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Surface phonon cavities that are homogenous in both me-
chanical and dielectric properties are reported. The cavities
are formed by the placement of a defect of a single domain
within periodic domain inversion of single crystal piezoelec-
tric lithium niobate that exhibits surface phononic bandgap
through the phonon-polariton coupling. Surface cavity res-
onances are observed within the bandgap, which manifest
in entrapment of phonon-polariton within the defect. In ad-
dition to demonstrating that the observed resonances are
non-radiative and decoupled to bulk radiation, which is crit-
ical for high Q cavities, it is also shown the possibility to
tune the surface cavity resonance spectra simply by vary-
ing the defect width. Such an ability to excite surface cav-
ity resonance that is non-radiative with simultaneous local-
ization of the electric field together with the advantage of

a cavity that is physically formed from a completely mono-
lithic and uniform material offers unique opportunities for
widespread applications for example in actuation, detec-
tion, and phonon lasing that can be fully integrated with
other physical systems such as quantum acoustics, photon-
ics, and microfluidics.

Phononic bandgap structures and phononic crystals are
novel class of materials, which have emerged as promis-
ing candidates to control the suppression and redirec-
tion of phonon propagation in controlled manner in
contrast to their behavior in unstructured bulk materials,
given rise by their unique properties, namely phononic
bandgaps [1-3] and negative refraction [4]. The abil-
ity for such control is crucial for current research in
phonon-mediated photonic interactions [5-9], quantum
physics [10-13], biosensing [14, 15], and nano-scale ther-
mal management [16, 17]. A critical requirement in many
of these applications is the ability to insulate a region
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of interest from random phonons in the environment.
Reports have shown that if a defect is embedded within
a phononic bandgap structure, a phonon cavity can be
formed [18-22], enabling the trapping and concentration
of phonons of a specific resonant frequency in a desired
location, which has been observed via a picosecond ul-
trasonic technique [21], by Brillouin light scattering [19]
or Raman spectra [18]. Dynamic tuning of these phonon
cavity resonances can be directly achieved by controlling
defect parameters, thus facilitating a number of appli-
cations, such as acoustic diodes [23], coherent phonon
generation [20-22], thermal control [16, 17], and concur-
rent phonon-photon modulation [24, 25].

The vast majority of the research [18-22], neverthe-
less, have been carried out to obtain phononic cavi-
ties for bulk waves; these structures typically comprising
periodic composite media, often exclusively engineered
from multi-layer single crystal semiconductor materials,
achieved by molecular beam epitaxy. On the other hand,
cavities for surface acoustic waves (SAWs) are highly de-
sirable due to the enhanced concentration of acoustic
energy at the surface that can facilitate direct coupling
with other physical systems [5, 14]. In the context of
piezoelectric materials, the electric fields that accom-
pany the SAW propagation have recently been shown to
play an important role in enabling the observation of
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coherent single-electron dynamics [26], and control of
electron-hole pair in low dimensional structure, such as
graphene [27-29]. To date, however, a surface phononic
bandgap structure —the building block to forming a sur-
face cavity—has either been formed from an array of
holes or pillars, or layers of different materials at the
surface of the host substrate matrix [3, 30]. This addi-
tional layer on the substrate surface can present a barrier
for integration with other physical systems, such as op-
tical waveguides to realize an opto-mechanical system
[8], microchannels for microfluidic applications [14], or
graphene [27-29]. Moreover, while piezoelectric surface
phononic bandgap structures have been demonstrated,
[31-33] there has yet to be a report showing the possibil-
ity of controlling the propagation of the accompanying
electric fields.

In previous recent work, we have demonstrated that
surface phononic bandgap can be achieved in a ma-
terial that is mechanically, electromechanically, and to-
pographically homogeneous, without any physical alter-
ation of the surface, but simply formed by periodically
reversing the sign of the piezoelectric tensor e in sin-
gle crystal lithium niobate [34, 35], in contrast to past
approaches with holes and pillars [3, 30]. The bandgap
is exhibited through phonon-polariton coupling, yield-
ing the simultaneous suppression of the propagation of
both the surface phonons and the accompanying elec-
tric field in a specific frequency range, determined by
the structure period a. Unlike phonon-polariton usu-
ally observed in nano-sized polar materials that involves
optical phonons operating in the mid-IR to THz spec-
tral ranges [36], the phonon-polariton considered here
is mainly related to the interaction between electromag-
netic waves and acoustic phonons, which occur in much
lower frequency. Both one-dimensional (1D) [37] and
two-dimensional (2D)[38] phonon-polariton bandgap
structures were demonstrated and analyzed. In partic-
ular, the integration into a linear integrated optical [39-
41] and microfluidic systems [42] have been also shown
in the 1D structure, demonstrating that these mono-
lithic bandgap structures represent a highly integrable
phononic platform.

In this report, we introduce a surface phonon cav-
ity achieved by placement of a defect of a single domain
within a one-dimensional periodic domain inversion of a
single crystal piezoelectric lithium niobate. The structure
is homogeneous in both mechanical and dielectric prop-
erties, requiring no machining or deposition of materials
and without the need to adjust the mass or stiffness. We
demonstrate that the proposed cavity can exhibit entrap-
ment of phonon-polariton, indicated by the simultane-
ous spatial localization of both the surface phonons and

366 www.ann-phys.org

D. Yudistira et al.: Phonon-polariton entrapment in homogenous surface phonon cavities

the electric fields within the defect. To our best knowl-
edge, this is the first report showing the formation of a
surface phonon-polariton cavity, and is further distin-
guished from previous work by its demonstration on a
homogenous material.

An illustration of the structure and a micrograph
of the fabricated structure are shown in Figs. 1a and
1b, respectively. The cavity consists of a defect of un-
poled material with a lateral width D placed at x. =
A within a phonon-polariton bandgap structure as il-
lustrated in Fig. 1a. A bandgap structure with a period
a = 20 um is considered, which corresponds to sur-
face phononic bandgap at around 185 MHz as revealed
by the calculated surface phononic band structure (see
Fig. 2a) of an infinitely long periodic structure (displayed
in the inset). The bandgap is indicated by the shaded
area where an additional narrow bandgap at approxi-
mately 210 MHz above the surface phononic bandgap
exists, likely corresponding to a radiative bandgap that
can be attributed to a leaky SAW propagating at a velocity
of 4400 m/s. To reveal the surface cavity resonance exci-
tation as well as to gain insight into its resonant behav-
ior, we calculate the frequency spectra of the amplitude
response of the surface phonon displacement [U|, which
is determined on the defect area at x. = A, while varying
the defect width D from 0.5a to 1.0a.

Figure 2b shows the contour of the calculated |U]| in
the frequency and defect width D space, revealing a dis-
tinct peak that traverses the bandgap as D varies from
0.5a to 1.0a or from 10 um to 20 um. As an exam-
ple, we plot in Fig. 2c for three different defect widths,
D = 0.5a = 10 um, 0.75a = 15 um and 1.0a = 20 um,
where we clearly observe distinct peaks located at the
edges and within the bandgap, denoted by ( ii, vi), and
(iii, iv, vi), respectively. Peaks iii, iv, and vi can thus be as-
cribed to surface cavity resonances, verified by the cor-
responding displacement plots in Fig. 2d. This cavity
resonance originates from the surface phonons that are
trapped by the defect and that oscillate back and forth
within it while decaying outside the defect. As indicated
by Fig. 2b, the frequency of the cavity resonance de-
creases as the D increases, because the trapped surface
phonons have more space to oscillate. This may suggest
that the frequency of the cavity resonance can be tuned
through the modulation of the defect width D.

When D = 0.54, the cavity resonance is not present
in Fig. 2b as well as in the top panel of Fig. 2c, indicat-
ing that there are no surface phonons trapped within
the defect as expected. Here, the structure behaves as a
standard phononic bandgap for D = 0, which also cor-
responds to a non-defect cavity structure. We instead
see two pronounced peaks located at the upper and
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Figure 1 (a) Illustration of a surface phonon cavity with a bandgap structure consisting of regular poling with period a, and with an
included defect of width D. The piezoelectric substrate has uniform mechanical and dielectric properties, but has either a positive or
negative piezoelectric response e. The structure is probed with an incoming SAW (from the left) and the structure response is determined
on the defect (the position of which is indicated by ‘A’). (b) Microscope image of the fabricated surface phonon cavity and the IDTs used to
generate the SAW. The region of the poled bandgap region is indicated by the larger white dashed rectangle and the region with the defect
is indicated by the smaller dark dashed rectangle. Laser Doppler Vibrometry (LDV) visualization of the transmitted SAW is conducted on
the far side of the defect as indicated by the spot on which the laser beam is focused. The cavity as measured is monolithic with no surface
structure and is thus not evident in the image; the inset presents a magnified image of the region indicated by the dashed rectangle,
taken after HF etching (post measurement) to reveal the domain structure forming the cavity.

lower edges of the bandgap denoted by peaks i, and ii,
respectively, in the upper panel of Fig. 2c. These peaks
can be associated with the edge resonance. Also, their
corresponding displacement plots in the upper panel of
Fig. 2d suggest that they are distributed with its maxi-
mum centered in the cavity. Given their group velocity is
low, the surface phonons undergoes multiple reflections
at the domain walls through a phonon-polariton cou-
pling mechanism and therefore possess a long acoustical
path. This may explain why their peaks are significantly
larger compared to the others. When D is increased, the
overall cavity length increases. As a result, the frequency
of the upper edge resonance (peak i) monotonically de-
creases because the phonon has more space to propa-
gate. At some point it approaches the cavity resonance
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at around D = 0.75q, resulting in the anticrossing of
the dispersion curve [19]. As a consequence, two sepa-
rate distinct peaks, iii and iv, are formed, as seen in the
middle panel of Fig. 2c, corresponding to the cavity res-
onances as indicated by their displacement plots pre-
sented in the middle panel of Fig. 2d. Similarly, the
lower edge resonance decreases as D increases and then
merges with the lower frequency pass band. As ex-
pected, when the cavity is excited at a frequency gap,
i.e., at vii in the lower panel of Fig. 2c for D = 1.0a,
the surface phonons manifest as an evanescent wave
within the cavity, caused by the phononic bandgap as
expected.

To experimentally demonstrate the above results,
four samples are prepared: unpoled lithium niobate
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Figure 2 (a) Calculated surface phononic band structure for an infinite sequence of periodic domain inversions with period a = 20 um
(unit cell shown in the inset). (b) Simulated map of the spectral response of the surface phonon displacement |U] as a function of the
frequency and defect width D. (c) Simulated spectral responses of the surface phonon displacement |U]| of the cavities with different
defect widths; (top) non-defect structure (D = 0.5a = 10 um); (middle) cavity with width D = 0.75a = 15 um, and, (bottom) a cavity with
width D =1.0a = 20 um. (d) Corresponding displacement profiles within the cavity (illustrated by the inset), calculated at peaks (i, ii, vi)
and (iii, iv and v), which corresponds to the edge and cavity resonances, respectively, for D = 0.5a (top), D = 0.75a (middle) and D = 1.0a
(bottom). Also plotted is the displacement calculated at vii, showing an evanescent wave characteristic associated with the bandgap.
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(sample 1); a non-defect sample (or phononic bandgap
structure) (sample 2) and two cavity samples with dif-
ferent defect widths, D = 15 um (sample 3) and D =
20 um (sample 4), respectively. Sample characteriza-
tion is performed using a standard interdigital trans-
ducer (IDT) generating coherent SAW with a frequency
that can be tuned between 175 — 195 MHz spanning
the phononic bandgap in conjunction with the use of
a laser Doppler vibrometer (LDV) to directly measure
the surface phonon displacement |U| on the defect area.
Fig. 1b shows the characterization setup used in our
experiment.

The measured spectral responses of the surface
phonon displacement |U| are presented in Figs. 3a—d
for samples 1-4, respectively. Figure 3a presents the re-
sponse from the blank sample, revealing the SAW band-
width of the fabricated IDT. The ripple observed within
the excitation band may be attributed to triple-transit
signal [43]. Figure 3b shows the spectral response of
the non-defect structure. Compared to the response ob-
served from the blank sample in Fig. 3a, the surface dis-
placement can be seen to be significantly reduced be-
tween 180 MHz and 190 MHz in Fig. 3b, clearly indicat-
ing the existence of a surface phononic bandgap as ex-
pected. The peaks at the upper and lower edges of the
bandgap are evident in Fig. 3b, thus confirming the edge
resonance as previously discussed. In particular, the ex-
istence of surface cavity resonances on cavity samples
(samples 3 and 4) is well confirmed by the experiment,
indicated by the peaks observed inside the bandgap as
presented in Figs. 3c and 3d for D = 0.75a = 15 um
and D = 1.0a = 20 um, respectively. In addition, we ob-
serve two peaks within the bandgap for D = 0.75a in
Fig. 3c that agrees well with the simulation, thus con-
firming the interaction between the upper edge and sur-
face cavity resonances previously discussed. Overall ex-
perimental results presented in Figs. 3a—c appear to be in
a good agreement with the simulation results in Fig. 2a.
The small discrepancies between the experiment and the
simulation possibly arise from the duty cycle of fabri-
cated structures, which could have deviated slightly from
50%, which can further be confirmed by a magnified
image of the cavity taken after HF etching (post measure-
ment) in the inset of Fig. 1b.

To gain insights into the observed resonances, we ex-
cite the cavity of D = 1.0a = 20 um at three different fre-
quencies, corresponding to the peaks at v, and vi, and
also at vii in the gap in Fig. 3d. For each frequency, we
perform LDV area scans along the cavity parallel to the
x axis to map the surface phonon displacement |U|. The
measured displacements |U| are presented in Figs. 4a—
c for locations vii, v, and vi, respectively, in which the
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Figure 3 Measured spectral response of the surface displacement
|U| obtained using the LDV from four different samples: (a) bare
lithium niobate; (b) Phononic bandgap structure; and cavities that
include a defect with () D = 0.750 =15 um, and (d) D = 1.0a =
20 um. The lattice period a is 20 wm. The ripple within the SAW
excitation range seen in (a) can be attributed to the triple-transit
signal [43].
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Figure 4 Maps of the displacement of surface phonons |U] in the
x-y plane (upper panels) and along the white dashed line of the
cavity (lower panels) measured using the LDV on a cavity with a
defect of D =20 um at the three different locations, (a) inside the
bandgap (vii), (b) at the cavity resonance (v), and, (c) at the edge
resonance (vi), shown in Fig. 2d. The defect is located at approxi-
mately x. = 30a.

upper panel displays the maps of the measured displace-
ment |U| on x-y plane whereas the lower panel maps
the displacement |U| along x-axis corresponding to the
white dashed line. It is clear from Fig. 4a that the inci-
dent SAW is subjected to a strong reflection caused by
surface phononic bandgap when the cavity is excited at a
frequency within the bandgap. Moreover, the rapid oscil-
lations observed in the measured values of |U| observed
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in Fig. 4a indicates a strong standing wave (correspond-
ing to the periodicity of the bandgap structure shown
in the inset) whose envelope attenuates approximately
exponentially from the IDT into the cavity as expected
for a phonon-polariton bandgap structure [37, 38]. When
the cavity is excited at the cavity resonance, the sur-
face phonons are trapped inside the defect, as shown by
the localization of the surface displacement within this
location in Fig. 4b, in good agreement with the calcula-
tion denoted by (v) in the lower panel of Fig. 2c, hence
confirming the surface cavity resonance. At a frequency
associated with the upper edge resonance, the surface
phonon can indeed be seen to be bound within the cav-
ity, following the prediction denoted by (vi) in the lower
panel of Fig. 2c.

The LDV results in Fig. 4, nevertheless, comprise only
measurements of the displacement amplitude |U] at the
substrate surface. It would also be valuable to analyze
the characteristics of the surface cavity resonance be-
neath the substrate of the cavity to qualitatively de-
termine the quality of the resonance along with the
accompanying electric fields |E| induced by the phonon-
polariton coupling. As such, we plot in Fig. 5a the surface
cavity displacement |U| across a cross-section along the
y-z plane for a frequency associated with the cavity reso-
nance (v) denoted in Fig. 2c corresponding to the cav-
ity with D = 1.0a; other peaks inside the bandgap dis-
plays similar characteristics and are hence not shown.
We also plot in the right panel of Fig. 5a the displace-
ment |U] in the y-direction corresponding to a location
along the white dashed-line, clearly showing the con-
finement of the displacement associated with the cav-
ity resonance within a wavelength beneath the surface,
evanescently extending into the substrate where cou-
pling with the bulk radiation from the cavity is insignif-
icant. These results suggest that the observed cavity
resonance maintains its nature as a surface wave nature
such that radiative losses are not a factor in the cavity’s
function, which can be a significant advantage when de-
signing high Q resonators. Additionally, it can be seen
from Fig. 5b that the accompanying electric field |E| is
simultaneously localized within the defect area due to
the phonon-polariton bandgap. Moreover, the field can
also be observed to be confined strongly at the surface
substrate, as confirmed by the plot in the right panel of
Fig. 5b.

In summary, we have presented the first univocal ob-
servation of the entrapment of phonon-polariton in ho-
mogenous surface phonon cavities. The cavity is based
on a phonon-polariton coupling within a bandgap struc-
ture that arises from periodic domain inversion on a sin-
gle crystal piezoelectric lithium niobate with a defect
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of a single domain. In addition to demonstrating that
the observed resonances are non-radiative and decou-
pled to bulk radiation, which is critical for high Q cav-
ities, we also show the possibility to tune the surface
cavity resonance spectra simply by varying the defect
width. Such an ability to excite surface cavity resonance
that is non-radiative with simultaneous localization of
the electric field together with the advantage of a cav-
ity that is physically formed from a completely mono-
lithic and uniform material offers unique opportunities
for widespread applications for example in actuation,
detection, and phonon lasing that can be fully integrated
with other physical systems such as quantum acoustics,
photonics, and microfluidics.

1 Experimental Section
1.1 Phonon cavity

The periodic domain inversion underlying the phonon
cavity is fabricated through electric field poling on con-
gruent Z-cut lithium niobate with a thickness of 500-xm,
supplied by Gooch & Housego (Ilminster, UK). Prior to
the poling process, an insulator based on AZ1512 pho-
toresist is coated on the Z face and patterned using stan-
dard photolithography. The pattern consists of an ar-
ray of stripes with width 13 um widths and 1000 um
lengths, aligned along the x-direction. A large DC electric
field that exceeds the coercive field for lithium niobate of
21.5 kV/cm is applied to the substrate through a contact
with a liquid electrolyte consisting of LiCl in deionzed
water. The spontaneous polarization of the crystal oc-
curs locally on the exposed substrate. The chips are then
treated in AZ100 solution to remove the photoresist.
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1.2 Surface acoustic wave characterization

The SAW is generated by applying a RF signal to the
IDT using a signal generator (Rhode & Schwarz, SMLO1,
North Ryde, NSW, Australia) in conjunction with an am-
plifier (Mini Circuits ZHL-5W-1, 5-500 MHz, Brooklyn,
NY, US) and 3 A, +24 DC power supply. The IDT con-
sists of 15 finger pairs of 5 um width electrodes with a
pitch of 20 um and aperture of 650 um fabricated on
the Z face of lithium niobate through a lift-off process
in acetone. Prior to lift-off, the IDT pattern is transferred
on AZ1512 photoresist coated on the Z-cut lithium nio-
bate substrate using standard photolithography followed
by evaporative deposition of a 100 nm thick aluminum
layer. The spectral response of the cavities along with
maps of surface displacement reported in Figs. 3 and 4
respectively are then obtained using laser Doppler vi-
brometry (LDV; UHF-120, Polytec GmBH, Waldbronn,
Germany).

1.3 Simulation

Numerical simulation is performed using COMSOL Mul-
tiphyisics v5.1 based on a finite element method. The
surface phononic band structure associated with the
phonon-polariton phononic crystal in Fig. 2a is com-
puted by solving an eigenvalue problem in a 2D unit
cell consisting of poled and unpoled regions, as shown
in the inset of Fig. 2a, whose boundaries are prescribed
with periodic boundary conditions. The thickness is
set to 8 times the period a, and a perfectly matched
layer (PML) boundary condition is prescribed along the
bottom boundary. To identify the surface modes that
represent the surface phononic band structure, mode

www.ann-phys.org 371

o
=
m
>
=
o)
O
©
D
—




S
o
a
©
o
©
=
oo
=
o

=z nhysik

sorting is applied, considering only modes with 90% of its
acoustic energy concentrated within one period a mea-
sured from the surface. The spectral responses of the
cavity reported in Figs. 2b and 2c are computed based
on a 2D model structure consisting of 30 periods with
a 50% duty cycle between the poled and unpoled re-
gions. A monochromatic SAW obtained from the solution
of the IDT is then imposed in the cavity. In all simula-
tions, the mechanical ¢ and the electromagnetic ¢ ten-
sors are held constant over the entire half-space occu-
pied by the piezoelectric substrate, as is the magnitude of
the piezoelectric coupling constant e, but the signs of the
tensor are either positive or negative depending whether
the location is within the unpoled and poled domain, re-
spectively. The material properties of lithium niobate are
taken from the material library provided in COMSOL.

Key words. phononic crystals, phononic bandgap, domain inver-
sion lithium niobate, phonon polariton, surface acoustic wave.
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