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Abstract: We theoretically investigate the use of Rayleigh surface acoustic waves (SAWs)
for refractive index modulation in optical waveguides consisting of amorphous dielectrics.
Considering low-loss Si3N4 waveguides with a standard core cross-section of 4.4x0.03 um?
size, buried 8-um deep in a SiO, cladding, we compare surface acoustic wave generation in
various different geometries via a piezo-active, lead zirconate titanate film placed on top of
the surface and driven via an interdigitized transducer (IDT). Using numerical solutions of the
acoustic and optical wave equations, we determine the strain distribution of the SAW under
resonant excitation. From the overlap of the acoustic strain field with the optical mode field, we
calculate and maximize the attainable amplitude of index modulation in the waveguide. For the
example of a near-infrared wavelength of 840 nm, a maximum shift in relative effective refractive
index of 0.7x10~3 was obtained for TE polarized light, using an IDT period of 30-35 um, a
film thickness of 2.5-3.5 um, and an IDT voltage of 10 V. For these parameters, the resonant
frequency is in the range of 70-85 MHz. The maximum shift increases to 1.2x1073, with a
corresponding resonant frequency of 87 MHz, when the height of the cladding above the core is
reduced to 3 um. The relative index change is about 300 times higher than in previous work
based on non-resonant proximity piezo-actuation, and the modulation frequency is about 200
times higher. Exploiting the maximum relative index change of 1.2x1073 in a low-loss, balanced
Mach-Zehnder modulator should allow full-contrast modulation in devices as short as 120 um
(half-wave voltage length product = 0.24 Vcm).

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Integrated optical waveguides fabricated from stoichiometric silicon nitride (SizNy4) using low
pressure chemical vapor deposition (LPCVD) offer ultra-low loss propagation and are transparent
from visible to near-infrared wavelengths [1,2]. Therefore, these optical waveguides are of
high interest for numerous applications. These include communications [3], programmable
quantum photonic processors [4], sources for nonlinear microscopy [5], optical coherence
tomography [6], biosensors [7], microwave photonics [8, 9], ultra-narrow bandwidth hybrid
lasers [10, 11] and supercontinuum generation [12, 13]. Due to a high index contrast with regard
to the SiO, cladding, these waveguides enable dense, complex and reconfigurable integrated
photonic circuits [4, 14-16]. Furthermore, on-chip adiabatic tapering allows for efficient coupling
to other waveguide technologies, such as InP, silicon on oxide or fibers, in particular for light
generation and detection [2].

Typically, light modulation in silicon nitride waveguides relies on the thermo-optic effect
and is based on a thermally induced phase shift between the two arms of a Mach-Zehnder
interferometer [17]. State-of-the-art thermo-optic modulators provide up to 1 kHz modulation
speed, while the dissipation of heating power is often undesired, because it can be as large as
500 mW per modulator [8]. Applications that rely on a high density of modulators, e.g., as in
reconfigurable photonic circuits [4, 15], would greatly benefit from modulation techniques with
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lower dissipation, while applications needing fast modulation of the light would greatly benefit
from techniques with higher switching or modulation speeds.

An alternative method for index modulation is using the electro-optic effect, which allows for
efficient and compact modulators [18] and also allow for high modulation frequencies [19,20].
For example, Lithium Niobate has excellent electro-optic, nonlinear optical and piezo-electric
properties [21] and is a common material to build discrete modulators and wavelength convertors,
operating in the infrared to the visible part of the spectrum. However, to merge Lithium Niobate
modulators into a Si3N4 photonic circuit requires heterogeneous bonding [22]. To characterize
electo-optic modulators, a figure-of-merit, given by the half-wave voltage length product, VL, is
used. Using a SizNy strip waveguide on top of a BaTiOs3 thin film, Tang et al. realized values of
VL =0.25 and 0.5 Vcm for a 5 mm long waveguide modulator and for a wavelength of 0.95 um
and 1.56 um, respectively [18]. A 3-dB modulation bandwidth of 15 GHz was demonstrated
for such a modulator using a wavelength of 1.56 um [19]. Alexander et al. used a hybrid
lead zirconate titanate (PZT) on SizN4 waveguide to construct a C-band ring modulator with a
modulation bandwidth of 33 GHz and VL = 3.2 Vcm [20]. A drawback of these modulators
based on the electro-optic effect is the increased propagation loss as the optical mode needs to
overlap with the electro-optic material to obtain a strong electro-optic effect.

A low-loss technique, which may provide both low driving power and high modulation
frequency, can be based on the surface acoustic wave (SAW) induced strain-optic effect [23,24]
where stress induced by a SAW results in a change of the effective refractive index. By using
a so-called interdigital transducer (IDT), each of the individual electrodes of the transducer
produce its own propagating SAW and all SAWs constructively interfere along the axis of the
transducer when it is driven at the acoustic frequency of these SAWs. This enhances the response
over that of a single electrode non-resonant proximity piezo-actuation of the strain [25,26]. The
strain-optic effect has been studied in various integrated photonic systems [25-27]. Specifically,
in the waveguide platform investigated here (LPCVD Si3N4/SiO;), and using a source for the
strain that is completely outside the region where the optical mode resides, there are only
two implementations investigated at two wavelengths so far, both based on the same operating
principle. In [25], Hosseini ez al. showed an approach with a 2 um-thick layer of crystalline
PZT deposited on top of a silicon nitride Mach-Zehnder interferometer (MZI), with the core
of the waveguides positioned 8 ym below the PZT layer, for light modulation at a wavelength
of 640 nm. Via an electrode placed on top of the PZT layer above one of the interferometer
arms of the MZI, the stress within that arm could be locally controlled via the electrode voltage.
The power consumption was reduced significantly, by six orders of magnitude, compared to
thermal modulators. Also, the modulation frequency could be increased up to 600 kHz (at -3 db
bandwidth). However, further increasing the modulation frequency was not possible as this
would require a smaller electrode capacitance, and, consequently, a smaller electrode area will
lead to a smaller induced stress and thereby a smaller induced index change. The maximum index
modulation remained rather small, at around 5 x10~® with an optimum geometry. Consequently,
the minimum V, L realized is only 12.5 Vcem. In [26], Epping et al. introduced a novel, low loss
and ultra-low power modulator geometry, based on the same operating principle, for operation
at the telecommunication C-band, requiring a half-wave driving voltage of 34 V for an optical
wavelength of 1550 nm and using a modulator with a total length of 14.8 mm. The maximum
modulation frequency was limited to 10 kHz.

Much higher modulation frequencies are possible with a more sophisticated electrode structure,
using IDTs that resonantly excite surface acoustic waves. For instance, optical modulation at a
frequency of 520 MHz was demonstrated for a compact MZI consisting of conventional ridge
waveguides of GaAs with a length of the active interaction region of only 15 pm [28], while
acousto-optic modulation of photonic resonators on thin polycrystalline aluminum nitride films
have demonstrated modulation frequencies reaching well into the microwave range [29,30].
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Here, we theoretically investigate exploiting SAW-induced effective refractive index changes
for realizing high-speed, compact and low-loss modulators with Si3N4 waveguides. Using
numerical methods we calculate the index modulation experienced by the fundamental optical
mode propagating through a SizNy core buried in a SiO; cladding. The special interest in
this particular geometry is that no deterioration of the ultra-low optical propagation loss is
expected. The reason for that is that the cladding is taken sufficiently thick to make the optical
field negligible at the location of the thin PZT film that is on top of the cladding. At the same
time, the penetration depth of SAWs is large enough, on the order of the acoustic wavelength,
AR, in the material [31,32], which allows for a good overlap of the SAW with the optical wave
even for high modulation frequencies in the 100 MHz range. The SAW is considered to be
launched using an IDT. Compared to the unstructured electrode arrangement used in a proximity
strain-optics design [25,26], we show below that the fine structuring of the IDT allows typically
200-times higher modulation frequencies while resonant excitation yields a 300-fold increase in
index modulation. Another advantage of employing SAWs is that tensile strain can be applied
to one interferometer arm, and, simultaneously, compressive strain can be applied to the other
arm, which effectively reduces the length of the arms by a factor of two to obtain full light
modulation [28].

In the following we consider acousto-optic modulation using a MZI, in a setting where the
acoustic wave propagates perpendicular to the optical waveguide axis of the two arms of the
MZI as shown in Fig. 1. We briefly discuss the relation between strain and the refractive index
and the surface acoustic wave of interest. We then present the geometry studied and how the
simulations are performed. We investigate how the induced strain and, consequently, the effective
refractive index, depends on the thickness of the PZT layer and the period of the IDT used to
generated the SAW. Finally, we optimize the location of the core and we use the maximum change
in effective refractive index to determine the required length of the MZI to obtain full modulation
of the optical wave. The optimized maximum relative change of the effective waveguide index
in our arrangement was found to be 0.12 %, at a frequency of 87 MHz when using a voltage
amplitude of 10 V. Such a change in effective refractive index yields full modulation with a
relatively short arm length of 120 ym (VL = 0.24 Vcm). This is about 100-times shorter than
with the proximity piezo method described above.

2. Acousto-optic refractive index modulation

The response of a material to an applied electric field, an acoustic wave, or a combination of the
two, strongly depends on the type of material. Here, we are interested on one hand in generating
a strong acoustic wave using the piezoelectric effect [33,34]. On the other hand, we intend to
use strain in amorphous waveguide core (Si3Ny4) and cladding (SiO,) materials (which do not
possess a piezoelectric effect) to cause strain-induced changes in refractive index [33,34]. The
strain can be compressive or tensile, leading to an increase or decrease in local refractive index,
respectively. In a microscopic picture, strain changes both the number of microscopic dipoles
per unit volume and the microscopic potential. The volume change modifies the induced dipole
driven by the applied optical field and thus changes the optical susceptibility tensor, y/, of the
material. In the most general case of an anisotropic material, the relation between the change in
the inverse of the dielectric tensor and the applied strain is given by [24,35],

[A (871)]“ =(pS);; = Zpijklskl» (H
kI

where & = go(1 + y) is the dielectric tensor, & is the vacuum permittivity, S is the strain
tensor and p is the dimensionless strain-optic tensor. The indices, i, j, k and [ designate the three
Cartesian coordinates. For isotropic materials, such as the amorphous materials investigated
here, and assuming small changes in the inverse dielectric tensor, Eq. (1) can be simplified. In
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Fig. 1. Schematic view of a waveguide (in dark blue) based Mach-Zehnder interferometer.
Half of the electrode structure (in yellow) and piezo layer (in green) is not shown to enable a
full view on the interferometer (dark blue waveguides). The interferometer waveguides are
buried in SiO (light gray) deposited on a silicon substrate (dark Grey).

this case, the related change in refractive index is given by [36,37]

1
Ay = =y (piSe + proSy). @
Here, An, is the change in refractive index for light polarized linearly along the x direction, ng
is the refractive index of the material in absence of any strain, S; is the strain applied in the
i-direction (i = x, y) and the contracted indices notation is used [24]. The change in refractive
index for the other polarization direction is obtained via exchanging the strain-tensor components,

1
Any = —5"(3)(17123} +p1iSy). (3

In this work, strain in the region of the optical mode is induced by an acoustic wave. As the
optical mode is confined to an area just a few micrometer below the surface of the cladding, for
obtaining a strong interaction, the surface acoustic wave (SAW) is the most appropriate acoustic
wave to consider for a strong interaction. The reason is that a SAW travels along the surface of
an elastic material and most of its energy and strain are confined within a small region, with a
thickness of the order of the acoustic wavelength, below the surface and thus can provide good
overlap between the strain induced by the SAW and the optical mode. It should be noted that in
general various types of acoustic waves can be excited [38,39]. However, by taking the right
crystal orientation for the piezoelectric material and an appropriate design for the IDT transducer,
the different types of acoustic waves each have their own distinct frequency and include Rayleigh
SAWs. Therefore, by finding and applying the right excitation frequency we can selectively
excite the Rayleigh SAW wave, which is characterized by a correlated transverse and longitudinal
motion at the surface. This results in volume elements traversing an elliptical path when the wave
passes [40]. The motivation to investigate Rayleigh waves is that the considered SAW (SAW
refers to a Rayleigh surface acoustic wave in the remainder of this work) has low dispersion, as
long as the elastic modulus near the surface does not change [40], making them suitable for the
modulation of broadband signals [41].
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If the SAW is launched perpendicular to the two arms of a MZI as depicted in Figs. 1
and 2, and the two arms of length L are separated by half an acoustic wavelength, one arm
experiences compressive strain and the other tensile strain. The phase shift of light leaving either
interferometer arm with respect to the light entering the interferometer is given by

L
Ap =2rnAn T (@)

where An is the change in effective refractive index, n.g, of the optical mode, which is opposite in
sign for the two arms, neg = % c is the speed of light in vacuum, 8 is the propagation constant
for the fundamental mode, w is the light frequency and A is the vacuum wavelength. When the
light is combined at the output of the MZI, the total phase difference is

L
Ag; = 47r|An|z. 5)

A total phase difference of Ay, = r is required for full light modulation. Therefore, when the
length L is equal to
A
L=—,
4|An|

light is fully modulated with a modulation frequency equal to the frequency of the SAW. The
latter equation shows that a weak index modulation (small An) would require long arm lengths or
interaction lengths, which is undesired for compact, integrated waveguide circuits with a high
density of components.

For providing full modulation also with short interaction lengths, a SAW is ideally created
in a material having a large piezoelectric coefficient. For our calculations we consider lead
zirconate titanate (PZT), because PZT is known as a high performance piezoelectric material
and commonly used in actuators and sensors [42]. Another advantage is that thin PZT layers
have already been successfully deposited on silicon nitride waveguides [20, 25,26]. Both a
Ti/Pt bilayer [25,26], and a lanthanide- based layer [20] have been used to epitaxially grow
PZT on top of the amorphous cladding. The PZT layer itself may be grown using pulsed laser
deposition [25] or alternative techniques like liquid-phase growth [43]. The different seeding
techniques allow configurations with and without a conducting layer between the amorphous
cladding and crystalline PZT. The generation and comparison of SAWs produced by various IDT
configurations is presented in the next sections.

(6)

3. Geometry and simulation domain

The geometries considered here are shown schematically in Fig. 2(a) and as cross-sections in
Figs. 2(b)-2(f). The optical design comprises a typical low-loss optical waveguide having a
Si3Ny core of height 30 nm and width 4.4 um embedded symmetrically in a 16 um thick SiO,
cladding on top of a Si wafer substrate, i.e., at 8 um distance above the Si-SiO; interface. The
strain-optic tensor is not known for SizN4. However, due to the small core thickness the optical
mode is mostly outside the core and a modulation of the effective refractive index is dominantly
caused by the strain-optic effect in the SiO; cladding. The thickness of the cladding, 16 um, is
large enough to ensure that the optical mode is completely confined to the core and cladding,
in order to render optical losses due to surface layers or the substrate negligible. The top of
the SiO, cladding contains a thin conductive or dielectric seeding layer that allows the growth
of c-oriented PZT. The thickness, d, of the PZT layer was varied to determine the optimum
thickness for excitation of the SAW. A split-finger IDT configuration is used to excite the SAW
without first order Bragg reflections [41]. In order to maximize the optical modulation amplitude,
we investigate the effect of the location of the conductive (i.e. gold) electrodes of the IDT and
a seeding layer in four different configurations. For the convenience of the reader we identify
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(c) (d) (e) (f)

Fig. 2. (a) Schematic view of the geometry comprising a Si3Ny4 core (4.4x0.03 ym?,
dark blue) centered in a 16-um thick SiO; cladding (light gray) on a Si substrate (dark
gray). A crystalline PZT layer on top of the cladding (green) in combination with an IDT
(yellow) is used for exciting surface acoustic waves (SAWs). (b) The cross-section shows the
corresponding two-dimensional unit cell across a single period A of the IDT. The thickness
of the Si layer included in the unit cell is proportional to A to ensure a negligible SAW
amplitude at the lower boundary of the unit cell. The layer between the PZT and the SiO,
layers is either conductive (yellow) or dielectric (light blue) and functions as seed layer for the
crystalline growth of the PZT layer on top of the amorphous SiO; or IDT electrode. (c)-(f)
Illustrate the various combinations of IDT locations with and without opposite conductive
layer, following the same color coding. (c) ETC, (d) ETD,(e) EBC,(f) EBD. Features are not to
scale.

each configuration with a three-letter abbreviation, the first two letters are ET or £B and indicate
if the location of the IDT electrode is at the top or bottom of the PZT film, respectively. The
last letter is either c or p and indicates that the terminating layer on the opposite side of the PZT
film is conductive or dielectric, respectively. The four configurations £rc, £TD, £BC and EBD are
schematically shown in Figs. 2(c)-2(f), respectively. Configurations £c and Bp have both a thin
seed dielectric nanosheet deposited on top of the IDT electrode and remainder of the cladding to
allow crystalline growth of the PZT layer. Because the dielectric seed layer is only a few nm
thick and is considered to have perfect adhesion to both materials, it would not notably affect the
acoustic wave and is not included in the model.

The IDT generates a SAW and the associated strain induces a change in refractive index in
both the cladding and the core. However, the optical modulation amplitude is expected to depend
on the strain distribution of the excited SAW and its overlap with the optical mode. In order to
determine the degree of overlap, the strain distribution is calculated by finding the fundamental
SAW eigenmode for the four configurations using a finite-element eigenmode solver [44]. For
these calculations, we use the two-dimensional unit cell shown in Fig. 2(b), which consists
of one period of the split finger IDT electrode and the layers below (and layers above in case
of configurations Eac and £BD). To maximize the strain at the location of the optical mode,
the waveguide core is positioned in the horizontal direction, x in Fig. 2, to lie symmetrically
underneath the gap between the two IDT electrodes. Platinum is selected for the conductive seed
layer material (gray) and gold (yellow) for the IDT electrodes and the conductive layer on top of
the PZT. Both layers as well as the gold electrodes of the IDT are taken as 100 nm thick.

The acoustic boundary conditions applied to the unit cell are a free displacement condition
at the PZT-air interface, a zero displacement condition at the bottom of the Si substrate and a
periodic boundary condition at the two remaining boundaries. In order to ensure that the SAW
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has negligible amplitude near the bottom of the substrate and the zero displacement boundary
condition does not affect the solution, the height of the Si substrate was found not to affect the
solutions for heights larger than SA, where A is the period of the IDT electrode.

For the calculation of the optical field distribution, we use an optical eigenmode solver [44] on
the domain consisting of the core and cladding with zero-field as optical boundary condition at
all outer boundaries of this domain. This is well-justified because with the given index and size
parameters the optical field is confined closely around the core as compared to the thickness of
the cladding. The refractive indices for the Si3N,4 core and SiO, cladding materials are taken
from Luke et al. [45].

To calculate the resonant acoustic frequencies for each of the configurations as a function of
both the thickness, d, of the PZT layer and period, A, of the IDT electrode, we use an eigenmode
solver. Note that the resonant frequency corresponds to the modulation frequency of the light
in a properly configured Mach-Zehnder interferometer. To determine the effective refractive
index at the location of the optical mode, it is required that the applied voltage is chosen to
oscillate at the resonant frequency. The electro-mechanical coupling coefficient was determined
by performing a frequency-domain simulation using the same unit cell as shown in Fig. 2(b) and
calculating the strain distribution when a sinusoidal voltage with a given amplitude (we chose
10 V) and a frequency equal to the resonant acoustic frequency is applied to the IDT electrode.
As we include acoustic damping, the calculated SAW response corresponds to a transducer with a
length larger than the propagation loss length of the SAW. Also for this study, we investigated the
dependence of the induced strain on d and A. The various isotropic material properties used in
the simulation are listed in Table 1 [44,46—48]. The elasticity matrix C used for PZT and silicon
in the simulation is given by [47]

ci1 e e O
cz cnn e 0
1 ¢ ¢33 0
0 0 0 cu
0 0 0 0 cua
0 0 0 0 0 g6

) )

S O O O
S O o O o

where the coefficients for PZT are c¢;1 = 134.87 GPa, c;» = 67.89 GPa, ¢;; = 68.08 GPa,
c33 = 113.30 GPa, c44 = 22.22 GPa and cg6 = 33.44 GPa. For silicon there are only three
independent coeflicients c1; = ¢33 = 166 GPa, c1» = ¢»1 = 64 GPa, and c44 = c¢6 = 80 GPa.
The piezoelectric coupling tensor, d, is given by [48]

0 0 0 0 440 0
C
d=l 0 0 0 440 0 0|x107Z, ®)

N
-60 -60 152 O 0 O
and the relative permittivity tensor, &7, is given by [48]
990 0 0
el=]0 90 o] ©)
0 0 450

where the superscript T indicates that the relative permittivity tensor is measured under constant
stress.
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Table 1. Material constants used in calculating the SAW properties. Parameters not included
in the model are denoted as (NT). Parameters included in tensor form are shown as (-).

Material constants
Young’s Modulus  Poisson’s Ratio  Density Damping
GPa kg/m?  factor, p
Pt 168 0.38 21450 NI
Au 70 0.44 19300 0.0003
PZT - - 7600 0.03
SiO, 70 0.17 2650 0.0004
SizNy 250 0.23 3100 NI
Si - - 2330 NI

4. Results
4.1. Acoustic wave generation

We are interested in MZI-based modulation with a maximum optical phase change in the
interferometer arms. Therefore we consider a geometry where the SAW propagation direction is
perpendicular to the optical axis of the waveguide, as in Figs. 1 and 2. The modulation frequency
is taken as equal to the resonant frequency of the fundamental SAW. In this case, the acoustic
wavelength, AR, and frequency, fr, are equal to the period, A, and driving frequency of the IDT,
respectively. The relation between fgr and Ar = A is given by

fr = VR/A, (10)

where VR is the phase velocity of the SAW. In general, vg varies with A, d, the choice of materials
and the different IDT configurations such that the modulation frequency of the optical wave will
also vary with these parameters.

Figure 3(a) shows the acoustic frequency, fr, of the fundamental SAW as a function of the
IDT period, A, for a fixed PZT layer thickness of d = 2.5 um for the reference geometry £Tp and,
for clarity, the frequency difference A fr(geom) = fr(geom) — fr(ETD) for the three remaining
geometries, where geom is equal to ETc, EBD or EBC. Similarly, Fig. 3(b) shows fg for £Tp and
A fr for the configurations £tc, EBD and EBC as a function of the PZT thickness, d, for a fixed
IDT period of A = 30 um.

Figure 3(a) shows that the acoustic frequency monotonically decreases, approximately inversely
with A, for all configurations and that an IDT period of A ~ 25 um is needed for a resonant
acoustic frequency of around 100 MHz. Furthermore, this figure shows that the four configurations
have almost the same acoustic frequency. The largest difference between the acoustic frequencies
is found for the shorter IDT periods. For A > 20 um, having the IDT at the PZT-SiO; interface
increases the acoustic frequency somewhat, while the presence of a conductive layer reduces the
acoustic frequency. Figure 3(a) shows that for A > 20 um the reduction in resonant frequency
due to conductive layer is larger than the increase caused by having the IDT at the PZT-SiO,
interface.

Figure 3(b) shows that the frequency also monotonically decreases for all configurations as
the layer thickness increases and that |A fg| gets smaller when d increase, at least for d < 4 um.
Moving the IDT to the Si-SIO, interface (configuration EBD) results in a somewhat larger acoustic
frequency , however for d > 4 pm its acoustics frequency drops below that of the reference
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configuration £TD. Adding a conductive layer to the configuration lowers the acoustic frequency,
albeit that this effect reduces when the layer thickness increase (configurations £Tc and EBC).
For small layer thickness, the resonant acoustic frequency for configuration £tc is lower than
that produced by configuration eac, while for larger layer thickness, the situation is reversed.
We observe that for d > 4 um the reference configuration Etp has the highest resonant acoustic
frequency.

The different resonant acoustic frequencies, found when the thickness of the layer is varied
at constant IDT period, indicate that the sound velocity of the acoustic wave is affected by the
amount of PZT material present. On the other hand, for a fixed geometry and varying only the
IDT period, i.e., the period of the acoustic wave, we observe a strong increase in the resonant
frequency when the period decreases (Fig. 3(a)), as expected from Eq. (10). In summary, for the
parameters investigated and using the configuration 1D as a reference, terminating the PZT layer
with a conductive layer opposite to the IDT electrode reduces the resonant acoustic frequency
somewhat and placing the IDT electrode at the PZT-SiO, interface increases the resonant acoustic
frequency a little.

In order to determine the change in effective refractive index of the fundamental optical mode
that is induced by the SAW, the strain distribution generated by the SAW within the volume of
the optical mode has to be calculated. A frequency domain analysis is performed to calculate the
induced strain when a sinusoidal voltage oscillating at the resonant acoustic frequency is applied
to the IDT electrode. Adding acoustic damping to the cladding and piezo regions (see parameters
in Table 1), provides a physically realistic and numerically stable response. We observe that the
strain found by frequency domain solver [44] is 90 degrees out of phase with the applied voltage,
i.e., there is a time delay between strain distribution and applied voltage. For a given amplitude
of the oscillating IDT voltage, we determine the strain distribution with maximum amplitude,
while preserving the relative sign of the Sy and S}, components, and use this distribution in Egs.
(2) and (3).

A typical example of the strain distribution generated by the fundamental SAW when a voltage
signal with an amplitude of 10 V is applied to the IDT electrode is shown in Fig. 4 for the
configuration £tp with A = 30 um and d = 2 um, which corresponds to modulation with
frR = 89 MHz. In this figure, only the region of interest is shown, i.e., the region containing the
waveguide’s core and cladding. The origin of the coordinate system coincides with the center

200 — d=25um — fR(ETD) 100 A=30pum — fr(ETD)
_ — AfR(ETC) ~ — AfR(ETC)
& 150 — AfR(EBD) = — Afr(EBD)
s — Afy(EBC) S 90+ — AfR(EBC)
~ 100 =
o “~ 804
50

2 - 2
2 0- o0 —\
= =
S 5 :ﬁ = L]
[Ty [Ty
< 4 @ e (b)

T T T T T T T T T T
10 20 30 40 50 60 70 80 1 2 3 4 5
A (um) d (um)

Fig. 3.  Resonant acoustic frequency, fr, of the fundamental Rayleigh wave for the
IDT configuration ETD, and, for clarity, the frequency difference A fg with regard to the
reference IDT configuration ETD, for the remaining IDT configurations EBD, ETC and
EBC.The frequency is displayed as function of the period of the acoustic wave, which is
equal to the period A of the IDT for a fixed PZT thickness d = 2 um (a), and as a function
of the thickness d of the PZT layer for an IDT period of A = 30 um (b).
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Fig. 4. Strain distribution in the horizontal, Sx, (a) and vertical, Sy, (b) directions as
generated by the fundamental Rayleigh wave when A = 30 ym and d = 2 um. The SizNy
waveguide core is shown in black at scale.

of the optical waveguide, and y = =8 um coincides with the PZT-SiO, and SiO,-Si interface,
respectively. The z-axis (along which the optical mode propagates) points along the axis of the
waveguide, normal to x and y. Figure 4(a) shows the induced strain in the x-direction, Sy, and
Fig. 4(b) shows the strain in the y-direction, Sy. The strain distributions for the other three IDT
configurations are very similar to that shown in Fig. 4. This typical example shows that the
SAW-induced strain easily extends to the core of the optical waveguide (shown as black line in
Figs. 4(a) and 4(b)) and, therefore, a good overlap between the induced strain and optical mode is
expected. However, comparing Fig. 4(a) with Fig. 4(b) shows that the two strain components
have opposite sign at the location of the core for A = 30 ym and d = 2.0 um. Equations (2) and
(3) show that, for this case, the contribution of the two strain components to the refractive index
partly neutralize each other. Due to different weighting by the strain-optic coefficients, we expect
different performance for TE and TM polarized optical modes, i.e., for optical modes with linear
polarization along the x and y direction, respectively. In the next section we will discuss the
strain produced by the SAW in more detail.

4.1.1. Maximizing the strain

In order to quantify how the strain can be maximized via variation of the thickness of the PZT
layer and the period of the IDT electrode, we plot in Fig. 5(a) the induced strain in the x-direction
at the center of the core, Sy (0, 0), as a function of the IDT period, A, for d =1.5, 2.5 and 3.5 um,
when a sinusoidal voltage with a resonant frequency and an amplitude of 10 V is applied to
the IDT for the configuration £Tp. Similarly, Fig. 5(b) shows the variation of the strain in the
y-direction at the center of the core, S(0,0), with the IDT period under the same conditions.
As the IDT period increases, the acoustic wavelength of the SAW increases as well and the
wave penetrates deeper into the structure towards and beyond the core of the optical waveguide.
For S}, this means that the maximum in its magnitude will move to smaller y, i.e., towards larger
depth below the PZT film. Therefore, S, (0,0) will first increase, reach a maximum and then
decrease as the IDT period, A, increases from 10 ym upward to 80 um, the range investigated.
Also the location of zero strain in x-direction (see Fig. 4(a)) moves to larger depth (smaller y) as
the IDT period increases. Consequently, the magnitude of S, (0, 0) will first reach a maximum,
then it becomes zero and S, (0, 0) changes sign for some A, before increasing in magnitude again
when the IDT period is further increased. We observe that only for large periods, typically A
larger than about 50 um depending on d, do the two strain components have equal sign and
cooperate for the strain-optic effect. Unfortunately, at these large periods, the magnitude of both
Sx(0,0) and S, (0, 0) is significantly smaller than the maximum obtained at smaller A for a given
thickness of the PZT film (see Figs. 5(a) and 5(b)). Therefore, we expect that the strain-optic
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Fig. 5. Strain in the x-direction (a) at the center of the core, Sx(0,0), and corresponding
strain in the y-direction (b), Sy (0,0) as a function of A for d=1.5, 2.5 and 3.5 ym. Strain in
the y-direction at the center of the core, Sy,(0,0) versus A for d = 1.5 um (c) and versus d
for A = 25 um (d) for the four IDT configurations. A sinusoidal voltage with a resonant
frequency and an amplitude of 10 V is applied to the IDT electrode.

effect will be significantly reduced at the larger IDT periods, despite the cooperation of the two
strain components. Furthermore, a large A corresponds to a relatively low resonant acoustic
frequency (see Fig. 3).

Figure 5(b) indicates that in order to maximize the magnitude of the strain in the y-direction
at the location of the core for configuration £Tp the optimum PZT film thickness needs to
increases with increasing IDT period. This is also the case when the magnitude of the strain
in the x-direction is maximized for the shorter IDT periods (A < 50 um). In order to quantify
this further and investigate the effect of the IDT configuration, we plot in Fig. 5(c) S,,(0,0) as a
function of A for d = 1.5 um and in Fig. 5(d) Sy,(0, 0) as a function of d for A = 25 um for the
four IDT configurations investigated.

Figure 5(c) shows that for d = 1.5 um all IDT configurations perform approximately equally
well for the IDT periods investigated. Whenever the size of the modulator becomes critical,
we observe that the configurations with the IDT electrode at the PZT-SiO; interface slightly
outperform the configurations with the IDT electrode on top of the PZT film when A < 20 um.
On the other hand, when A > 20 um the configurations with the IDT electrode at the top slightly
outperform the ones with the IDT electrode at the PZT-SiO; interface. Further, for A < 20 ym
there is no significant difference in S, (0, 0) when the PZT film is terminated with a conductive
film opposite the IDT electrode or not, while for A > 20 pm the configuration with a conductive
layer opposite to the IDT electrode slightly outperforms the corresponding one without the
conductive layer.

Keeping the IDT period constant at A = 25 um and varying the thickness, d, of the PZT film,
Fig. 5(d) shows that all four configurations produce approximately equal strain at the center
of the core for d < 2.5 pum, and that with increasing d beyond this value the configurations
with the IDT electrode at the PZT-SiO; interface increasingly outperform the ones with the
IDT electrode at the top of the PZT film. Figure 5(d) also shows that the configurations with a
terminating conductive layer opposite to the IDT electrode slightly outperform the corresponding
configuration having no conductive layer. It should be noted that as the acoustic wavelength is
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kept constant, Fig. 5(d) also reflects the coupling between the voltage on the IDT electrode and
strain induced by the SAW.

In summary, we find that in order to maximize the acoustic modulation frequency, all
configurations require a thin PZT layer and a small IDT period. Taking the configuration 1D
as reference, terminating the PZT film with a conductive layer opposite to the IDT electrode
lowers the resonant frequency, while having the IDT electrode at the PZT-SiO, interface slightly
increases the resonance frequency, though generally less than the reduction caused by the
conductive layer. However, the need to create maximum strain in the area of the optical mode
requires an optimum IDT period with corresponding optimum PZT layer thickness, which will
ultimately limit the maximum modulation frequency that can be realized with this configuration.
This will be investigated further in the next section.

4.2. Modulation of the effective refractive index

As our interest is in a high modulation frequency, we focus on SAWs produced with short period
IDTs (cf. Fig. 3). The various configurations considered here produce almost the same strain
when A is varied (see Fig. 5(c)). Further, configuration £c produces a strain that in magnitude
is about the same or higher compared to that of the other IDT configurations, when d is varied
(see Fig. 5(d)). Therefore, we use configuration EBc to present the relative change in effective
refractive index for the fundamental optical mode, which can be TE or TM polarized.

As shown in the previous section, at modulation frequencies of the order of 100 MHz the
SAW-induced strain extends well into the cladding and should be able to cover the whole
cross-sectional area occupied by the optical mode. This strain will lead to a change in the
refractive index of the cladding and core via Eqgs. (2) and (3), the strength of the coupling
being set by the strain-optic coefficients. The strain-optic coefficients are not known for SizNy,
however, due to our choice of a small core area and high aspect ratio, the influence of the strain
within the core on the effective refractive index of the optical mode can be neglected. In the
model we take the strain-optic coefficients for SizN4 equal to zero, to obtain a lower bound of
the change in effective refractive index that can be realized. For SiO, we take the strain-optic
coeflicients to be equal to p1; = 0.118 and p1 = 0.252 [49-52]. Due to the difference in strain
in the x- and y-direction, the refractive index experienced by the mode is different for TE and
TM polarization [53]. To find the effective refractive index for the fundamental mode for the
two polarization directions, we take the calculated strain and use Egs. (2) and (3) to add the
appropriate change in refractive index to the material refractive index [37]. Subsequently, we use
the eigenmode solver [44] to solve for the effective refractive index neq(S) for the fundamental
optical mode for both the TE and TM polarization. We then calculate the relative effective
refractive index difference An/neg = (nef(S) — nefr) /Ner Where neg = neg(S = 0) is the effective
refractive index for the same mode in absence of the SAW.

Since the waveguide geometry we choose is meant for visible and near-infrared applications [54],
we selected an intermediate wavelength, A= 840 nm, as an example. Figure 6 shows the E,
component of the electric field distribution (in arbitrary units) of the fundamental guided mode
with TE polarization using a waveguide core area of 4.4 x 0.03 um? (shown as white line in
the figure) and using the same coordinate system as for Fig. 4. We observe that the mode is
confined around the core and already has negligible amplitude for distances a few ym away from
the core boundary. The effective refractive index for this mode is found to be n.g = 1.46630,
which is close to the refractive index of the SiO, cladding. This confirms that most of the optical
field is outside the SizNy core and that taking the influence of the strain in the core as negligible
is justified. When the SAW-induced strain is applied, the transverse shape of the intensity
distribution as displayed in Fig. 6 is almost unaffected by the slight change in refractive index
of the cladding material, which is of the order of 1073, however, the longitudinal propagation
constant is changed and, hence, the effective refractive index.
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Fig. 7. Relative change in the effective refractive index, An/nqg, for the quasi-TE mode
(a) and quasi-TM mode (b) as a function of IDT period, A, for three different PZT-layer
thicknesses, d = 1.5, 2.5 and 3.5 um and as a function of d for A = 20, 25, 30 and 35 um
for the quasi-TE mode (c) and for the quasi-TM mode (d). The IDT configuration is EBC and
the vacuum wavelength is 4 = 840 nm.

4.2.1. Variation with IDT period

In Fig. 7 we show the calculated relative change in effective refractive index, An/neg, for the
fundamental mode with TE- (a,c) and TM (b,d) polarization as a function of the IDT period, A,
(a,b) and as a function of the PZT film thickness, d, (c,d). In (a,b) An/n.g is calculated for three
different thicknesses of the PZT layer, d =2.5, 3 and 3.5 um, while in (c,d) An/neg is calculated
for four different IDT periods, A = 20, 25, 30 and 35 pum. In all cases the voltage signal applied
to the IDT period is maintained at a constant amplitude of 10 V with the appropriate resonant
frequency (see Fig. 3).
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As the strain-optic coefficient pj, is more than a factor of 2 larger than p;; for SiO; and
because the contribution of the two strain components to the strain-optic effect partly cancel
each other at the smaller IDT periods, we expect that TE polarized light will have the dominant
shift in neg in the presence of the SAW. Indeed, Figs. 7(a) and 7(b) show that the TE polarized
fundamental mode has the larger shift in effective refractive index when the SAW is applied.
Further, the magnitude of An/n.g for the TE polarized mode reaches its maximum for A = 35 ym
and d = 3.5 um, while for the TM polarized mode this is at A = 80 pum or larger for the
layer thicknesses investigated. Although the two strain components cooperate in producing the
strain-optic effect for the latter case, the magnitude of the relative shift An/neg is still more than
a factor 2 smaller than that obtained with TE polarization.

The magnitude of the two strain components has a local maximum in the range 15 um
< A < 35 um, depending on d. Comparing Figs. 7(a) and 7(b) with Figs. 5(a) and 5(b) we
observe that although this local maximum decreases with increasing thickness of the PZT film,
the maximum in the magnitude of the relative shift, |An/ncg|, for the TE polarization increases
with d (see Fig. 5(a)). Also the IDT period at which these maxima occur shift towards larger
values compared to the values for the local maxima in the strain components. On the other
hand, the local maxima in |An/neg| for the TM polarization decrease with increasing d (see
Fig. 5(b)), like the maxima in the strain. However, for the TM polarization, |An/neg| reaches its
local maximum at IDT periods with somewhat smaller values compared to the IDT periods for
which the magnitude of the strain components is maximum. This behavior is a result of both the
spatial overlap of the strain and the optical mode as well as the different weighting of the strain
components in the strain-optic effect for the two polarizations. At the smaller IDT periods, the
x-component of the strain is dominantly negative in the region of the optical mode (see Fig. 4(a))
and the different weighting by the strain-optic coefficient now causes An/ng to become positive
while it is always negative for the TE polarization. With increasing IDT period, the region of
negative S, moves to larger depths and An/neg first increases due to a stronger coupling of Sy
with the optical mode. However, when the IDT period further increases, the region of negative
S, will start to move out of the region of the optical mode and the region of positive S, will start
overlapping with the optical mode. Together with the contribution of Sy, , this will first reduce
and then make An/n.g negative, justs as for the TE polarization.

Figures 7(a) and 7(b) show that, so far, the maximum in |An/neg| is 0.07% for d=3.5 ym and
A = 35 um, at least for the parameter ranges investigated. In the next section we will consider
the variation of An/n.g for the two polarizations with d for a few relevant IDT periods.

4.2.2. Variation with thickness of the PZT film

So far, we have only considered the variation with A for a few fixed values of the PZT layer
thickness. The variation of the calculated An/n.gs with thickness, d of the PZT film is shown
in Figs. 7(c) and 7(d) for the TE and TM polarization, respectively. In both cases, An/neg is
calculated for four different IDT periods, A = 20, 25, 30 and 35 um for configuration ec and
the remaining parameters are as for Figs. 7(a) and 7(b).

Considering first the TE polarization and A = 20 um, Fig. 7(c) shows that the change in
effective refractive index when the SAW is applied is rather insensitive to d for d < 2 um before
it starts to drop for values of d beyond this range. On the other hand, for the remaining A
investigated, |An/nqg| first slightly increases before its starts to drop with increasing d. The rate
at which |An/neg| drops with increasing d reduces when A increases. For small d (d < 1.5 um)
the relative shift |An/neg| is only weakly dependent on the IDT period. The two IDT periods
A =30 and 35 um obtain both the largest, nearly equal, shift in effective refractive index of
|An/neg| = 0.07% for d = 3 and 3.5 um, respectively. Furthermore, Fig. 7(c) also shows that the
maxima in |An/neg| are rather broad, making this device less sensitive to fabrication tolerances
in the PZT film thickness.
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The TM polarization shows a different behavior, see Fig. 7(d). The interplay between S and
Sy described above, together with the different weighting by the strain-optic coeflicients and the
larger penetration depth of the the SAW with increasing period makes that |An/negs| depends
more strongly on the IDT period than in case of TE polarization, for d < 1.5 ym. The shift
in effective refractive index remains smaller for the TM polarization compared to that for the
TE polarization for the range of parameters investigated. For a given IDT period, the acoustic
wavelength is fixed and the variation with increasing d reflects the coupling between the voltage
wave applied to the IDT electrode and the SAW induced strain. For example, for A = 25 ym,
|An/neg| first increases with d before it starts to drop for d > 3 pm, with agrees with the variation
of S,(0, 0) with d, see Fig. 5(d).

In summary, We find that the largest |An/neg| of ~ 0.07% is obtained with IDT configuration
EBC for A = 30 - 35 ym and d = 2.5 - 3.5 um. This corresponds to an absolute change in
index of An = 1.0 x 1073. The other IDT configurations produce nearly the same shift in the
effective refractive index, except when d becomes large. However, a large d requires a larger
A for optimum generation of the SAW and this means that the maxima in the magnitude of the
strain will be located below the core of the optical waveguide, resulting in a reduced strain at the
location of the optical mode. Also, the acoustic, and therefore also the modulation, frequency will
be low. Hence, we will limit ourselves to d < 3 yum. Inducing a maximum shift therefore requires
choosing (i) an appropriate period of the IDT and (ii) the corresponding optimum thickness of
the PZT layer. To find the maximum value for An/n.g requires a two-dimensional scan over the
IDT period and PZT layer thickness for each of the configurations. Although we have not fully
scanned the complete parameter space, Fig. 7 indicates that the scans presented in this figure
should be close to or even contain the optimum combination of A and d to achieve a maximum
change in the effective refractive index.

4.2.3. Variation with thickness top cladding

So far, we have considered a standard configuration for the optical waveguide consisting of a
Si3Ny core in the middle of a 16 um thick SiO; cladding. Figure 6 suggests that the optical field
is confined to an area close to the core, at least for the 840 nm wavelength we are considering
here. Therefore, it should be possible to reduce the cladding height above the core to improve the
coupling between SAW induced strain and the optical mode without increasing the propagation
losses of the optical mode. This is especially of interest for the shorter IDT periods, where the
penetration of the SAW into the cladding is limited due to the small acoustic wavelength. Further,
we found that for the shorter IDT periods Sy counteracts Sy in the strain-optic effect, e.g., see
Fig. 4, and moving the core closer to the PZT film would both reduce |S,| and increase |Sy|. We
therefore expect a stronger strain-optic effect.

In Fig. 8 we plot the relative shift An/n.g for both the TE polarization (solid red line) and TM
polarization (dashed black line) as a function of the thickness of the cladding above the core, d; .
We consider again IDT configuration Bc. The dimensions of the core are the same as in Fig. 7,
the vacuum wavelength is again 840 nm and d = 2.5 ym and A = 30 um. At the smallest height
of d of 3 um investigated and with no SAW applied, we calculate that the effective refractive
index of the fundamental mode differs by a small fraction of 2 x 10~ from the effective refractive
index for the standard configuration used for Fig. 7, which is about three orders of magnitude
smaller than the largest shift induced by the SAW wave. Therefore, we conclude that nearness of
the boundary (the PZT-SiO, interface) had little effect on the eigenmode found by the modal
solver and that the optical mode is still well confined to the cladding and no substantial increase
in propagation loss is expected. We have verified this by calculating the propagation loss for the
core of Fig. 6, symmetrically embedded in a cladding of full height 2d,; and terminated with the
Si substrate on one side and air on the other side. We find that, at the wavelength considered, the
propagation loss is less than 0.1 dB/cm for d;; > 3.5 um and increases to 10.8 dB/cm when d. is
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reduced to 2 um, slightly more than doubling for every decrease of 0.25 ym in d.

Figure 8 shows that the relative shift in effective refractive index almost doubles from -0.07% to
-0.12% for the TE polarization when d,; is reduced from 8 um to 3 um. For the TM polarization,
the initial positive shift, caused by the dominant contribution of Sy in the strain-optic effect,
changes to a negative shift of slightly more than -0.04% when d,; is varied in the same way.
Moving the core closer to the PZT film reduces the contribution from S, to the strain-optic effect
(see Fig. 4), until at around d¢; = 3 um, it is mainly S, that produces the strain-optic effect. The
difference in weighting by the strain-optic coefficients produces the smaller SAW-induced shift
for the TM polarization (c.f. Egs. (2) and (3)).

4.2.4. Optimized design and geometry

Now that we have calculated the maximum value for |An/neg| provided by the optimal con-
figuration, which is 0.07% for the standard configuration (d,; = 8 um) and 0.12% for the
configuration with d;; = 3 um, we use Eq. (6) to calculate the required length of the arms of
a balanced Mach-Zehnder interferometer to obtain complete light modulation at the acoustic
resonance frequency. For a vacuum wavelength of 2 = 840 nm, we find L = 205 (120) gm using
neg = 1.46630 for TE polarized light and d;; = 8 (3) um. The corresponding figure-of-merit,
VL, is 0.4 (0.24) Vcm. The voltage applied to the IDT has an amplitude of 10 V. Due to the
linearity of the strain with applied voltage expected in this regime of small strain and index
modulation, obtaining full light modulation at a shorter wavelength would require driving the
IDT at a smaller amplitude. In contrast, modulating light with a longer wavelength, say at
telecommunication wavelengths (1550 nm), would almost double the required driving voltage
(~ 18.5 V). Nevertheless, both values are well within the expected operating range that may
extend to voltage amplitudes of 50 V or more before breakdown occurs [28,41]. This means that
depending on the selected voltage or wavelength even a smaller arm length than 205 (120) um
might be sufficient to obtain full light modulation. Also, balancing refractive index modulation
against acceptable propagation loss may further reduce the device length or relax the driving
voltage requirements.

5. Summary and conclusions

In this work we investigated the use of Rayleigh-type surface acoustic waves (SAWs) to modulate
the effective refractive index of an optical mode guided by a buried SizN4 waveguide core in a
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Fig. 8. Relative change in the effective refractive index, An/nqg, as a function thickness of
the cladding layer above the core, d. for the fundamental mode with TE polarization (red
line) and TM polarization (dashed black line). The IDT configuration is EBC, d = 2.5 um,
A =30 um and a voltage signal with an amplitude of 10 V and the appropriate resonant
frequency is applied to the IDT electrodes. The vacuum wavelength is 2 = 840 nm.
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SiO; cladding. We considered that the acoustic waves are excited in a PZT piezo-electric layer
deposited on top of the waveguide cladding via interdigitized electrodes, at a frequency of the
order of 100 MHz.

Considering a balanced Mach-Zehnder interferometer, the modulation of the effective refractive
index can be used to obtain full, i.e., 100%-modulation of the light power and amplitude, at
the acoustic frequency. The optical waveguide considered here consists of a SizN4 core, with
dimensions of 4.4 yum by 30 nm, buried in a SiO, cladding 8 um below the surface, which is
typical for this low-loss photonic platform. The SAWs generated by the thin PZT layer is guided
in the interface between the PZT and the cladding, while its evanescent strain field extends
towards depths that include the waveguide core. The strain induced by the SAW results in a
change of the effective refractive index of the waveguide via the strain-optic effect.

We find that of four investigated IDT-PZT arrangements, the configuration with the IDT
electrode at the PZT-SiO, interface and having a terminating conducting film at the PZT-air
interface (configuration £Bc) is the most efficient in generating strain in the cross sectional area of
the optical mode, although the difference with the other IDT geometries is small when operating
at high modulation frequencies. The induced strain produces the largest strain-optic effect for
TE polarized light. For this polarization, a maximum relative change in effective refractive
index for the fundamental waveguide mode of |An/neg| = 0.07% is found for a wavelength in
the middle of the working range of this waveguide, here taken as A = 840 nm. The strain-optic
effect increases to |An/neg| = 0.12% when the height of the cladding above the core is reduced
to 3 um. These values represent a lower bound as we have set the strain-optic coefficients to zero
inside the core. However, as most of the optical field is outside the core, the difference with the
actual value should be small. For the standard waveguide configuration (d;; = 8 um) and using
a driving voltage amplitude of 10 V, the maximum modulation is obtained at resonance for an
IDT period of A = 30 - 35 um and a PZT film thickness d = 2.5 - 3.5 um, while the resonant
frequency is in the range 70-85 MHz. The dependence on d,; is only investigated for d = 2.5 um
and A = 30 um, and the resonant frequency is 87.3 MHz for the optimum d; of 3 um.

For the maximum relative change in refractive index, the arm length required in a balanced
Mach-Zehnder interferometer is L = 205 (120) um , for 100% light modulation using a voltage
signal with a 10-V amplitude at a frequency of 84.5 (87.3) MHz, when the height of the cladding
above the core is dgg = 8(3) um, d = 2.5 ym and A = 30 yum. We note that this frequency
is larger by at about five orders of magnitude compared to thermo-optic intensity modulators
and about two orders of magnitude compared to modulators based on non-resonant proximity
piezo-actuation [25]. The figure-of-merit, VL, equals to 0.4 Vcm and 0.24 Vem for d; = 8 and
3 pm, respectively.

We note that also the required interaction length (for a MZI) is shorter, by a factor about five to
ten, than what is typically used in thermally operated MZI (500 um) and by a factor of about
100 compared to proximity strain-optic modulation [25]. The figure-of-merit, V; L, for the SAW
modulator is on par with electro-optic modulators using a BaTiOs3 thin film [18], however it is
much better, i.e., lower, than the figure-of-merit for PZT-on-Si3;N4 based ring-modulators [20]
when corrected for the different wavelengths used. Although the design presented here does
not reach the very high modulation frequencies (tens of GHz) obtained by the electro-optic
modulators, this SAW based modulator should have much lower propagation loss, as the optical
field remains confined to the SiO; cladding and the Si3Ny core.

As a parallel route for optimization, IDT electrodes might be configured to generate a focused
SAW [55] to increase the strain in the region of the optical mode. An additional variation would
be meandering the optical waveguide though the SAW field for shortening of the required overlap
length with the transverse SAW field dimension.Also, balancing refractive index modulation
against acceptable propagation loss may further improve, i.e., lower VL. Another method
to decrease to distance between the core and PZT film would be to increase the volume (i.e.,
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the thickness) of the core as this confines the optical mode more to the core and allows better
positioning of the core and increases the strain-optic effect. Furthermore, the propagating nature
of SAWs can be exploited to modulate light in a waveguide that is located at some distance
from a PZT strip with an IDT. This allows to optimize the waveguide core location with respect
to the SAW-induced strain without increasing the propagation loss. As only a few acoustic
wavelengths are required to separate the optical field from the PZT-IDT structure, little damping
of the acoustic wave is expected (the acoustic eigenmode calculation gives an acoustic power
damping of approximately 1 dB/cm for A = 30 um, d = 1.5 ym and using the damping given
in Table 1). This is especially advantageous when optimizing the system for high modulation
frequency. Another advantage of using a SAW to drive a Mach-Zehnder interferometer is that it
can coherently drive multiple interferometers located suitably next to each other for providing a
stable phasing relative to each other. This is of interest, e.g., for low-loss phase modulators that
form optical isolators based on acoustic waves [56,57].
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