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ABSTRACT: Hexagonal boron nitride (h-BN), one of the
hallmark van der Waals (vdW) layered crystals with an ensemble
of attractive physical properties, is playing increasingly important
roles in exploring two-dimensional (2D) electronics, photonics,
mechanics, and emerging quantum engineering. Here, we report
on the demonstration of h-BN phononic crystal waveguides with
designed pass and stop bands in the radio frequency (RF) range
and controllable wave propagation and transmission, by harnessing
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arrays of coupled h-BN nanomechanical resonators with engineer-

able coupling strength. Experimental measurements validate that these phononic crystal waveguides confine and support 15—24
megahertz (MHz) wave propagation over 1.2 millimeters. Analogous to solid-state atomic crystal lattices, phononic bandgaps
and dispersive behaviors have been observed and systematically investigated in the h-BN phononic waveguides. Guiding and
manipulating acoustic waves on such additively integratable h-BN platform may facilitate multiphysical coupling and
information transduction, and open up new opportunities for coherent on-chip signal processing and communication via

emerging h-BN photonic and phononic devices.
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radio frequency (RF), integrated phononics

he considerable research effort on exploring the

unconventional properties of van der Waals (vdW)
layered materials has already led to exciting breakthroughs
across a variety of disciplines from fundamental science to
device engineering.'”® Among families of vdW crystals,
hexagonal boron nitride (h-BN), having prevailed as gate
dielectric and passivation layers in two-dimensional (2D)
electronics and optoelectronics,” is emerging as an attractive
material platform for nanophotonics and quantum optics.*~ "
The ultrawide bandgap (5.9 eV) of h-BN is beneficial not only
for providing excellent electrical insulation, but also for hosting
robust single photon emitters (SPEs) even at room temper-
ature.'’ These defect-related quantum emitters exhibit large
Debye-Waller (DW) factors and megahertz (MHz) photon
count rates among the brightest SPEs reported so far.'”'" The
layered structure of h-BN also endorses new and unparalleled
flexibility in additive, back-end-of-line, and hybrid device
integration free from lattice matching constraints, making it an
excellent candidate for implementing on-chip quantum
information processing and sensing functions.

Development of future quantum circuitries will require on-
chip integration of multiple physical components in a way that
the combined advantages of the hybrid system mitigate the
weaknesses of individual constituents."> In parallel with
photonic components, such as photonic crystal cavities and
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optical resonators, which have been preliminarily demon-
strated in h-BN crystals,"”'* phononic wave devices also play
crucial roles in such hybrid schemes. Traveling at significantly
slower speeds than the luminal speed of photons, phonons—
the quanta of mechanical vibrations—have been suggested as
better carriers allowing information to be stored, filtered and
delayed over comparatively small length-scales but with high
fidelity.">~"” It has been widely demonstrated that mechanical
motion can mediate energy/information transduction among
different physical domains, as well as bridge the classical and
quantum regimes. For instance, the conversion between
electrical signal and mechanical vibration has been well
established in micro/nanoelectromechanical systems (M/
NEMS), which are the backbones of today’s state-of-the-art
commercial timing and inertial sensing devices,"®" and the
most sensitive probes in exploring fundamental science and
limits of measurement.”~>* Coherent photon-phonon inter-
actions can be achieved via radiation pressure forces in
optomechanical cavities.'”>*** In the quantum regime,
mechanical resonators can be coupled to artificial atoms
embodied as charge qubits or spin qubits through Coulomb
interactions or magnetic dipole forces, respectively.'”'®***°
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Figure 1. Evolution from an individual nanomechanical resonator to a coupled resonator array as a phononic waveguide. (a) Cross-sectional
schematic of suspended h-BN drumhead resonator over patterned SiO,/Si substrate. Typical mode shapes and frequency characteristics of (b)
individual and (c) coupled h-BN resonators. Panels b and c illustrate the frequency responses evolving from discrete eigenmodes of the individual
resonator to continuous transmission bands of the coupled resonators. Optical microscopy images of the devices are embedded in the schematic

illustrations.

Specifically and intriguingly, spin-mechanical coupling schemes
have been recently proposed and theoretically investigated
based on the h-BN quantum emitters.””**

Thanks to the layered structure of its crystals, h-BN renders
a unique combination of mechanical properties with very high
in-plane stiffness and strength but low flexural rigidity
(especially for monolayer and few-layer structures). It is
predicted and validated as an excellent structural material, with
a theoretical Young’s modulus Ey &~ 780 GPa and a breaking
strain limit up to & &~ 20%.”°">" The fundamental mechanical
properties have been explored in suspended h-BN struc-
tures;> > however, only very few experimental demonstrations
of mechanical devices have been reported to date.”"”*** To
address the aforementioned needs and challenges for future
integrated hybrid systems, it is desirable to explore new h-BN
nanomechanical devices, especially ones capable of manipulat-
ing waves coherently.

In this work, we take an initiative to experimentally
demonstrate one type of building blocks essential for future
on-chip phononic integration, namely phononic crystal wave-
guides, in h-BN crystals. Distinct from individual nano-
mechanical resonators reported previously,”>* phononic
crystal waveguides comprise periodic arrays of coupled
mechanical structures with architected unit cells (Figure 1).
For individual nanomechanical resonators, the vibrational
motion is restricted to the stationary eigenmodes. Whereas,
vibration can propagate through coupled resonators, resulting
in either constructive or destructive phonon transmission.
Hence, by assembling coupled resonators into long-range
periodic structures, we can create phononic crystal structures
and consequential phononic bands similar to the atomic
lattices in crystalline solids and photonic crystal lattices, and
their associated band structures. Such devices not only enable
fundamental exploration of lattice-based solid-state phenom-
ena including dispersive relation, energy transport, nonlinear
dynamics, and topological states in the phononic domain, but
also facilitate device functionalities, such as on-chip routing
and filtering of radio frequency (RF) acoustic waves.***

The basic concept in Figure 1 is enabled and reinforced by
the agile, additive features in device nanofabrication in the h-
BN platform, evading conventional lithographic patterning and
its associated chemical resist and contamination. As illustrated
in Figures 1 and S1, the periodic structures are defined on the
commonly used oxidized silicon (290 nm SiO, on Si)
supporting substrates, taking advantage of the well-established
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patterning and etching techniques with high spatial precision
(see Supporting Information). Then, a suite of specially
engineered, completely dry exfoliation and stamp-transfer
techniques are employed to create large-area suspended h-
BN structures.’”***” In as-fabricated devices, sizable elastic
impedance mismatch is created between the suspended and
supported regions of h-BN, thereby the acoustic energy can be
efficiently confined within the suspended waveguides. The
periodic elastic energy potential profile results in the formation
of phononic band structure. This device fabrication approach
can also help preserve the quantum signatures of emitters in h-
BN free from any wet chemistry or surface contamination,*®
favorable for developing future hybrid quantum devices.
Figure 2 presents the quantitative designs of the devices with
modeling results. Quasi-1D chain of edge clamped circular
resonators are designed to be overlapped with the neighboring
ones to achieve strong mechanical coupling. The effective unit
cell can be simplified as a near oval shape highlighted in
Figures 2a and S1. The period of the lattice is set to be a = 8.25
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Figure 2. Phononic waveguide design. (a) Design of spatially
overlapped circular h-BN nanomechanical structure and the effective
unit cell of the quasi-1D phononic crystal lattice highlighted in light
green shade. Without specific notation, the phononic crystal
waveguides presented in the following figures have a lattice period
of a = 825 pum, a unit cell width of w = 12 ym equal to the diameter
of the circle. (b) Phonon dispersion curves numerically calculated for
a 120 nm thick h-BN waveguide with the unit-cell mode shapes at
different frequencies (0—®) labeled in the plot. (c) The transmission
characteristics and performance of phononic waveguides computed
with numbers of cells N varying from 10 to 40 (from top to bottom).
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Figure 3. Frequency-domain characterization of h-BN phononic waveguide. (a) Measurement scheme of frequency-domain characterization. The
waveguide is photothermally excited by an amplitude-modulated 405 nm laser at one end (near the leftmost cell in panel a) and the resultant
phonon propagation is detected via a 633 nm laser interferometry system at the other end (rightmost cell in panel a). In real experiments, the 405
and 633 nm lasers are focused through the same S0X objective with tunable spatial separation up to ~200 um. Optical microscopy image and
simulated mode displacement profile at the excitation frequency f = 14 MHz are embedded in the schematic illustration. (b) Measured frequency
responses of the waveguide over a broad range, with the dashed line showing the response corrected according to position dependent detection
efficiency (|t aginode/ Unodel & 6-81) and right axis showing the estimated displacement. (c) Zoom-in spectrum of the frequency range highlighted in
light orange shade in panel b, and each peak is fitted with finite-Q harmonic resonance function.

pum and the width of the cell is w = 12 ym, owing to the
predicted frequency dispersion with prominent bandgap lying
in the MHz range (Figures S2 and S3). According to the finite
element method (FEM) simulations (COMSOL Multi-
physics), the thickness of h-BN layers is chosen to be larger
than 50 nm to ensure the fabricated nanomechanical structures
follow the plate model (detailed discussion in the Supportin

Information) and immune to local strain inhomogeneity.’”
The experimental and simulation results presented in the main
text are attained based on the aforementioned cell geometry
settings with a thickness of h-BN being 120 nm, without
additional notation. Additional devices with varied unit cell
dimensions are showcased in the Supporting Information
(Figures S1 and S6).

The phononic band structure of the designed waveguide is
revealed as the simulated phonon dispersion relation curves
shown in Figure 2b, along with the mode shapes of the unit cell
for the first and second lowest eigenfrequency branches at the
wavenumber k = 0 and 7/a points, respectively. The frequency
spectrum is divided into multiple regions. The frequency range
below the first phonon band is called stop band, in which no
mechanical mode can be supported by the waveguide.
Analogous to electron transport in atomic lattices of crystalline
semiconductors, bandgaps form between transmission bands,
within which phonon propagation is also suppressed. At higher
frequencies, neighboring phonon bands start merging and
mode crossing/anticrossing occur, related to the phenomenon
of strong mode coupling, which can result in the mode type
transformation and energy exchange between different phonon
branches.

It is worth mentioning that such band structure simulation is
fulfilled with Floquet-Bloch periodicity conditions u(x + a) =
¢*u(x), where u(x) is the displacement at position x, a is the
lattice period, and k is the wavenumber (0 < k < z/a),
assuming the number of cells as infinite. However, for device
fabrication, we need to balance between the waveguide
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performance and the device footprint to determine a practical
number of cells. Therefore, we also study the influence of the
constituent cell numbers (N = 10, 20, 40) numerically, as
summarized in Figure 2c. The relative amplitude in frequency-
domain simulations, or transmission Ty_; = 20 log(luy/uyl) in
dB, is defined as the ratio between the areal averaged
displacement magnitude (luyl = _/ arealtldxdy/Acy) of the
first and the last cells (note in analysis and simulation of
individual cells, u u(x,y), no longer quasi-1D), with
excitation force loaded at the first one. Reliant on the
constructive or destructive interference conditions, the
displacement amplitude of the last cell can exceed (>0 dB)
or fall short (<0 dB) from the amplitude of the first cell.
Agreeing with the band structure simulation, clear stop bands
(<15 MHz) can be observed with displacement ratio lower
than —90 dB for all the presented cases. Conversely, there is no
noticeable relative amplitude decline at the predicted bandgap
frequencies (24—27 MHz) for the lattice with N = 10. For N =
20 and 40 cases, attenuation of ~30 and ~90 dB can be
achieved, respectively. Considering the difficulty in obtaining
h-BN flakes with very large uniform areas, the number of cells
is set around 20 for device fabrication.

To investigate the frequency-domain characteristics of the h-
BN phononic waveguides experimentally, we employ a
customized ultrasensitive laser interferometry system (Figures
3a and S4). The conventional vibration excitation techniques
relying on electromechanical coupling are not readily
applicable to the insulating h-BN crystals. Also, the piezo-
electric effect in h-BN only becomes accessible when the flake
is thinned down to few layers.”” All-optical actuation and
detection scheme is thus suitable for the characterization of
these phononic devices, in which the suspended h-BN crystal
and the patterned SiO,/Si substrate form an interferometer.
The system is equipped with an amplitude-modulated 405 nm
blue laser as the driving beam and a continuous-wave 633 nm
red laser as the detecting beam. Both beams are focused onto
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Figure 4. Signal transduction analysis and comparison between the measured and simulated frequency responses. (a) Signal transduction flowchart.
Vi, and v,y represent the input root-mean-square (rms) voltage to the system under test, from the network analyzer to the amplitude modulated
40S nm driving laser, and the output rms voltage of the photodetector fed into the network analyzer, respectively. u; and uy are the areal averaged
displacement of the first and last cells, respectively. (b) Displacement profile of the h-BN waveguide at varied frequencies f = 14, 16.5, 20, 25 MHz
(from top to bottom). The excitation is applied near the leftmost cell, unit cell 1 in panel a. (c) Numerical dispersion relation of the first and second
lowest phonon branches around k = 7/a from eigenfrequency simulation. (d) Intrinsic transmission of the waveguide, T,,_; = 20 log(lu,,/uyl),
obtained from frequency-domain simulation. (e) Measured total transmission Toy_i, = 20 log(lv,,/v,l) plot converted from the measured
amplitude versus frequency spectrum in Figure 3b. (f) Measured intrinsic transmission of the device, according to data in panel e and analysis and
calibration from panel a. The dashed lines in panels d—f delineate the 0 dB baseline and the 33.5 dB attenuation within the bandgap.

the devices through the same 50X long-working-distance
objective, while the position of the focused laser spots can be
individually controlled by a set of mirrors and beam splitters
with spatial separation up to ~200 ym. Flexural motion of the
suspended h-BN waveguide is photothermally actuated by the
modulated 405 nm laser at one end. The acoustic waves with
frequencies in the transmission bands can propagate through
the waveguide and alter the interferometry condition of 633
nm laser at the other end of the waveguide. Hence, the
mechanical displacement of the device can be transduced into
the intensity variation of the reflected 633 nm laser beam and
read out by a photodetector with frequency swept by a
network analyzer.

Measured frequency-domain responses are shown in Figures
3 and 4 (and more data from additional devices in Supporting
Information). As predicted, closely packed resonance modes
develop into continuous transmission bands with well-defined
phononic stop band and bandgap features. In terms of
characteristic frequencies, the measured spectrum shows
excellent agreement with the simulated one and the dispersive
curves (Figure 4c—4f). The first phonon band spans from 15
to 24 MHz, and the second phonon band is from 27 to 40
MHz, separated by a prominent bandgap of ~3 MHz. The
amplitude measured from the second phonon band is
noticeably smaller than the one from the first band, because
the detecting 633 nm laser spot is still parked at the center of
the cell (no. 21), but this is now on the node lines of the unit-
cell mode shapes ® and @ illustrated in Figure 2b. The lower
branches are replotted in Figure S7 for the analysis and
computation of the position-dependent displacement detection
efficiency within any unit cell, to obtain the correction
coeflicient |u,,n0de/ Unodel & 6.81 for the second phonon
band based on a combination of measurements and
simulations with practical laser spot size (1.5 gm) on the
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device (see Supporting Information). The amplitude-corrected
response of the second phonon band is plotted as a dashed line
in Figure 3b, which corresponds to the actual displacement at
the last cell (no. 21) in this band. The corrected response in
the second band can be higher than that in the first band,
consistent with simulation results in Figures 2c and 4d. The
ratio of displacement amplitude between the bandgap and the
first transmission band is approximately 1072, corresponding to
an attenuation of ~33.5 dB, also agreeing with the simulation
(Figure 4d—4f).

Figure 4a depicts a system diagram that facilitates analyzing
the signal transduction chain and gaining quantitative under-
standing of the intrinsic characteristics of the waveguide
device. The measured raw data (amplitude plot in rms voltage,
Figure 3, and transmission plot in dB, Figure 4e) include
extrinsic responses and contributions from the peripheral
transducers necessary for interfacing with and measuring the
device, including the upstream photothermal actuation, the
downstream motion detection modules, and their inner
components (Figure 4a). Combining multistage signal trans-
duction gain analysis and calibration measurement by replacing
the waveguide device with a single h-BN drumhead resonator
with dimensions similar to a unit cell and operating within the
first phonon band (15—24 MHz), we can obtain a relation that
allows us to subtract the extrinsic contributions from the
measured data (see Supporting Information). Upon applica-
tion to the transmission data in Figure 4e, this yields the
measured intrinsic transmission of the waveguide, shown in
Figure 4f (without repeating the second band amplitude
correction dashed line shown in Figure 3b), in very good
quantitative agreement with the simulation results in Figure 4d.
In addition, with the analysis and calibration of displacement-
to-voltage transduction in the motion detection module
(Figure 4a), the corresponding displacement-domain data is
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Figure S. Temporal dynamics of phonon propagation. (a) Measurement scheme of time-domain characterization. Distinct from the frequency-
domain measurement, the excitation laser is modulated by sinusoidal burst signals from a function generator (number of cycles n = 15, burst period
p = 10 ms, pulse train shown in Figure S10a) and these burst signals are also synced to the oscilloscope as references. A set of bandpass (BP) filters
are inserted in the detection circuit, which only allow the waves with frequencies of 10—30 MHz passing through. Optical microscopy image and
simulated mode displacement at the excitation frequency f = 18 MHz are embedded in the schematic illustration. (b) The color map represents the
measured time-domain amplitude responses by sweeping the excitation frequency across the first phononic band. At defines the time of the
acoustic wave propagating a round trip along the waveguide. The yellow squares and dash lines mark the round-trip traveling time calculated from
the eigenfrequency simulation and the frequency-domain simulation shown in Figure S11. (c) Selected traces of time-domain measurement from

panel b at varied frequencies f = 14, 16.6, 18.2, 20, 22, 25 MHz.

also determined for the measured amplitude response shown
in Figure 3b, exhibiting ~50 to 400 pm vibrations probed at
cell 21 in the first and second phonon bands (refer to the right
vertical axis of Figure 3b).

The phonon propagation behaviors can be directly visualized
in the mode displacement analysis (Figure 4b). When one end
of the waveguide is excited at a stop band frequency of 14
MHz, the mechanical motion is restricted to the excitation spot
without propagation along the waveguide. When the excitation
frequency escalates and reaches the first phonon band,
propagating phonons with long wavelengths can be supported
by the waveguide (@16.5 MHz in Figure 4b). As the frequency
keeps rising, the wavelength of acoustic wave gradually
decreases (@20 MHz in Figure 4b). When the half wavelength
of the standing wave is in proximity to the same length scale of
the unit cell, destructive interference among the reflected
waves inside the waveguide leads to suppression of the
mechanical motion. Therefore, at a bandgap frequency of 25
MHz, the excited vibration cannot travel through the
waveguide (Figure 4b).

To further understand the phonon propagation dynamics in
the h-BN phononic waveguide, temporal measurements are
performed as well. To monitor the mechanical wave
propagation in time domain, we build the time-domain
measurement apparatus, as illustrated in Figures 5a and S10.
The drive signal of the modulated 405 nm laser is shaped by a
function generator. We introduce a single-frequency sinusoidal
actuation signal with 15 cycles by enabling the RF burst mode
of the function generator. The pulse train (in each burst
period) gradually intensifies the mechanical motion of the
device, and then the generated acoustic wave propagates
through the phononic waveguide until it relaxes to below the
thermal noise limit due to the dissipation during propagation.
The displacement of the mechanical wave packet is probed at

3229

the end of the waveguide by the same 633 nm laser
interferometry. But the electrical signal from the photodetector
is filtered by a set of bandpass (BP) filters with 10—30 MHz
bandwidth and then recorded using an oscilloscope. The
results are averaged over 512 times by synchronizing the time-
domain signals using the trigger from the function generator.
The period of the burst signals is set as 10 ms to ensure the
time interval between each excitation pulse train is long
enough compared to the ring-down time of the mechanical
motion so that the acoustic wave can propagate back and forth
inside the waveguide for multiple cycles.

The measured temporal responses in the transmission band
contain several displacement wave packets (Figures Sc and
$10), which originate from the reflections of the propagating
acoustic wave at the ends of the waveguide. Meanwhile, at the
stop band or bandgap frequencies, the mechanical displace-
ment is below the noise floor of the system. Color map in
Figure Sb is attained by measuring the time-of-flight (ToF)
traces as a function of frequency across the first phonon band.
Fringes rising from the multiple reflections can be resolved as
well. Since the period of these fringes corresponds to the time
that acoustic wave travels a round trip inside the waveguide
(At), it can be utilized to deduce the experimental group
velocity (v,) of the acoustic wave packet, using the equation At
2L/vg fwhere L is the total length of the waveguide).
Likewise, the separation between adjacent peaks (f,,) in the
frequency-domain measurements and simulations is defined as
fin= 0/ (2L). The round-trip traveling time At calculated from
the frequency-domain simulation is marked in Figure Sb as
yellow squares and dash lines, which align perfectly with the
measurement results. Frequency-dependent group velocities
can be quantitatively extracted from Figures Sb and S11. At the
frequencies adjacent to the stop band, the group velocities are
one order smaller than the ones at the center frequencies of the

DOI: 10.1021/acsphotonics.9b01094
ACS Photonics 2019, 6, 3225-3232


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01094/suppl_file/ph9b01094_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01094/suppl_file/ph9b01094_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01094/suppl_file/ph9b01094_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01094/suppl_file/ph9b01094_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01094/suppl_file/ph9b01094_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.9b01094

ACS Photonics

100 nm

100

100

0.25 N/m 0.5 N/m

Frequency (MHz)

Frequency (MHz)

1
0.5

0.0 0.5 1.00.0 0.5 1.00.0 1.0 (C) 0.0 0.5 1.00.0 1.00.0 0.5 1.0
(a) Wavenumber (r/a) Wavenumber (r/a)
e, MDD ~«J~ EE < 3
v, <=ooa=)>
"[-O- 1*Band - O Bandgap A Bandgap Widith| [-O-1Band ~O- Bandgap A~ Bandgap Width| '
F100F o E o 6. 0 07100
E O—_ 8 o -O— "0777,8< _p—0——20 ;'E
= = o) e o o——pg—b—1=o =
< 0 e S ) 8/,/ D'///D [
3 ——9—gf 5
S 10k A L J0g
3 =]
B4 af HF P e I
e A Vi A L
Membrane /Ay Plate
1 1 1 1 1 1 1 1 1
1 10 100 0.5 1.0 15 2.0
(b) (d) Tension (N/m)

Thickness (nm)

Figure 6. Tuning the phonon band structures with thickness and tension engineering. (a) Computed dispersion curves and (b) characteristic
frequencies of phononic waveguides with the same unit-cell design (period a = 6.785 ym, width w = 10 gm, y = 2 N/m) but h-BN thickness varying
from 1 to 200 nm. (c) Computed dispersion curves and (d) characteristic frequencies of phononic waveguides with the same unit-cell geometry
(period a = 6.785 ym, width w = 10 ym, thickness & = 1 nm), but tension level varying from y = 0.25 to 2 N/m. Teal squares: Starting frequency of
the first phonon band. Red circles: Starting frequency of the first bandgap. Blue triangles: Width of the first phononic bandgap.

transmission band. The group velocity is defined as the first-
order derivative (slope) of the dispersion relation, as vy = dw/
Ok, where k is the wavenumber and o is the angular frequency.
The slow phonon propagation near the edge of the
transmission bands can thereby be interpreted to be resulted
from the abruptly decreased slope of the dispersion curves
around the band edges as shown in Figure 4c. Within the first
transmission band, the group velocity culminates over 250 m/s
at the frequencies around 22 MHz (Figure S11d). It can be
seen from the ToF measurement (Figure Sc) that at such
frequencies, the displacement amplitude of the acoustic wave
packets is still detectable, even after circulating in the
waveguide for 4 times, corresponding to a length over 1.2
mm (see Supporting Information and Figure S10 for detailed
analysis). In this measurement, the acoustic wave undergoes
both propagation loss and multi-reflection loss at the clamped
ends. If only the propagation loss is considered, the effective
propagation length would be even longer. We thus note, by
increasing the number of cells, multi-reflection loss will be
much reduced and propagation length can be increased, and
the transmission attenuation at the bandgap frequencies of
designed h-BN waveguides can be further enhanced (as
predicted in Figure 2c).

The quasi-1D h-BN waveguide demonstrated here exhibits a
prominently higher first band frequency (15—24 MHz) and
wider bandgap opening (3 MHz), compared to its counterparts
made from conventional materials, such as silicon nitride
(Si;N,), with similar geometry design (Supporting Table
§1).*>7° These favorable properties for high frequency (3—30
MHz) RF applications originate from the high Young’s
modulus and low mass density of h-BN, which bestow
enhancement in mode-coupling nonlinearity of the resonators

29,30
as well.””
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Moreover, the ultrahigh breaking strain limit of these 2D
crystals allows them to be stretched much more significantly
and offer wider operation bandwidth, which is unachievable by
employing traditional materials with much lower breaking or
fracturing strain limits.*" According to our further simulations
(Figure 6), the operation frequency of h-BN phononic
waveguides can be easily expanded from high frequency
(HF, 3—-30 MHz) to very high frequency (VHF, 30—300
MHz) bands, by incorporating strain-engineered thin h-BN
layers that follow the membrane model.”” Especially when
monolayer or odd-number layers (<10 layers) of h-BN thin
flakes are employed, the piezoelectric effect may be expected to
facilitate additional tunability and active devices may also be
realized.

Besides the desirable features for classical RF signal routing
and processing, the intriguing essential applications of the h-
BN phononic waveguides lie in the quantum regime. On the
basis of this prototypical demonstration of quasi-1D phononic
waveguides, other functional devices, such as 2photonic-
phononic crystals and optomechanical cavities,** can be
realized by further designing and engineering the periodic
elastic energy potential of these vdW layered crystals.
Embedding h-BN quantum emitters into such phononic
waveguides creates an exceptional platform for exploring
spin-qubit interaction and coherent information via photonic-
phononic pathways.**~*

In conclusion, we have designed and developed the first
phononic crystal waveguides in engineered h-BN nano-
mechanical structures. Taking advantage of the layered crystal
structure, the challenges in nanofabrication of long-range-
ordered phononic crystal lattices have been circumvented
through a facile integration approach and elastic environment
engineering. As-fabricated h-BN devices exhibit strong phonon
dispersion relation with prominently higher first transmission
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band frequency and wider bandgap opening, compared to their
counterparts made from conventional 3D crystalline materials
with similar geometric designs. We have experimentally
demonstrated that such h-BN waveguides are capable of
supporting RF acoustic wave propagation over an effective
length of 1.2 mm with a group velocity as high as 250 m/s at
the first transmission band, while attenuating the transmission
at the stop band and bandgap by over 30 dB. We envision by
combining the unique piezoelectric properties of h-BN, such
phononic structures can empower dynamically tunable devices
for RF signal processing and open a new avenue toward
building future integrated phononic and hybrid quantum
circuitry. As the final remarks, the phononic crystal design and
methodology developed in this work are directly transferable to
other layered crystals beyond h-BN, such as the semimetal
graphene and semiconducting transition metal dichalcogenides
(TMDCs) and their heterostructures. The van der Waals
integration of 2D materials also grants the applicability to
produce such phononic devices onto any additive nano-
fabrication-compatible substrates (rigid, curved, and flexible),
thereby empowering versatile functionalities.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acsphoto-
nics.9b01094.

Details of device design and fabrication, numerical
simulations, measurement schemes, and data analysis
(PDF)

H AUTHOR INFORMATION

Corresponding Author

*E-mail: philip.feng@ufl.edu.

ORCID

Yanan Wang: 0000-0002-9663-4491

Jaesung Lee: 0000-0003-0492-2478

Xu-Qian Zheng: 0000-0003-4705-771X

Philip X.-L. Feng: 0000-0002-1083-2391

Author Contributions

Y.W. designed the devices. J.L. and Y.X. fabricated the devices.
YW, J.L, and X.-Q.Z. carried out the device characterization
with important technical support on apparatus and instru-
mentation from P.X.-L.F. YW,, JL,, and P.X.-L.F. analyzed the
data and wrote the manuscript. All authors reviewed and
commented on the manuscript. P.X.-L.F. conceived the
experiments and supervised the project.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are thankful for the support from the National Science
Foundation (NSF) via EFRI ACQUIRE program (Grant
EFMA 1641099), its Supplemental Funding through the
Research Experience and Mentoring (REM) program, as well
as the NSF CAREER Award (Grant ECCS 1454570).

B REFERENCES

(1) Novoselov, K. S.; Geim, A. K; Morozov, S. V.; Jiang, D.; Zhang,
Y.; Dubonos, S. V.; Grigorieva, L. V.; Firsov, A. A. Electric field effect
in atomically thin carbon films. Science 2004, 306, 666—669.

3231

(2) Geim, A. K; Novoselov, K. S. The rise of graphene. In
Nanoscience and Technology: A Collection of Reviews from Nature
Journals 2009, 11—19.

(3) Geim, A. K; Grigorieva, I. V. van der Waals heterostructures.
Nature 2013, 499, 419—425.

(4) Fiori, G.; Bonaccorso, F.; Iannaccone, G.; Palacios, T.;
Neumaier, D.; Seabaugh, A.; Banerjee, S. K.; Colombo, L. Electronics
based on two-dimensional materials. Nat. Nanotechnol. 2014, 9, 768—
779.

(5) Xia, F.; Wang, H.; Xiao, D.; Dubey, M.; Ramasubramaniam, A.
Two-dimensional material nanophotonics. Nat. Photonics 2014, 8,
899-907.

(6) Mak, K. F; Shan, J. Photonics and optoelectronics of 2D
semiconductor transition metal dichalcogenides. Nat. Photonics 2016,
10, 216—226.

(7) Dean, C. R; Young, A. F.; Meric, I; Lee, C; Wang, L,;
Sorgenfrei, S.; Watanabe, K,; Taniguchi, T.; Kim, P.; Shepard, K. L.;
Hone, J. Boron nitride substrates for high-quality graphene
electronics. Nat. Nanotechnol. 2010, S, 722—726.

(8) Dai, S.; Fei, Z.; Ma, Q; Rodin, A. S.; Wagner, M.; McLeod, A. S;
Liu, M. K; Gannett, W.; Regan, W.; Watanabe, K.; Taniguchi, T;
et al. Tunable phonon polaritons in atomically thin van der Waals
crystals of boron nitride. Science 2014, 343, 1125—1129.

(9) Li, P.; Lewin, M.; Kretinin, A. V.; Caldwell, J. D.; Novoselov, K.
S,; Taniguchi, T.; Watanabe, K; Gaussmann, F.; Taubner, T.
Hyperbolic phonon-polaritons in boron nitride for near-field optical
imaging and focusing. Nat. Commun. 2018, 6, 7507.

(10) Tran, T. T.; Bray, K; Ford, M. J.; Toth, M.; Aharonovich, L
Quantum emission from hexagonal boron nitride monolayers. Nat.
Nanotechnol. 2016, 11, 37—41.

(11) Aharonovich, I; Englund, D.; Toth, M. Solid-state single-
photon emitters. Nat. Photonics 2016, 10, 631—641.

(12) Lee, D.; Lee, K. W.; Cady, J. V.; Ovartchaiyapong, P.; Jayich, A.
C. B. Topical review: Spins and mechanics in diamond. J. Opt. 2017,
19, 033001.

(13) Kim, S.; Froch, J. E; Christian, J.; Straw, M.; Bishop, J;
Totonjian, D.; Watanabe, K.; Taniguchi, T.; Toth, M.; Aharonovich, I.
Photonic crystal cavities from hexagonal boron nitride. Nat. Commun.
2018, 9, 2623.

(14) Froch, J. E; Hwang, Y.; Kim, S.; Aharonovich, I; Toth, M.
Photonic nanostructures from hexagonal boron nitride. Adv. Opt.
Mater. 2019, 7, 1801344.

(15) Shin, H.; Cox, J. A.; Jarecki, R.; Starbuck, A.; Wang, Z.; Rakich,
P. T. Control of coherent information via on-chip photonic—
phononic emitter—receivers. Nat. Commun. 2015, 6, 6427.

(16) Gustafsson, M. V.; Aref, T.; Kockum, A. F.; Ekstrom, M. K,;
Johansson, G.; Delsing, P. Propagating phonons coupled to an
artificial atom. Science 2014, 346, 207—211.

(17) Luo, G.; Zhang, Z. Z.; Deng, G. W,; Li, H. O.; Cao, G.; Xiao,
M,; Guo, G. C,; Tian, L.; Guo, G. P. Strong indirect coupling between
graphene-based mechanical resonators via a phonon cavity. Nat.
Commun. 2018, 9, 383.

(18) Nguyen, C. T.-C. MEMS-based RF channel selection for true
software-defined cognitive radio and low-power sensor communica-
tions. IEEE Communications Magazine 2013, 51, 110—119.

(19) Feng, X. L.; White, C. J.; Hajimiri, A.; Roukes, M. L. A self-
sustaining ultrahigh-frequency nanoelectromechanical oscillator. Nat.
Nanotechnol. 2008, 3, 342—346.

(20) O’Connell, A. D.; Hofheinz, M.; Ansmann, M.; Bialczak, R. C.;
Lenander, M.,; Lucero, E.; Neeley, M.; Sank, D.; Wang, H.; Weides,
M.; Wenner, J.; Martinis, J. M.; Cleland, A. N. Quantum ground state
and single-phonon control of a mechanical resonator. Nature 2010,
464, 697—703.

(21) Yang, Y. T.; Callegari, C.; Feng, X. L.; Ekinci, K. L.; Roukes, M.
L. Zeptogram-scale nanomechanical mass sensing. Nano Lett. 2006, 6,
583—586.

(22) Hanay, M. S.; Kelber, S.; Naik, A. K; Chi, D.; Hentz, S.;
Bullard, E. C.; Colinet, E; Duraffourg, L.; Roukes, M. L. Single-

DOI: 10.1021/acsphotonics.9b01094
ACS Photonics 2019, 6, 3225-3232


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsphotonics.9b01094
http://pubs.acs.org/doi/abs/10.1021/acsphotonics.9b01094
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01094/suppl_file/ph9b01094_si_001.pdf
mailto:philip.feng@ufl.edu
http://orcid.org/0000-0002-9663-4491
http://orcid.org/0000-0003-0492-2478
http://orcid.org/0000-0003-4705-771X
http://orcid.org/0000-0002-1083-2391
http://dx.doi.org/10.1021/acsphotonics.9b01094

ACS Photonics

protein nanomechanical mass spectrometry in real time. Nat.
Nanotechnol. 2012, 7, 602—608.

(23) Aspelmeyer, M.; Kippenberg, T. J.; Marquardt, F. Cavity
optomechanics. Rev. Mod. Phys. 2014, 86, 1391.

(24) Fang, K; Matheny, M. H,; Luan, X,; Painter, O. Optical
transduction and routing of microwave phonons in cavity-
optomechanical circuits. Nat. Photonics 2016, 10, 489—496.

(25) Chuy, Y.; Kharel, P.; Renninger, W. H.; Burkhart, L. D.; Frunzio,
L.; Rakich, P. T.; Schoelkopf, R. J. Quantum acoustics with
superconducting qubits. Science 2017, 358, 199—202.

(26) Satzinger, K. J.; Zhong, Y. P,; Chang, H. S.; Peairs, G. A;
Bienfait, A.; Chou, M. H.; Cleland, A. Y.; Conner, C. R;; Dumur, E,;
Grebel, J.; Gutierrez, I; November, B. H.; Povey, R. G.; Whiteley, S.
J.; Awschalom, D. D.; Schuster, D. L; Cleland, A. N. Quantum control
of surface acoustic-wave phonons. Nature 2018, 563, 661—665.

(27) Abdi, M.; Hwang, M. J.; Aghtar, M.; Plenio, M. B. Spin-
mechanical scheme with color centers in hexagonal boron nitride
membranes. Phys. Rev. Lett. 2017, 119, 233602.

(28) Abdi, M.; Plenio, M. B. Quantum effects in a mechanically
modulated single-photon emitter. Phys. Rev. Lett. 2019, 122, 023602.

(29) Wu, J.; Wang, B.; Wei, Y.; Yang, R; Dresselhaus, M. Mechanics
and mechanically tunable band gap in single-layer hexagonal boron-
nitride. Mater. Res. Lett. 2013, 1, 200—206.

(30) Song, L.; Ci, L.; Lu, H.; Sorokin, P. B.; Jin, C.; Nj, J.; Kvashnin,
A. G; Kvashnin, D. G,; Lou, J.; Yakobson, B. I; Ajayan, P. M. Large
scale growth and characterization of atomic hexagonal boron nitride
layers. Nano Lett. 2010, 10, 3209—3215.

(31) Zheng, X.-Q.; Lee, J.; Feng, P. X.-L. Hexagonal boron nitride
nanomechanical resonators with spatially visualized motion. Microsyst.
Nanoeng. 2017, 3, 17038.

(32) Falin, A; Cai, Q.; Santos, E. J.; Scullion, D.; Qian, D.; Zhang,
R; Yang, Z.; Huang, S.; Watanabe, K.; Taniguchi, T.; Barnett, M. R;;
Chen, Y,; Ruoff, R. S.; Li, L. H. Mechanical properties of atomically
thin boron nitride and the role of interlayer interactions. Nat.
Commun. 2017, 8, 15815.

(33) Zheng, X.-Q; Lee, J.; Feng, P. X.-L. Hexagonal boron nitride
(h-BN) nanomechanical resonators with temperature-dependent
multimode operations. In Proceedings of 18th International Conference
on Solid-State Sensors, Actuators & Microsystems (Transducers 2015),
Anchorage, AK, June 21-25, 2015; pp 1393—1396.

(34) Shandilya, P. K; Froch, J. E.; Mitchell, M.; Lake, D. P.; Kim, S.;
Toth, M.; Behera, B.; Healey, C.; Aharonovich, I; Barclay, P. E.
Hexagonal boron nitride cavity optomechanics. Nano Lett. 2019, 19,
1343—1350.

(35) Hatanaka, D.; Mahboob, I; Onomitsu, K; Yamaguchi, H.
Phonon waveguides for electromechanical circuits. Nat. Nanotechnol.
2014, 9, 520—524.

(36) Cha, J.; Daraio, C. Electrical tuning of elastic wave propagation
in nanomechanical lattices at MHz frequencies. Nat. Nanotechnol.
2018, 13, 1016—1020.

(37) Yang, R.; Zheng, X.-Q.; Wang, Z.; Miller, C. J.; Feng, P. X.-L.
Multilayer MoS, transistors enabled by a facile dry-transfer technique
and thermal annealing. ]. Vac. Sci. Technol, B: Nanotechnol.
Microelectron.: Mater., Process,, Meas.,, Phenom. 2014, 32, 061203.

(38) Grosso, G.; Moon, H; Lienhard, B.; Ali, S.; Efetov, D. K;
Furchi, M. M,; Jarillo-Herrero, P.; Ford, M. J.; Aharonovich, L;
Englund, D. Tunable and high-purity room temperature single-
photon emission from atomic defects in hexagonal boron nitride. Nat.
Commun. 2017, 8, 708.

(39) Wang, Y.; Lee, J.; Yong, X.; Zheng, X.-Q.; Feng, P. X.-L. High-
frequency hexagonal boron nitride (h-BN) phononic waveguides. In
Proceedings of the 32nd IEEE Int. Conference on Micro Electro
Mechanical Systems (MEMS’19), Coex, Seoul, South Korea, Jan.
27-31, 2019; pp 319-322.

(40) Duerloo, K. A. N; Ong, M. T,; Reed, E. J. Intrinsic
piezoelectricity in two-dimensional materials. J. Phys. Chem. Lett.
2012, 3, 2871-2876.

(41) Hatanaka, D.; Bachtold, A.; Yamaguchi, H. Electrostatically
induced phononic crystal. Phys. Rev. Appl. 2019, 11, 024024.

3232

(42) Safavi-Naeini, A. H; Painter, O. Design of optomechanical
cavities and waveguides on a simultaneous bandgap phononic-
photonic crystal slab. Opt. Express 2010, 18, 14926—14943.

(43) Kuzyk, M. C.; Wang, H. Scaling phononic quantum networks of
solid-state spins with closed mechanical subsystems. Phys. Rev. X
2018, 8, 041027.

(44) Lemonde, M. A;; Meesala, S.; Sipahigil, A.; Schuetz, M. J. A;
Lukin, M. D.; Loncar, M.; Rabl, P. Phonon networks with silicon-
vacancy centers in diamond waveguides. Phys. Rev. Lett. 2018, 120,
213603.

(45) Fu, W,; Shen, Z,; Xu, Y.; Zou, C. L.; Cheng, R;; Han, X;; Tang,
H. X. Phononic integrated circuitry and spin—orbit interaction of
phonons. Nat. Commun. 2019, 10, 2743.

DOI: 10.1021/acsphotonics.9b01094
ACS Photonics 2019, 6, 3225-3232


http://dx.doi.org/10.1021/acsphotonics.9b01094

