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ABSTRACT: Tailoring the interaction between light and sound has
opened new possibilities in photonic integrated circuits (PICs) that
range from achieving quantum control of light to high-speed
information processing. However, the actuation of sound waves in Si
PICs usually requires integration of a piezoelectric thin �lm. Lead
zirconate titanate (PZT) is a promising material due to its strong
piezoelectric and electromechanical coupling coe�cient. Unfortu-
nately, the traditional methods to grow PZT on silicon are
detrimental for photonic applications due to the presence of an
optical lossy intermediate layer. In this work, we report integration
of a high quality PZT thin �lm on a silicon-on-insulator (SOI)
photonic chip using an optically transparent bu�er layer. We
demonstrate acousto-optic modulation in silicon waveguides with
the PZT actuated acoustic waves. We fabricate interdigital transducers (IDTs) on the PZT �lm with a contact photolithography and
electron-beam lithography to generate the acoustic waves in MHz and GHz ranges, respectively. We obtain a V�L � 3.35 V·cm at
576 MHz from a 350 nm thick gold (Au) IDT with 20 �nger-pairs. After taking the e�ect of mass-loading and grating re�ection into
account, we measured a V�L � 3.60 V·cm at 2 GHz from a 100 nm thick aluminum (Al) IDT consisting of only four �nger-pairs.
Thus, without patterning the PZT �lm nor suspending the device, we obtained �gures-of-merit comparable to state-of-the-art
modulators based on SOI, making it a promising candidate for a broadband and e�cient acousto-optic modulator for future
integration.
KEYWORDS: surface acoustic wave, PZT, silicon photonics, acousto-optic modulator, optomechanics

� INTRODUCTION
Light�sound interaction in integrated waveguide systems has
enabled a wide-range of photonic applications ranging from
microwave photonics �lters,1,2 isolators,3�5 modulators,6�13

mode-shifters,14�16 nonreciprocal light transmission,17�20 and
frequency comb generation21�23 to quantum state control and
quantum information processing.24�28 These devices harness
the large overlap between the tightly con�ned light in a
nanophotonic waveguide and acoustic phonons associated with
a mechanical vibration. Demonstrations of such acousto-optic
interactions in LiNbO3,12,13,29�31 GaAs,28,32�34 and InP35,36

based integrated photonics platforms have been reported over
the last years. However, on the silicon photonics platform,
progress in this �eld has been lagging as silicon does not
exhibit a piezo-electric e�ect. Overcoming this de�ciency
would be a stepping stone toward realizing novel photonic
applications, as the silicon photonics platform is rapidly gaining
maturity and already o�ers a remarkable range of high-
performance building blocks, including modulators, �lters,
isolators, detectors, and lasers. Moreover, its compatibility with

CMOS technology o�ers a route toward mass manufacturing
and commercialization.37,38

Recently, thermoelastic actuation of acoustic waves on SOI
was reported.39,40 However, such a scheme is power-hungry
due to the need of a high power modulated pump source and is
costly, as they need separate electro-optic modulators.
Therefore, a more promising route involves the direct
integration of piezoelectric materials on the SOI platform.
For instance, AlN has been integrated with silicon wave-
guides41 and used to demonstrate an electrically driven
acousto-optic modulator on SOI.20 This inspired the
investigation of other materials exhibiting a strong piezoelectric
e�ect that can be integrated with Si PICs.
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Lead zirconate titanate (PZT) is one of the most widely
used piezoelectric ceramic materials due to its strong
piezoelectricity, high electromechanical coupling coe�cient,
common availability, and high temperature compatibility
(Curie point � 370 °C).42�44 Hence, integration of a highly
textured PZT thin �lm on SOI could be a promising alternative
for realizing e�cient optomechanical interactions in Si PICs.
However, PZT thin �lms have traditionally been grown using a
Pt seed layer, making them incompatible with photonic
technology due to the high optical loss.45 Although PZT
�lms sandwiched between two Pt electrodes have been
successfully used to obtain stress-optic phase modulation,46

the modulation speed was limited to about 5 kHz.
Recently, a novel approach for integrating highly textured

PZT-�lms has been developed, using a thin and transparent
lanthanide based bu�er layer.47 The high quality of this PZT
�lm has been proven through the demonstration of electro-
optic modulators with very low optical loss (<1 dB/cm) on
both SiN48 and Si photonic platforms.49 Additionally, we also
demonstrated that this �lm exhibits a high second-order
nonlinearity (�zzz

2 128 pm/V).50 Therefore, a detailed
investigation of the piezoelectric e�ect and acousto-optic
modulation with this PZT �lm is warranted.51�53

In this work, we give a brief theoretical description of the
acousto-optic interaction in a waveguide, followed by
simulation of the acoustic wave actuation with an interdigital
transducer (IDT). Then we experimentally show the piezo-
electric actuation of a surface acoustic wave (SAW) by an IDT
fabricated on a PZT-on-glass substrate. Finally, we integrate
the PZT thin �lm on an SOI photonic chip (as shown in
Figure 1) and demonstrate acousto-optic modulation in a Si

waveguide using an Au IDT. We thereafter present a
computational analysis on the e�ect of the IDT thickness
made of a dense metal Au on the transduction e�ciency. In the
next progression, we use a thinner and lighter metal Al IDT
with a smaller period and demonstrate GHz light modulation
with a �gure-of-merit comparable to state-of-the-art electro-
optic48 and acousto-optic modulators.20,33,54 Thus, we report
the �rst acousto-optic modulator realized through the direct
integration of a photonic compatible PZT thin �lm on the SOI
platform.

� ACOUSTIC WAVE GENERATION
A surface acoustic wave (SAW) is launched by creating a time-
varying periodic deformation pattern along the surface of an
elastic material.55 The propagating SAW is con�ned near the
surface in a region with an extent in the order of its
wavelength. The wavelength of the primary SAW mode is
equal to the grating period, and its resonance frequency is
determined by the acoustic phase velocity of the medium and
the boundary condition (free surface).56,57

Thermoelast ic actuat ion of a SAW has been
shown,39,40,58�60 but in general, electromechanical actuation61

is preferred due to its convenience and e�cieny. In this
method, an IDT consisting of a periodic electrode pattern is
deposited on a piezoelectric material. The electrode pairs in
the IDT allow the generation of alternate electric �elds in the
piezoelectric material, which then results in a periodic strain
pro�le. Upon actuation of a piezoelectric material with an IDT,
also leaky-SAW modes can be actuated. However, this type of
waves su�er more from viscous damping in the bulk medium.
The leaky-SAW resonance frequency is determined by the
IDT-grating period and the longitudinal bulk acoustic velocity
of the elastic medium. For a given IDT period, this resonance
frequency is usually higher than the SAW resonance frequency
(as the longitudinal bulk velocity > SAW velocity).56,62�64

� SIMULATION OF THE ACOUSTIC WAVE
ACTUATION IN PZT

The macroscopic behavior of a polycrystalline PZT �lm is
determined by the net crystallographic orientation of its
domains.65 The polarization of these domains can be aligned
by applying a su�ciently high electric �eld (the poling
process).

In Figure 2, we show how the electromechanical actuation
depends on the PZT domain polarity. We consider three

di�erent con�gurations: (a) out-of-plane polariztion, (b)
uniform in-plane polarization, perpendicular to the IDT-
electrodes, and (c) polarization periodically oriented along the
electric �eld lines applied by the IDT. We notice that the
resulting displacement is much weaker with the out-of-plane
oriented PZT domains (a) compared to the in-plane oriented
PZT domains (b, c). This can be explained from the inverse
piezoelectric tensor for PZT. From the piezoelectric
constitutive equation, the induced strain is determined as66

Figure 1. 3D drawing of a typical IDT fabricated on a SOI photonic
chip. The Si waveguide is embedded between the PZT layer and the
SiO2 cladding.

Figure 2. 2D �nite element method (FEM) simulation shows the
vertical displacement from the SAW actuation for three PZT domain
polarities: (a) out of the substrate plane, (b) uniformly in-plane,
perpendicular to the IDT �ngers, and (c) periodically oriented along
the IDT electric �eld lines.
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photonic chip, fabricated through a multiproject wafer (MPW)
run, as the starting point. In the MPW fabrication process, the
waveguides were de�ned in a 220 nm thick silicon layer on top
of a 2 �m buried oxide layer. The chips were planarized using
oxide deposition and chemical mechanical polishing (CMP).
We deposited a 10�15 nm thick lanthanide-based bu�er layer,
followed by a 200 nm thick thick PZT-layer on these SOI
chips. We then de�ned IDTs on top of the PZT layer using
optical lithography, followed by deposition of 20 nm Ti/350
nm Au layer through thermal evaporation and a lift-o� process
as shown in Figure 5. Contrary to the approach taken for the
glass substrate described in the previous paragraph, for these
chips the PZT in the IDT region was poled using the IDT
itself, by applying a voltage of 30�60 V (depending on the
IDT-�nger spacing) at 40 °C for about 40 min.

The experimental setup used for the measurement of the
optical phase modulation is shown in Figure 3. The signal
(1550 nm) from the laser (Santec TSL510) was divided into
two parts by a 99/1 �ber splitter, with 1% of the signal routed
through an acousto-optic modulator (Gooch & Housego
Fiber-Q, driver model 1200 AF-AINA-2.5 HCR) to frequency-
shift the signal by 200 MHz. The other 99% of the signal was
fed into the DUT. A Rhodes & Schwarz-SMR40 signal
generator was used as an RF source to actuate the IDT. The
modulated signal from the waveguide was mixed with the
output signal from the AOM via a 50/50 �ber combiner and
fed into a fast TIA photodetector (Thorlab PDB480C or PD-
40 GHz Discovery LabBuddy). The output of the PD was
analyzed with an electrical spectrum analyzer (Agilent
N9010A).

� RESULTS AND DISCUSSIONS
In Figure 4a, we show a microscope image of a test IDT
(between electrodes) and an identical, control IDT (without
electrodes) fabricated on a PZT-on-glass substrate. The PZT
�lm under the test IDT is uniformly in-plane poled (using the
parallel electrodes), whereas for the control IDT, it is unpoled.
Figure 4b shows the electrical re�ection parameter S11
measured on the two types of IDTs (period 16 �m). We
observe two dips at 161 and 247 MHz in the S11 measured on
the test IDT and none from the control IDT. These dips
indicate the actuation of acoustic waves because the input RF
power is now converted into the acoustic power, lowering the
re�ected RF power. Therefore, this result already indicates that
the IDT deposited on the poled PZT is more e�cient in
actuating acoustic waves compared to the IDT on as deposited
(unpoled) PZT. Figure 4c shows the S11 response for two
IDTs with di�erent periods. We observed that the resonance
frequencies shift proportionally with the IDT period. This
corroborates that indeed the S11 dips are from the acoustic
wave actuation as their excitation frequencies are determined
by the IDT period. Thus, we conclude that our PZT �lm
exhibits a piezo-electric e�ect and allows for the actuation of
acoustic waves.

With the uniform in-plane poling scheme using an electrode-
pair across the IDT pattern, the size of the poled PZT region is
limited due to constraints on the maximum applicable voltage.
Consequently, the size of the actuators is also limited.
Therefore, in subsequent devices, we poled the PZT �lm
using the IDT electrodes themselves.

Next, we characterized the strength of the acousto-optic
interaction, using an SOI photonic chip with integrated PZT
�lm. Figure 6a shows the output power spectrum when an IDT
with period 12 �m is actuated with a 15 dBm RF signal at 576

Figure 6. (a) Measured output spectrum for IDT with period 12 �m actuated with a 15 dBm RF signal at 576 MHz, showing the carrier peak at the
AOM driving frequency (200 MHz) and optical sidebands at 576 ± 200 MHz. (b) Frequency dependent modulation spectrum (blue) and S11
(brown) for IDT with period 12 �m. The S11 spectrum shows dips at 410 and 576 MHz, while the measured optical modulation spectrum shows
peaks at 410, 576, 888, and 1088 MHz. (c) Modulation spectra for IDT with aperture 180 and 150 �m. (d) Modulation spectra for IDT1 (with
period of 12 �m, aperture 180 �m, 20 �nger-pairs), placed 6 �m away from the waveguide, and IDT2 (with period 24 �m, aperture 280 �m, and 30
�nger-pairs), placed 1024 �m away from the waveguide.
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MHz. As described in eq 4, the peak at 200 MHz corresponds
to the AOM driving frequency and the two sidebands of the
carrier, at 576 ± 200 MHz, result from the acousto-optic
modulation. To characterize the modulation strength, we
measured the amplitude of the upper sideband peak with
respect to the applied RF frequency, for di�erent IDTs, as
shown in Figure 6b�d.

In Figure 6b, we compare the results from the optical
modulation measured in the waveguide and the electrical S11
measured on the corresponding IDT (with period 12 �m and
aperture 180 �m). We notice that the optical modulation peaks
at 410 and 576 MHz are consistent with the transduction dips
in the electrical S11 response. For the modulation peaks at 888
and 1088 MHz, however, we do not see clear dips in the S11
signal. We suspect this might be due to the additional noise or
cross-talk at higher RF frequencies in the S11 measurement.
Thus, both the electrical and optical measurements con�rm the
excitation of acoustic waves and the corresponding optical
phase modulation in the waveguide.

In Figure 6c, we show the modulation spectra from devices
with IDT aperture 180 and 150 �m. As expected, we see a
proportional increment in the modulation strength when the
modulation length (IDT aperture) is increased. In Figure 6d,
we show the modulation spectra from devices with two
di�erent IDT periods. The spacing between the IDT aperture
and the WG core edge is 6 �m for IDT1 (period 12 �m, no. of

�nger-pairs 20) and 1204 �m for IDT2 (period 24 �m, no. of
�nger-pairs 30). In the latter case (IDT2), the modulation
spectrum shows only one peak while for IDT1 multiple peaks
are visible. To understand this and get insight into the
characteristics of the acoustic modes corresponding to these
peaks, we carried out a detailed FEM simulation on a unit cell
of the IDT, assuming periodic boundary conditions. The
details of the simulation setup are discussed in the Supporting
Information. Figure 7 shows the main results. In Figure 7a, we
show the acoustic mode dispersion with respect to the
thickness of a Au IDT (period 12 �m). Figure 7b shows the
elastic energy spectrum for a thickness of 350 nm indicating
four peaks, and the associated mode pro�les are shown in
Figure 7c. We note that R0 at 430 MHz, R1 at 570 MHz, R2 at
810 MHz, and R2 at 1010 MHz correspond to the fundamental
SAW mode, a pseudo-SAW mode, a leaky-SAW mode, and a
leaky mode. These can be linked to the peaks observed in the
experimental spectrum shown in Figure 6c at 410, 576, 888,
and 1088 MHz for IDT1. The small deviation between
experimental and simulated results can be attributed to a slight
mismatch in the geometric and material parameters used in the
simulation and the real experiment. Additionally, the Si tiling
pattern on the chip (see Figure 5) was not included in the
simulation.

Similarly, Figure 7f, where the period was increased to 24
�m, shows the excitation of three main modes, whereby R0 at

Figure 7. FEM calculated acoustic dispersion diagram with respect to the IDT thickness from a unit cell of (a) 12 �m period Au IDT, (d) 24 �m
period Au IDT, and (g) 12 �m period Al IDT. The color map represents normalized elastic strain energy. (b, e, h) Elastic strain energy spectrum
plotted for 350 nm IDT thickness. (c, f, i) Vertical-displacement pro�le of the corresponding modes for a 350 nm thick IDT. For the simulation
details, see the Supporting Information.
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265 MHz, R1 at �395 MHz, and R2 at 620 MHz correspond to
the fundamental SAW mode, a pseudoleaky SAW mode, and a
leaky mode, respectively. Given the leaky character of R1 and
R2, only R0 can travel a longer distance, explaining why we
observed only a single modulation peak in Figure 6d for IDT2.

From the acoustic dispersion diagrams shown in Figure 7a,d,
we notice that when the IDT thickness is negligible, there are
three main modes excited: the fundamental SAW mode, a
leaky-SAW mode, and a higher order (weak) SAW mode.
However, when we increase the IDT thickness, the added
mass-loading and grating re�ection decreases the mode
frequencies and introduces more leaky modes. While the
mass-loading e�ect from the IDT can be desirable for some
sensing applications,69 in our case, it is undesirable as it
weakens the SAW transduction strength and di�racts more
energy into the substrate. As a result, the acousto-optic
interaction in a WG in the surface layer gets weaker. To solve
the problem of grating re�ection, in some cases a split-�nger
IDT is used,62,70 because the re�ected waves from the grating
then add up destructively. However, in case of periodic poling,
this condition is not satis�ed. Therefore, in our case, thinner
and lower density metal electrodes could be a possible
solution.

In Figure 7g we show the acoustic dispersion diagram for an
Aluminum IDT, which has a low density (density � 1/7 of Au)
and lower acoustic impedance mismatch. Now we do not see
any shift in the mode frequencies.

Therefore, in the next progression of fabrication, we used Al
for designing the IDT. We used electron-beam lithography to
pattern a small period IDT, which allows the excitation of
higher (GHz) frequency acoustic waves. We deposited 100 nm
thick Al using e-gun evaporation, followed by a metal-lift o�
process. Then we patterned additional contact pads with
photolithography, followed by a �330 nm thick Al deposition
and lift-o� process. Finally, we covered the top of the device
with a 50 nm Al2O3 layer using atomic-layer deposition
(ALD). An example of the resulting devices is shown in the
inset of Figure 8.

Figure 8 shows the modulation spectrum measured from a
100 nm thick Al IDT with period 2 �m driven with 12 dBm of
RF power. We �nd modulation peaks at 2 GHz (R0), 2.5 GHz
(R1), 3.1 GHz (R2), 3.5 GHz (R3), and 6.7 GHz (R4). From an
FEM simulation, we conclude the �rst and the strongest
modulation peak (R0) to be the fundamental SAW mode,53

while the other peaks belong to higher order modes.
In Figure 9 we show how the modulated power depends on

the input laser power and the RF driving power. These

measurements were done on the IDT of period 12 �m at an
RF frequency of 576 MHz. The slopes obtained from a linear
�t of the data are very close to the expected values, as discussed
in eq 6. The small deviation is attributed mainly to the higher
order terms in the phase modulation, which are not negligible
anymore at higher RF power, and poor signal-to-noise ratio at
lower optical power.

From comparing the AOM peak (�39.15 dBm) and the
modulation peak (�75.60 dBm) in Figure 6a, we extract the
phase modulation amplitude �(L) using eq 5. We obtained
�(L) to be �0.03 rad, when the Au IDT with period 12 �m, 20
�nger-pairs and aperture of 180 �m is actuated with 15 dBm
RF power at 576 MHz. The corresponding V�L is �3.35 V·cm.
Similarly, for the Al IDT of period 2 �m and aperture 70 �m,
the modulation peak at 2 GHz (R0) was measured to be at
�87.3 dBm (Figure 8), while the AOM peak was noted at
�43.5 dBm. This gives �(L) � 0.0077 rad and the
corresponding V�L to be �3.60 V·cm. This is a signi�cant
improvement considering that the Al IDT now consists of only
four �nger-pairs. While we believe the main reason for this
improvement is a low mass-loading and grating re�ection from
the Al IDT, as discussed above, the other contributing factors

Figure 8. Measured optical modulation spectrum for an Al IDT with
4 �nger-pairs, period 2 �m (�nger-width 500 nm), and aperture
length 70 �m, actuated with 12 dBm RF power. The spectrum shows
modulation peaks at 2 GHz (R0), 2.55 GHz (R1), 3.1 GHz (R2), 3.47
GHz (R3), and 6.7 GHz (R4). The inset shows a microscope image of
the fabricated device, which was spaced 2 �m from the WG in a
region without Si tiling.

Figure 9. Modulated power (sideband peak) dependence on (a) the
driving RF power at a �xed laser input of 10 dBm and (b) the laser
power at a �xed RF power of 15 dBm. The measurement was done on
the IDT of period 12 �m at an RF frequency of 576 MHz.
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could be the absence of the Si tiling pattern and a stronger
acousto-optic overlap in the waveguide (width 0.45 �m) from
the acoustic wave (wavelength �1 �m).

With a similar PZT layer, a modulator exploiting the electro-
optic (EO) e�ect has been reported to exhibit V�L � 3.2 V·
cm.48 In ref 20, using a Si waveguide integrated with AlN and
an IDT consisting of 107 �nger-pairs actuated at 3.11 GHz, the
V�L was reported to be 1.8 V·cm. Thus, our �gures of merit are
competitive to state-of-the-art electro-optic and acousto-optic
modulators integrated on Si PICs.

� CONCLUSION
We investigated the piezo-electrical actuation of surface
acoustic waves using a photonic compatible PZT �lm. Then
we integrated a PZT thin �lm on a planarized SOI photonic
chip to induce acousto-optic modulation in a waveguide with
MHz acoustic waves from the Au IDT. Thereafter, through
FEM analysis, we pointed out the issue of mass-loading and
grating re�ection from the Au IDT. We then fabricated a new
device with an Al IDT and smaller period to actuate GHz
acoustic waves. We obtained a competitive V�L � 3.6 V·cm
with an Al IDT consisting of only 4 �nger-pairs, without
patterning the PZT layer or under-etching the device. Further
improvements in the device performance are expected when
the scattering and damping loss factors are eliminated. For
instance, the IDT design can be optimized to match the
electrical impedance, thus minimize the RF power re�ection.
Additionally, the current bidirectional IDT actuates the
acoustic waves in both directions, thus only half of the
acoustic energy is utilized for the modulation. We can de�ne
an acoustic re�ector to collect the other half or design a
unidirectional SAW actuator.71,72 Furthermore, to avoid
leakage of any acoustic energy into the substrate and any
interference from the bulk acoustic waves, the device could be
underetched.

Thus, we demonstrated that our PZT �lm, deposited on
planarized silicon photonics chips, exhibits a strong piezo-
electric e�ect and can be exploited to achieve strong phonon-
photon coupling in microscale waveguides. Through this
hybrid integration process, we hope to realize power e�cient,
miniaturized, and scalable piezoelectric microactuator-based
photonic components such as tunable �lters, isolators,
modulators, switches, and beam-steering.
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