.

Looking at Figure 3, m* tends toward lower values for lower
temperatures, even falling well below the expected value for the
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fundamental mode of hBN. This is not surprising, as the mode
images reveal that a much smaller area of the membrane takes
part in the motion for some of the observed modes in the
bulged membranes (Figure 4 (c)). Unlike at room temper-
ature, we do not observe m* reaching the upper limit given by
the motional mass of the Si;N, membrane. We believe that this
is due to our inability to observe thermal motion in such
modes. The thermal motion scales with T and inversely with
m* and @ (eq 1), limiting the range of observable spectra at
low temperatures.

To summarize, the device presented here shows excellent
mechanical properties and exhibits mode shapes that are
consistent with theory up to high mode orders. We believe that
the most likely explanation for this good performance is the
fabrication procedure. The Si/SiO, substrate enables good
visibility of any imperfections in the flake, and the wet transfer
allows the flakes to gently settle onto the Si;N, membrane,
avoiding inhomogeneous stress in the drum. While the
thickness does not appear to have an effect on the Q of
similar devices,' 7> there may be a positive effect due to
the large drum diameter of our devices.** Another factor that is
known to influence Q is the tension,” which we estimate in
our samples to not be any higher than in similar published
work (Supporting Information).>”°

The hybridization between the Si;N, membrane and the
hBN drum not only boosts the Q of the hBN modes but also
allows the selection of different values of Q or m* because the
hybridization splits the expected hBN modes into several
copies with different degrees of hybridization. With the
addition of temperature control, it should be possible to
tune this hybridization in a similar way as in refs 31 and 32.

While the gain in Q does not outweigh the increase in m*
when estimating the sensitivity of our devices (Figures 3 and
S2), SizN, membranes with higher Q or lower m* have been
demonstrated and could make this trade-off more favor-
able.***’ In particular, since the placement of hBN on our
membranes resulted in only a modest drop in Q of the
fundamental mode (Supporting Information), we are opti-
mistic that hybrid modes with much higher Q values are
feasible. Schwarz et al. demonstrated theoretically and
experimentally that hybridization can increase the thermally
limited sensitivity in a similar system.”" Crucially, this increase
in sensitivity requires the fine-tuning of the two modes to be
hybridized, implying the need for a specifically designed Si;N,
membrane for the task. Hybridization of a Si;N, resonator with
a 2D membrane can also boost its motional amplitude,
allowing for larger optomechanical coupling in a cavity or
giving access to nonlinear mechanical effects such as signal
amplification and noise squeezing."*>** The ability to study
high-Q mechanical modes in 2D materials also opens
possibilities for studying their mechanical properties, for
mechanical coupling to embedded quantum emitters, or even
for measuring magnetic properties of 2D materials via the
magnetic torques and forces acting on drum resonators made
from 2D magnets or on 2D magnets encapsulated in
suspended hBN drum resonators.
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