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Abstract

Effective optical processing of information in the integrated photonic cir-

cuits requires strong light confinement and guiding of light at the micro-

nanoscale using waveguide structures, as well as techniques to control its

propagation. Optical confinement is stronger for a guiding medium with a

high refractive index and complex optical information processing is possible

if this refractive index can be manipulated efficiently using multiple tech-

niques. Refractive index manipulation is possible through various methods

such as electro-optic, thermo-optic, magneto-optic and acousto-optic mod-

ulation. Acousto-optic modulation technique uses strain induced by the

acoustic wave to change the refractive index of the optical wave propaga-

tion medium. Such modulators have successfully been demonstrated on

material platforms such as aluminum nitride, gallium arsenide and lith-

ium niobate. Despite having some of the highest electromechanical coupling

coefficients and strong acousto-optic coefficients, these material platforms

cannot simultaneously exploit the best material properties because of their

anisotropy. In other words, if both acoustic devices and the photonic devices

are built on one of these same material platforms, both devices may not be

the most efficiently optimized because of the anisotropy of the material. We

have studied lithium niobate as the piezoelectric substrate which is used to

generate the acoustic wave and incorporated arsenic trisulfide, an isotropic

material, as the photonic material platform which enables decoupling of the

acoustic device from the photonic device. We have demonstrated arsenic

trisulfide on oxide on lithium niobate as a material platform for low fre-

quency (∼MHz) modulator application through an acousto-optic modulator

formed by an arsenic trisulfide Mach-Zehnder interferometer, operating in
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a push-pull configuration and placed inside a surface acoustic wave cav-

ity on a Y-cut lithium niobate wafer. A comprehensive analytical modeling

of the acousto-optic interaction is offered which enabled the first ever ex-

traction of acousto-optic coefficients for the thin film arsenic trisulfide from

an integrated device. First ever extraction of the thermal coefficients for

waveguides on arsenic trisulfide, lithium niobate on insulator and arsenic

trisulfide on lithium niobate on insulator using optical racetrack resonators

is also demonstrated. Arsenic trisulfide on lithium niobate on insulator is

discussed as a high frequency (∼GHz) modulator platform which includes

a qualitative study of this hybrid material platform. This hybrid material

platform will pave new opportunities for microwave-to-optical conversion,

non-reciprocal devices, Brillouin scattering and beam steering applications.
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Chapter 1

Introduction

Integrated photonic platforms exploit various techniques to manipulate light

propagation through optical waveguides such as electro-optic (EO) [1, 2],

magneto-optic [3], carrier injection [4] or thermo-optic [5] modulation. An-

other versatile technique to control the refractive index profile of an optical

propagation medium is to harness interaction between acoustic and light

waves. This approach has been successfully demonstrated in different thin

films such as lithium niobate (LN) [6], aluminium nitride (AlN) [7] and gal-

lium arsenide (GaAs) [8]. Although LN and GaAs have some of the highest

electromechanical (EM) coupling coefficients and acousto-optic (AO) coeffi-

cients, AO devices made on these platforms cannot simultaneously exploit

the best material properties. These materials are single crystalline and an-

isotropic, which means EM and AO coefficients are functions of the specific

direction of operation. Because of their anisotropy, it is hard to co-fabricate

optical and acoustic devices that simultaneously exhibit maximum EM and

AO characteristics. As2S3, a chalcogenide glass, offers both a high AO coeffi-

cient and a high refractive index [9], hence making it a promising candidate

for AO interactions. The prime advantage of using As2S3 on LN is that the

As2S3 film is isotropic and therefore decouples the orientation of the acous-

tic transducer with respect to the photonic component [10] making it an

excellent candidate for heterogeneously integrated [11] AO devices [6]. Our

1



2 1 Introduction

objective is to demonstrate the full potential of As2S3 on LN platform, suc-

cessful engineering of which would allow EM, EO and AO interactions all-

in-one platform. To investigate the full potential of As2S3 with LN, we are

primarily focused on two material stacks:

• As2S3 on oxide on LN substrate

• As2S3 on Lithium Niobate on Insulator (LNOI)

Fig. 1.1 shows a high level schematic of an acousto-optic modulator (AOM),

which has two major parts: the acoustic device and the photonic readout.

On the acoustic device part, interdigitated transducers (IDTs) are used to

generate acoustic waves on the piezoelectric material (i.e. LN). Propagation

of the acoustic wave creates strain on the material platform which can be

detected using photonic circuit in As2S3. Optical signals at the two arms of

the mach-zehnder interferometer (MZI) are modulated by the strain induced

optical phase change which can be combined and detected as amplitude

modulation using photodetector. Key tasks to be performed to build such

AOM can be listed as follows:

Piez
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Figure 1.1: Schematic of the acousto-optic modulator with
transducer to generate acoustic wave and Mach-Zehnder inter-
ferometer as the photonic detection circuit.
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• Explore photonic components

– Devise efficient light injection technique using grating coupler

– Characterize material properties using photonic resonators: propaga-

tion loss, extraction of thermo-optic properties etc.

• Explore acoustic device design

• Integrate acoustic and photonic devices

• Explore acousto-optic properties of the material system

Acoustic devices on bulk LN were developed as part of the AO gyroscope ap-

plication [6]. These devices were used to explore AO interactions in As2S3 on

oxide on LN platform. Because of the large acoustic wavelength used in this

application, it was possible to achieve AO interactions in a waveguide made

exclusively out of As2S3. Gyroscope application motivated the development

of the first material platform.

In contrast, for high frequency (HF) applications, the acoustic wavelength

becomes comparable to the oxide and As2S3 layer thicknesses. Therefore,

to achieve efficient AO interactions, As2S3 is directly deposited on LNOI. As

a material system, As2S3 offers 4x stronger modulation strength over thin

films of LN. By putting As2S3 directly on top of LNOI, a hybrid acousto-optic

platform can be demonstrated, which will enable electromechanical, electro-

optic and acousto-optic modulation simultaneously in the same platform at

high frequency (∼GHz). The HF application motivates the development of the

second material platform.

By integrating As2S3 with both bulk LN and LNOI platform, this thesis work

would make the following contributions in advancing the state-of-the-art:
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• Demonstration of thin film As2S3 as a promising acousto-optic ma-

terial system with one of the highest AO coefficients reported in the

literature

• Decoupling of acoustic and photonic device design constraints in an

acousto-optic modulator

• Comprehensive analytical modeling of AO interaction in As2S3 on ox-

ide on LN platform and first ever extraction of AO coefficients for thin

film As2S3 from an integrated device

• First ever extraction of thermal coefficients (including both thermo-

optic and thermal expansion effect) for As2S3, LNOI and As2S3-LN

hybrid waveguide using optical racetrack resonators which shows

that thermal expansion has a dominant effect on As2S3

• Qualitative study of the high frequency AO platform with As2S3 on

LNOI paving new opportunities for microwave-to-optical conversion

[12], non-reciprocal devices [13], Brillouin scattering [14] and beam

steering applications

This thesis work summarizes the advancementsmade to date in demonstrat-

ing these two material platforms and proposes a path to the demonstration

of the HF AOM. A summary of the thesis structure is presented in the fol-

lowing table:

Overview

Photonic 

Components

Acoustic 

Device

Low Frequency 

Design

High Frequency 

Design
Grating Resonator

Integration of Acoustics and Optics �Acousto-Optic  Modulator 
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First a general overview on the fabrication process is presented. Then the

design and characterization of the photonic components in these two mater-

ial platforms are thoroughly discussed. Afterwards, the acoustic devices are

studied. Finally, integration of acoustic and photonic components for the

demonstration of AOM is analyzed.



Chapter 2

Fabrication Process

Fabrication processes are developed for the integration of As2S3 with both

bulk LN substrate and LNOI (where the substrate is either LN or silicon). In

this chapter fabrication challenges associated with the processing of As2S3 is

described. Later, a general overview of the fabrication process flow for AOM

development in both material platforms are illustrated.

2.1 Challenges and Remedy

The fabrication process for As2S3 is not straightforward, as it is sensitive

to the visible light illumination which induces photo-oxidation of the film

surface in an ambient atmosphere [15] which in turn produces micron-sized

As2O3 crystallites that are clearly visible in fig. 2.1(a). Surface roughness

caused by these crystallites may result in significant optical propagation

loss. Besides, As2S3 dissolves in alkaline photoresist [16], making it harder

to pattern with photolithography or process it for an integrated device, which

may include photolithography in its fabrication steps. We have taken these

into account while developing fabrication process to integrate As2S3 with

LN. Our experimental approach demonstrated (in fig.2.1(b)) that passivation

with silicon dioxide (∼ 80 nm) assures As2S3 is protected from degradation

when exposed to ambient condition.
6
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2.5 �m 500 nm 

(a) (b)

After oxide encapsulation

Oxide encapsulation

Figure 2.1: Effect of oxide encapsulation: (a) samples without
encapsualtion and (b) samples with oxide encapsulation.

2.2 As2S3 on Lithium Niobate (LN)

The microfabrication process for the making of the AOM device using As2S3

on oxide on LN platform is depicted in fig. 2.2 in several steps. Starting with

LN substrate (step 1), tungsten was chosen as the metal for the electrodes

and a 600 nm thick layer was lifted off to form the IDTs, reflectors and pads

on a 4" Y-cut LN wafer (step 2). The choice of materials and design para-

meters were dictated by the specific-end application, an acousto-optic gyro-

scope[17], which requires the metal layer to provide for the following: high

mass density to synthesize a large Coriolis mass, high acoustic reflection to

minimize energy leakage from the cavity and low thermo-elastic damping to

minimize acoustic losses [18]. Aluminum has low mass density, gold suffers

from thermo-elastic damping, whereas tungsten can attain all three desired

characteristics. Besides, processing thick (∼600 nm) gold film is difficult

compared to tungsten. For these various reasons, tungsten was preferred
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(1) LN Substrate (2) Photolitho & Lift off (3) PECVD Oxide

Deposition

(7) Resist Removal 
& Coating

(5) E-beam (PAD+WG) (6) Dry Etch

(9) BHF Etch  

LN

W

SiO2 As2S3

Ebeam

Electra 92

As2S3

(10) Resist Removal

(4)

(8) E-beam (PAD)  

Figure 2.2: Fabrication process for AOM on As2S3 on oxide on LN.

over gold or aluminum. A 1.6 µm thick oxide cladding layer was deposited

using plasma-enhanced chemical vapor deposition (PECVD) technique (step

3) followed by a 330 nm magnetron sputtering of As2S3 (step 4). The oxide

cladding thickness was selected in such a way that the light reflected back

from the oxide-LN interface constructively interferes with the light in the

grating coupler, hence maximizing light coupling in the As2S3 without com-

promising acoustic energy coupling in the same layer [19]. To prevent As2S3

photo-decomposition by exposure to ambient oxygen, a thin (35 nm) cap-

ping oxide layer was sputter-deposited without breaking vacuum on top of

As2S3 [16]. Elionix ELS-G100 Electron Beam Lithography System was used
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to define optical waveguides and the pad locations in electron-beam resist,

CSAR 62, and transfer them to As2S3 (step 5). Electra 92, a water-soluble

conductive layer, which helps to reduce the charging issues during e-beam

exposure, was also used. The thin oxide cap layer and As2S3 were dry etched

using Cl2 and BCl3 gases in a Plasma Therm Versaline Inductively Coupled

Plasma (ICP) etcher (step 6). In this Chlorine etch process, etch rates of 3.5

nm/s for resist, 1.3 nm/s for oxide and 40 nm/s for As2S3 were recorded.

After the etch process, remaining resists are removed and a oxide cap layer

is sputter deposited to cover the open As2S3 waveguide sidewalls (step 7).

Concentrated hydrofluoric (49% HF) acid was used to wet etch the cladding

oxide. As2S3 acted as a hardmask in the concentrated HF enabling the defin-

ition of pad openings (step 9). A second capping oxide thin film was sputter

deposited, immediately after the As2S3 etch for pad opening step. This was

required since concentrated HF use removes the first cap oxide layer while

etching the bottom oxide. Afterwards, another e-beam lithography step was

used to pattern the MZI, MMI and grating couplers in As2S3. A final cap

oxide thin film was sputtered to cover the waveguide sidewalls, after etching

As2S3 for photonic circuit patterning. A third e-beam lithography step was

done for final pad opening and BHF wet etch was used to remove remaining

oxide thin film from the pad areas. It is important to note that the necessity

to perform the pad opening step in multiple stages was dictated by the re-

quirement to ensure electrical contacts to the electrodes, while minimizing

the risk of photo-decomposition of As2S3.
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2.3 As2S3 on Lithium Niobate on Insulator (LNOI)

AOM device fabrication process on As2S3 on LNOI is summarized in fig. 2.3.

Aluminum is chosen as the electrode metal, 150 nm of which was deposited

using e-beam evaporation technique.

(1) LNOI (2) E-beam & Wet Etch Deposition

(5) E-beam (PAD+WG) (6) Dry Etch

As2S3(3)

Si

Oxide

LN

Al

As2S3

Resist

Espacer

(4) Spin Coating

(7) Resist Removal

Figure 2.3: Fabrication process for AOM on As2S3 on LNOI.

Negative e-beam resist HSQ was used for patterning the interdigitated trans-

ducer (IDT) structure and AZ 400K developer was used for etching Al. Later

270 nm of As2S3 was sputter deposited using magnetron sputtering method.

CSAR and Electra 92 were used as e-beam resist and conductive layer re-

spectively, to pattern photonic circuit and opening PAD areas for making

electrical probing possible. As2S3 was etched using ICP reactive ion etching

(RIE) technique and Cl2 chemistry.



Chapter 3

Photonic Components

Successful integration of an acousto-optic modulator would require carefully

designed photonic components as well as acoustic devices. In this chapter,

we discuss different photonic components that we have designed, fabricated

and tested. These photonic components were required either as the building

blocks for the modulator device, or to characterize material properties which

are relevant for the modulator device performance.

3.1 Grating Couplers

3.1.1 As2S3 on LN

A challenge for the demonstration of this hybrid material platform is efficient

light injection into a photonic waveguide using standard coupling techniques

like vertical grating couplers [20], which have become a mainstream method

for light coupling in Si photonic applications. Beside tapered coupling in hy-

brid integrated system using silicon and As2S3 [21], the best reported As2S3

on LN grating coupler offers -3.75 dB of coupling efficiency (CE), but uses

complex bragg reflector mirrors and attains minimum CE only at a coupling

angle of 170 [22]. Vertical coupling is a preferred method to couple light from
11
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either fibers or heterogeneously integrated laser sources, but its use dramat-

ically degrades injection efficiency due to back reflections [23, 24]. One of

the major causes behind back reflections is the second order reflection of

the grating coupler. We demonstrated a simple fabrication process to in-

corporate As2S3 on LN with efficient light injection technique using chirped

vertically coupled gratings with an aluminium (Al) reflector mirror at the

interface between silicon dioxide (SiO2) and LN (fig. 3.1(a)). The efficiency

enhancement by chirping and the introduction of a mirror are inspired by

progress made by the silicon photonic industry. [25].

Smallest etch 

width = (1-DCmax)Pitch

Largest etch 

width = (1-DCuni)Pitch
DC

DCmax

DCuni

NN/2

(a) (b)

Figure 3.1: (a) Grating coupler on As2S3 on oxide on LN. (b)
Effect of chirping and metal mirror on grating coupler coupling
efficiency demonstrated through simulation and experimental
data. Here, UNM = uniform with no mirror, CNM = chirped
with no mirror, and CWM = chirped with metal mirror. Grating
parameters are: Λ0 = 935 nm, DC uni = 0.76, DC max = 0.92. Peak
Shift = coupling efficiency for UNM when the pitch is adjusted
in simulation to a different value (975 nm) to center its response
around 1550 nm.

Fig. 3.1(a), shows the schematic of a 1D grating coupler with an adiabatic

taper. We selected a 1D grating coupler with 30 grating cells (each cell having

a fully etched and an un-etched portion of As2S3) and a width of 17 µm, which

is larger than the fiber mode to avoid scattering at the edges of the grating
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waveguide. To convert the mode shape of the optical signal from the fiber and

match it to the 1.5 µm x 0.33 µm wire waveguides, we selected a 700µm long

adiabatic taper. Since our goal was to extract the grating coupler coupling

efficiency, the wire waveguides were made as short as possible (∼ 300 µm) to

minimize the impact of propagation losses on the grating loss extraction. In

the chirped grating coupler design, only half of the grating cells were chirped

while the other half was kept uniform. Starting from the taper end where the

grating cells begin (fig. 3.1(a)), the first 15 grating cells were chirped. The

duty cycle (DC = un-etched width of grating cell/pitch) of the first grating cell

at the taper end was set to DC max, while the 15th cell had the same DC as

that of the uniform portion: DC uni . The DC of the chirped cells (DC chi r p
i ) were

linearly varied starting from DC max to DC uni where i represents the grating

cell index. Starting from the taper end, DC variation can be expressed by

the following equation:

DC chi r p
i = (i −1)

DC uni −DC max

N /2−1
+DC max (3.1)

For a pitch of Λ0 of the grating, the size of the smallest etched width is

Λ0(1 − DC max), whereas the size of the etch in the uniform portion of the

grating is Λ0(1−DC uni ). The rest of the 15 cells were kept as uniform grating

cells with a DC of DC uni .

The purpose of cascading a uniform grating after the chirped portion was

to enhance back reflection into the chirped portion and steer light vertically.

Our simulations confirmed that splitting equally the grating cells between

uniform and chirped was sufficient tominimize back reflections. The chirped

grating design was performed using Lumerical FDTD commercial simulation

tool. The design procedure consisted in first identifying optimal uniform and
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fully etched gratings without reflectors using 2D FDTD simulations. Once an

optimal pitch and DC were determined, then chirped gratings were designed.

The parameters of the uniform portion of the chirped grating were kept the

same as those that were optimized for the fully uniform grating. For the

chirped portion, the pitch was left unchanged, whereas the DC was linearly

varied between the value used for uniform gratings (DC uni ) and a maximum

value (DC max ). To find an optimal design for the chirped grating this DC max

was varied between DC uni and 92-94%. The choice of maximum value of

DC max, was constrained by the minimum etch width achievable through the

fabrication. The minimum etch width achieved in our fabrication process

was ∼ 50 nm.

It is important to note that in order to identify the optimal DC for both set of

simulations (uniform and chirped gratings) a brute force approach was used.

The grating response was simulated over a broad optical wavelength (1400

nm to 1600 nm) for a fixed pitch as the DC was swept. Once an optimal DC

was found at a particular wavelength, the pitch of the grating coupler was

refined so that the response would be centered at 1550nm. The results of

this analysis revealed that a chirped grating consisting of a pitch of 940 nm,

DCmax of 94% and DCuni of 78% accompanied by an Al reflector mirror would

demonstrate a maximum achievable coupling efficiency of 3 dB, assuming

no fabrication imperfections. Practically fabrication process bias and imper-

fections make it difficult to attain the exact design dimensions. Therefore,

we have fabricated multiple sets of devices varying the pitch and duty cycle

in order to achieve our desired design parameters. Some of these device

geometries are considered to serve two purposes. First to showcase the ef-

fect of chirping and the use of metal mirror on CE, and second to achieve

the best possible CE. After measuring the fabricated devices, we selected
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a subset which helped making our point about the impact of chirping and

the Al reflector. We only reported the 3D FDTD simulation results for those

structures to further confirm their agreement to the experimental values.

In fig. 3.1(b), we report the experimental measurements for a particular type

of fabricated devices with the following parameters: Λ0 = 935 nm, DC uni =

0.76, DC max = 0.92. The response of this device is plotted to demonstrate

that for similar structural parameters, chirping improves CE by 7 dB with

respect to the uniform grating and that the Al mirror provides for an addi-

tional 2.3 dB of CE improvement with respect to the chirped grating at the

wavelength of 1550 nm. The experimental results are in agreement with the

simulations. Simulation result reveals that the peak coupling efficiency for

this uniform grating is located at a shorter wavelength and beyond the oper-

ation range of the source used for measurement. However, by increasing the

pitch of the grating, the peak of CE can be pushed around 1550 nm without

resulting in a significant change (∼ 1 dB) to the magnitude of the maximum

CE. When compared to this simulated value, chirping improves CE by about

2 dB with respect to UNM. An uncertainty exists in the extraction of the index

of refraction of the As2S3 film, which was done using a Rudolph ellipsometer.

The value of the index of refraction of As2S3 can only be bound to be between

2.35 and 2.43 and 2.35 was used as a fitting parameter in the simulations.

Nonetheless, some discrepancies between simulation and experimental data

still exists and can be attributed to fabrication imperfections.

The best grating coupler measured is a chirped structure with metal mir-

ror, which demonstrates 4 dB coupling efficiency with 3 dB bandwidth of

40 nm at the wavelength of 1550 nm (fig. 3.1(b)). Simulation results re-

veal that when the guided mode reaches the grating, a portion of light is
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Figure 3.2: Comparison of measurement results with simula-
tions for the best fabricated As2S3 vertical grating couplers on
LN. Grating parameters for this device are: Λ0 = 945 nm, DC uni

= 0.77, DC max = 0.91

reflected from the grating region, a portion is diffracted upwards, another

goes downwards and reflects back from the mirror. Due to chirping, reflec-

ted and transmitted portions of the light are negligible. Most of the light is

scattered upwards, which is enhanced by the reflection from the metal mir-

ror, but only a portion of it matches the fiber mode which is detected through

the photodetector. Further enhancement of the coupling efficiency may be

possible by designing the grating parameters ensuring phase matching con-

ditions (apodization process) in order to achieve stronger overlap between

the diffracted and the fiber mode. Besides, waveguide grating width may be

tuned to ensure best performance [26]. The grating parameters for the best

measured device are: Λ0 = 945 nm, DC uni = 0.77, DC max = 0.91. Our 3D

FDTD simulations are overlapped with the experimental results and exhibit

a very good agreement except for the behavior beyond 1560 nm. At this time

we are unsure about the sources of this discrepancy. It was not possible
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to achieve the 3 dB coupling efficiency predicted by the simulations due to

fabrication imperfections.

3.1.2 As2S3 on LNOI

(a) (b)

Figure 3.3: (a) Grating coupler on As2S3 on LNOI. (b) measure-
ment data.

By putting As2S3 directly on top of LNOI, a hybrid acousto-optic platform

can be demonstrated which may enable electromechanical, electro-optic and

acousto-optic modulation simultaneously in the same platform. Such hy-

brid platform is necessary for high frequency (∼GHz) application as the acous-

tic wavelength is comparable to the bottom cladding oxide. Fig.3.3(a) shows

a schematic of the input-output As2S3 grating coupler connected via a 2µm

wide hybrid As2S3-LN wire waveguide. Fig.3.3(b) shows experimental meas-

urement of grating coupler efficiency on Y-cut LNOI wafer for light injection

direction along z-axis (YZ orientation) and light injection direction 450 ro-

tated about the y-axis (Y45 orientation) to be -10.7 dB and -7.2 dB respect-

ively. These were chirped 1D gratings with a pitch of 760 nm. Half of the

grating cells were chirped starting with DCmax = 0.90 and the following cells

with linearly decreasing DC up to the uniform grating cells with DCuni= 0.5

for YZ gratings. In case of the Y45 grating fill factors were DCmax = 0.95 and

DCuni = 0.6.
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3.2 Optical Waveguides

Optical waveguides are key components for light transportation on-chip as

well as acousto-optic interaction. Based on the specific requirements, we

have designed and fabricated optical waveguides by etching trenches in As2S3

thin film. Fig. 3.4 shows schematic of waveguides on both As2S3 and As2S3-

LN hybrid platform. As in fig. 3.4(a), As2S3 is the core material where oxide

acts as the bottom cladding and air as the top cladding layer. Fig. 3.4(b)

shows hybrid waveguide where propagating mode is shared within the As2S3-

LN hybrid core, 40% in As2S3 and 55% in LN thin film for a waveguide di-

mension of 1.7 x 0.27µm.
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Figure 3.4: Normalized electric field intensity in (a) As2S3 wave-
guide and (b) As2S3-LN hybrid waveguide, obtained from Lumer-
ical finite difference eigenmode solver. In the experiment, a 3 µm
wide trench is etched on either side of the wire waveguide.

3.3 Optical Resonator: Propagation Loss

In general, all pass optical ring resonator consists of a looped optical wave-

guide along with a bus waveguide to access the loop using coupling mech-

anism (grating couplers in our case). When the optical wave inside the loop

accumulates a round trip phase shift which is an integer multiple of 2π

(3.5(a)), the waves interfere constructively and the cavity is in resonance.

In racetrack resonators (RTs), the total length (Lt ) of the loop is determined
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by two arcs and two parallel straight waveguides, Lt = 2L +2πR (fig. 3.5(c)).

While in resonance, we can measure the optical Q-factors of the RT with dif-

ferent straight section lengths keeping the bend radius constant and extract

propagation loss for straight waveguides.
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Figure 3.5: Optical resonator: (a) self and cross coupling coef-
ficient, (b) schematic of transmission through a waveguide
coupled to a resonator and (c) SEM images of optical racetrack
resonator device for propagation loss extraction.

The transmission characteristic of resonators (fig.3.5(b)) depends on the

single-pass amplitude transmission (a) and self-coupling coefficient (r ) of

the resonator as follows [27]:
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T = a2 −2r acosφ+ r 2

1−2r acosφ+ (r a)2
−→ (a − r )2

(1− r a)2
(3.2)

where φ= βLt (= 2mπ at resonance and m = 1,2,...) is the single pass phase

shift and β is the propagation constant of the circulatingmode. Both propaga-

tion loss in the ring and coupler are included in a which relates to the atten-

uation coefficient α [cm−1] as a2 = exp(−αLt ). By measuring the transmission

spectra of the racetrack resonator, the loaded Q-factor of the resonator can

be extracted which allows solving for a and r as Q factor is expressed as:

Q = λ

FW H M
= 2πne f f L

2λcos−1( 2r a
1+(r a)2 )

(3.3)

Here, ne f f is the effective index of the waveguide medium. By comparing

total losses from different length waveguides, the loss per unit length of

the straight waveguide can be evaluated. In fig. 3.6(a), RT resonators with

access waveguide are demonstrated. The access waveguide has input and

output grating couplers. Light from a TSL-550 tunable laser source can be

fed through a vertical groove array (VGA) holding a fiber and an on-chip grat-

ing coupler. Similarly, diffracted light from output grating captured through

a VGA port and can be detected by a photodetector (PD).

Experimental results show that 330 nm thick As2S3 waveguide with 2.5 µm

width has a propagation loss of 4.4 dB/cm and waveguide with 3.5 µm width

has a propagation loss of 5.4 dB/cm (fig. 3.6(a)). These losses are acceptable

for our desired application. In case of the hybrid waveguide (fig. 3.6(b)),

propagation loss for YZ resonators is 0.54 dB/cm and Y45 is 1.86 dB/cm.

We believe that higher propagation loss in Y45 resonators than YZ can be

attributed to the scattering at the waveguide edges due to surface roughness
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Figure 3.6: (a) Propagation loss from the 2.5 µm and 2.5 µm
wide As2S3 waveguide and (b) propagation loss from the 2 µm
wide As2S3-LNOI hybrid waveguide for racetrack orientation in
YZ and Y45.

originated from the lithography process. Overall propagation loss is lower

in case of the hybrid waveguide, which could be because of an additional

sonication step added during the resist removal. SEM imaging confirms

that the waveguide surface quality is cleaner for the samples going through

the sonication step for resist removal.

3.4 Optical Resonator: Thermal Properties

Photonic properties of the modulated signal is sensitive to temperature vari-

ations. In the hybrid As2S3-LNOI platform the propagating optical mode

is distributed between both material systems. Therefore, the thermo-optic

coefficients of both materials will contribute to the resultant thermo-optic
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coefficient of the hybrid material platform. To fully identify the contribu-

tion from both material, their individual thermo-optic coefficient needs to

be extracted as well as for the hybrid platform.

3.4.1 Theoretical Analysis

Optical racetrack resonator (RTR) is useful in extracting thermo-optic coef-

ficient of the material systems. Resonant wavelength of the RTR can be

expressed as follows:

λ0 =
ne f f 0L0

m
,m = 1,2,3.... (3.4)

where, at temperature T0, λ0 is the wavelength for the resonant condition,

for a total RT length of L0. For a temperature of T , effective index changes

by dn
dT (T −T0) and RT length changes by dL

dT (T −T0) which is determined by

the thermo-optic ( dn
dT ) and thermal expansion coefficient ( dL

dT ) of the material

system. Resonant peak shift depending on the temperature variation can be

determined by:

λT −λ0

λ0
= (

dn

dT
+ dL

dT
)(T −T0) (3.5)

Here, T0 is any reference temperature and T is the temperature of interest.

Using this principle we have extracted thermal coefficient (αT = dn
dT + dL

dT ) for

nanophotonic waveguide medium on LNOI, As2S3 on LNOI and As2S3 on bulk

LN platform. This extraction is based on the assumption that dn
dT . dL

dT (∆T )2 ≈ 0



3.4 Optical Resonator: Thermal Properties 23

3.4.2 Experimental Setup and Measurement

Experimental setup for extracting thermal properties is demonstrated in fig.

3.7(a), which consists of a tunable laser source (1500 - 1630 nm), photode-

tector (power meter), polarizer, thermo-couple reader, hotplate and vertical

grooved array (VGA) for fiber-to-chip light coupling. The device under test

(DUT) is placed on the hotplate and the sample temperature is read from

both the thermo-couple reader (connected to the DUT surface using carbon

tape) and the hotplate reader.

(a) (b)
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Figure 3.7: (a) Experimental setup for thermal coefficient ex-
traction. (b) Different photonic waveguide mediums which are
under thermal coefficient study.

To study the thermal coefficient (αT ) we have considered three different wave-

guide media which are depicted in fig. 3.7(b). Y-cut LN is chosen as the

material platform, and As2S3 is incorporated with either bulk LN or LNOI.

For light injection or light propagation in the parallel arm of RT, YZ and

Y45 direction are chosen in this study. The following table summarizes the

properties of the DUTs:
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Table 3.1: Summary of the Waveguides (WGs) for αT Extraction

Platform LNOI LNOI As2S3-LNOI As2S3-LNOI As2S3

Orientation YZ Y45 YZ Y45 Isotropic
WG Type Rib Rib Rib Rib Ridge

WG Dimension (µm) 2x0.3 2x0.3 1.7x0.27 1.7x0.27 1.5x0.33

Fig. 3.8(a) shows an example of RT transmission spectrum. Transmission

spectra were measured at different temperatures using the hotplate setup.

Choosing one of the resonant dips as a reference (λ0) and a temperature as

reference temperature (T0), αT can be extracted using eqn. 3.5. For statist-

ical purposes, the measurements were repeated by ramping temperature up,

ramping down and then ramping up again. This method also ensures that

there is no hysteresis associated with the temperature increasing or decreas-

ing. The extraction of αT for various material platforms and orientations are

demonstrated in fig. 3.8(b-f). Extracted thermal coefficients are represented

with a 95% confidence bound. A table is presented below to summarize the

experimental results. Such thermal parameter extraction was performed for

the first time on these thin film material platforms.

Table 3.2: Tabulation of αT for Various Platforms

Platform LNOI LNOI As2S3-LNOI As2S3-LNOI As2S3

Orientation YZ Y45 YZ Y45 Isotropic
αT , ppm/K 11 18 63 87 155

Literature (dn/dT)
ppm/K[28] 4.4 (LN) 4-37 (LN) 4.4 (LN)

17 (As2S3)
4.4-37 (LN)
17 (As2S3)

17

Literature (dL/dT)
ppm/K [29] 4.1 (LN) 4-15 (LN) 4.1 (LN)

150 (As2S3)
4.4-37 (LN)
150 (As2S3)

150

For YZ orientation, αT demonstrates alsmost equal contribution from dn/dT

and dL/dT in LNOI platform, whereas, there is a significant dominance of

dL/dT in case of As2S3-LNOI platform. Similar behavior is also observed in

Y45 orientation where dL/dT has more dominant contribution in As2S3-LNOI
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Figure 3.8: Measurement data for thermal coefficient extrac-
tion. (a) Transmission spectrum for a RT on LNOI in YZ ori-
entation. Extraction of αT , ppm/K for optical waveguide on (b)
LNOI YZ, (c) LNOI Y45, (d) As2S3-LN Y45, (e) As2S3-LN YZ (f) (d)
As2S3 on bulk LN.

platform. These experimental extractions reveal that thermal expansion of

As2S3 would dominate over thermo-optic contribution for a hybrid material

platform.



Chapter 4

Acoustic Devices

Two material stacks for acousto-optic applications are studied. First, As2S3

on oxide on bulk LN for low (∼MHz) frequency application, and the second

is As2S3 on LNOI for high frequency (∼GHz) AO interaction. In both cases,

acoustic waves are generated using interdigitated transducers (IDTs) [30].

Here acoustic structures that do not require release from the substrate are

considered, in order to facilitate integration between acoustics and photon-

ics. For low frequency (LF) acoustics, surface acoustic wave (SAW) is ex-

plored and for high frequency (HF) acoustics, considerations are resorted to

the shear horizontal (SH0) vibrations. The LF device is an acoustic resonator

structure with reflectors, which attains high mechanical quality factor (Q),

whereas, the HF device launches propagating SH0 acoustic wave using IDTs.

In case of HF acoustics, they do not exhibit a Q enhancement like the LF

acoustic cavity case, but they permit to study the impact of acoustic waves

on optical modulation without resorting to fabricating a multitude of fixed

structures having different relative spatial separations between the acoustic

resonator and the optical waveguide. For HF demonstration, IDT only struc-

ture is a design choice which simplifies the integration of photonics with

acoustics as compared to the case of acoustic resonator, where nodes for

placing photonic components become fixed and a high precision is required

for integration success.

26
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4.1 Low Frequency Acoustics

4.1.1 Motivation

The SAW cavity operating at low frequency was developed for a specific iner-

tial sensing application: the acousto-optic gyroscope (AOG) project, of which

this effort was a part [6]. The SAW device operates at an acoustic wavelength

(Λ) of 30 µm. This was selected to meet the project requirement which served

the following purposes:

• Utilization of a robust SAW cavity design which provides significant

AO modulation enhancement due the acoustic Q-factor

• Large acoustic wavelength (Λ) allows large alignment tolerance for

the acoustic and the photonic device interaction

• Large Λ also enables stronger AO overlap as the dimension of the

optical waveguide is a small fraction of it

• Acoustic medium LN and photonic medium As2S3 could be separated

by an oxide cladding layer and still induce strain in the photonic

medium to achieve AO modulation

4.1.2 Design Consideration

For any SAW technology, the design challenge stems from the generation

and control of the wave itself which can only be successfully done with the

understanding of the piezoelectric substrate and its proper evaluation. The

key parameters of interest are the surface velocity and electromechanical

coupling coefficient (K2
t ). The K2

t determines how much electrical energy is

coupled mechanically to the substrate, which is required to be as high as
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possible for efficient coupling and it’s calculation method can be found in

[31]. Whereas, the velocity is important to have values that ensures low-

est relative velocity difference for the drive and the sense resonator (located

orthogonal to each other) for the aforementioned application.
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Figure 4.1: Material properties for Y-xut bulk LN: (a) total
displacement due to SAW wave propagation from 2D Eigen
mode simulation in COMSOL. (b) K2

t and velocity for SAW wave
propagation.

There are various piezoelectric substrates and materials studied in literature

[32] where the highest reported K2
t for Rayleigh SAW was found to be in LN.

For this reason, it was selected as the material for the implementation of the

gyroscope. K2
t and surface velocity were extracted from COMSOL eigenfre-

quency simulations using piezoelectric multiphysics, which couples struc-

tural mechanics and electrostatic physics. Fig. 4.1(a) shows an eigen unit of

one Λ with Flouqet boundary condition on both sides. By defining constant

amplitude across the aperture, the wave was simulated in 2D in COMSOL.

K2
t and surface velocity for SAWs propagating in different directions for a Y-

cut LN is shown in fig. 4.1(b). This particular cut of LN offers orthogonal

crystal symmetry where the dimensions of the acoustic wavelength could be

kept the same to achieve the frequency matching in orthogonal directions.
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A detailed analysis of the design consideration and procedure can be found

in [33].
(a) (b)

Single Split Unidirectional
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Figure 4.2: Different types of IDT structure: (a) single tap, (b)
split and (c) single phase unidirectional.

IDTs [30] consist of a sequence of vertical metallic electrodes (or fingers) con-

nected to two parallel bus bars. An alternating voltage signal applied to these

IDTs, results in the expansion and contraction of the piezoelectric material

underneath, generating a mechanical wave. This reciprocal device can also

convert a mechanical wave in a piezoelectric substrate to a voltage. IDTs can

be used to excite different modes and harmonics [34]. We focused on the 1st

order mode of Rayleigh SAWs for this particular device. Schematic structure

for different kinds of IDTs can be found in fig. 4.2. From the figure shown,

the disadvantage of split IDT and single phase unidirectional IDT (SPUDT) is

that they required higher resolution lithography process compared to single

tap IDT. We have picked single tap electrode IDTs for SAW generation.

4.1.3 LF Acoustic Resonator

As we have already mentioned, the LF SAW device is designed to operate

at an acoustic wavelength (Λ) of 30 µm and for launching the SAW wave,
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single electrode type IDT is used, which is popular for its structural sim-

plicity and relatively wide finger width (Λ/4 = 7.5 µm) relaxing the required

photolithographic resolution [35].

y

x

z

(a)

(b) (c)

Figure 4.3: Low frequency SAW device: (a) schematic of the
SAW cavity, (b) different parameters for SAW cavity design and
(c) s11 frequency response for the one-port acoustic device.

As can be seen in fig. 4.3(a) and (b), the SAW generated on a Y-cut LN sub-

strate propagating in Y45 direction (450 deviated from z direction). To ensure

a standing wave pattern, mechanical reflection is achieved by an equivalent

reflector grating structure with a periodicity of Λ/2 = 15 µm and a num-

ber of fingers equal to 400. This number of reflector fingers is sufficiently
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large to ensure that the SAW resonator attains a high quality factor (Q). The

acoustic device has an aperture length (LΛ) of 2400 µm to harness strong

AO interactions. The number of IDT fingers is chosen to be 28 in order to

match the motional resistance of the SAW resonator [17] to conventional

radio frequency source impedance (50 Ω).

After building the IDT device, it was driven by a vector network analyzer

(VNA) to determine its frequency response. Using a single port measure-

ment, the SAW resonator’s reflection coefficient (s11) was measured to extract

its Q (fig. 4.3(c)), which was found to be ∼1200. In this implementation, the

device Q is likely limited by the propagation loss resulting from diffraction,

beam steering and in part by limited reflections from the acoustic gratings

[18]. Effective SAW power put to the cavity, Pe, is computed as a function of

the input electric power (Pi n) as: Pe = (1−|s11|2)Pi n. Fig. 4.3(c) shows the |s11|
spectrumwhere the cavity achieved resonant boundary conditions at 111.27

MHz. The RF signal induces only SAW mode, which create a standing SAW

inside the acoustic cavity.

4.2 High Frequency Acoustics

Phonons at gigahertz frequencies interact with electrons, photons, and atomic

systems in solids, and therefore, have extensive applications in nonrecip-

rocal light transmission [36, 37, 38, 39, 40, 41], modulation [7], frequency

shifting [42], and signal processing [43, 44, 45]. Our approach to demon-

strate a high acoustic frequency (∼GHz) platform can be a key component

for these applications as well as in stimulated Brillouin scattering (SBS) [46]

and beam steering [47].
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4.2.1 Design Considerations

To build a HF AOM platform, first thing that we need is to develop an acous-

tic device which can generate such acoustic signal on the LNOI platform.

In case of LF AOM, it is possible to decouple the acoustic device on LN and

photonic device on As2S3 using an oxide layer in between these materials.

The key of success for such design is a large Λwhich ensured acoustic energy

confinement into the thin film As2S3 (for Rayleigh SAW most acoustic energy

is confined within the 10% of Λ [48]). However, in high frequency AOM,

As2S3 has to be directly deposited on LNOI because of the small Λ (∼ 3.4

µm to achieve 1 GHz acoustic frequency) which limits the extent of acoustic

energy confinement. We have explored both Y-cut and X-cut LNOI to integ-

rate As2S3 on them and to determine their material properties and prospect

for AOM applications. As a starting point we targeted at least 1 GHz as the

operating frequency. Indeed higher frequency designs may be possible, but

that comes at the expense of many fabrication challenges and precision re-

quirements. Whereas, choice of 1 GHz touches the high frequency (∼GHz)

operation range with relatively relaxed minimum feature requirements for

the acoustic and photonic devices as well as easier the fabrication process

and precision requirements. The intent of this research endeavor is to qualify

As2S3 as an enabling material which helps improve the optical phase mod-

ulation efficiency of the LNOI material platform in orientations which offers

poor efficiency, as limited by the anisotropy of the piezoelectric material.

For successful generation of acoustic waves on LNOI, it’s piezoelectric prop-

erties has to be investigated first. Therefore, we study the K 2
t for both SAW

mode and shear horizontal (SH0) acoustic modes in Y-cut and X-cut LNOI

as in Fig. 4.4. In a SH0 wave, the displacement is parallel to the substrate’s
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Figure 4.4: (a) COMSOL 2D unit cell model showing the SAW
displacement mode on LNOI and SH0 displacement mode on
guided SH0 structure with oxide as under layer and Si as sub-
strate. The faces of each structure except for top and bottom
surfaces have periodic Floquet boundary conditions. Such con-
ditions ensure treating the unit cell as forming an infinite long
plate. The colors in images represent the intensity of the total
displacement and are normalized. They are used to represent
the mode of vibration. Dependence of K2

t on crystal orientation
on Y-cut LNOI for (b) SAW and (c) SH0 and on X-cut LNOI for (d)
SAW and (e) SH0.
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surface and perpendicular to the propagation direction. The SH wave has a

slight advantage over Rayleigh SAWs as the former possess slightly higher

phase velocity offering high frequency for the same acoustic wavelength. Fig.

4.4(a) shows displacement mode for both SAW and SH0 with As2S3 on top

of LNOI structure. The K2
t study includes both LNOI and As2S3-LN hybrid

structure. When As2S3 is added on LNOI K2
t is significantly lowered (below

2%) for SAW mode on both cut of LNOI, as clearly shown in Fig. 4.4(b) and

(d). On the contrary, the SH0 demonstrates significantly higher K2
t for both

cuts of LNOI, even after the addition of As2S3 on them as in Fig. 4.4(c) and

(e). The LNOI which is used in this study had a LN film thickness of 300nm,

oxide thickness of 1.4µm and As2S3 thickness of 270nm. The LNOI layer

stack choice is determined by the X-cut LNOI wafer available in our invent-

ory, using which we could verify our study experimentally.

(a) (b)

Figure 4.5: Dependence of K2
t on (a) LN film thickness and (b)

bottom oxide thickness.

Both acoustic and photonic device performance are affected by LN film thick-

ness and the oxide thickness. Fig. 4.5(a) shows K2
t dependence on LN film

thickness for a oxide thickness of 1.4 µm and Fig. 4.5(b) shows dependence

on oxide thickness for a LN film thickness of 300 nm. The X-cut LNOI avail-

able in our inventory has the following specification: LN film thickness 300

nm, oxide thickness 1.4 µm and Si as substrate.
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4.2.2 Device Design and Experimental Results

From here on, our analysis only involve SH0, not SAW mode. For AO modu-

lation involving As2S3, strain components S1 and S2 are of utmost importance

(see section 5.1.3 for details). COMSOL simulation of SAW and SH0 mode

reveals that amplitudes of these two strain components close to the As2S3

surface, are of the same order of magnitude for both the acoustic modes.

It would also be interesting to study SAW mode for As2S3 on LNOI platform,

however, we choose not to pursue it because of the very low K2
t for SAWmode.

A very low K2
t means impedance of the electrode is likely to grow, requiring

a larger acoustic device footprint for impedance matching. A larger device

footprint would reduce our ability to vary experimental parameters on the

limited number of substrates available. For experimental demonstration,

we choose SH0 mode for high frequency AO platform because of the high K2
t

achievable on X-cut LNOI even after As2S3 deposition on it.

LN

Oxide

Si

PML

F
ix
e
d

F
ix
e
d

Free

Electrode

(a) (b)

Figure 4.6: Propagating wave generation using split IDTs: (a)
schematic simulation setup and boundary conditions, (b) fre-
quency response comparison between simulation and experi-
ment.
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According to the unit cell simulation and literature [49], expected surface

velocity for SH0 is ∼3800 m/sec. Therefore, we choose Λ between 3.24 µm

and 3.56 µm to ensure an acoustic frequency of operation above 1 GHz.

Fig. 4.6(a) shows a 2D simulation setup for studying the behavior of the

split IDT structure launching propagating SH0 on X-cut LNOI. Single type

IDTs are narrowband compared to split type IDTs. Because of its narrow-

band single IDTs behaves more like resonator than an ideal IDT. As we are

planning on using IDTs to create travelling wave only to study the frequency

response, split IDTs are a better choice in terms of broadband operation.

Even though the minimum feature size we need to reach with split IDT is

around ∼425 nm, this is achievable with e-beam lithography. A 2D COM-

SOL simulation of split IDT setup is formed by a metal grating structure on

As2S3 on LNOI stack to study its frequency response. The IDTs are bidirec-

tional (also called as double electrode IDTs with Λ/8 as line and spacing

geometrical widths) and they were used to avoid internal reflections during

excitation. A perfectly matched layer is applied on both sides of the IDTs

and the bottom of Si layer (highlighted as PML). The thickness of Si is set

to 10Λ (sufficiently large to ensure it behaves as a thick substrate without

dramatically increasing required mesh number and simulation time). A fre-

quency domain simulation was run with physics components such as solid

mechanics and electrostatics including piezoelectric effect.

For the metal electrode of the IDTs we chose aluminum (Al) over tungsten (W)

or platinum (Pt). Being a lighter metal its effects are less pronounced on the

piezoelectric substrate, therefore, we can expect to have higher acoustic fre-

quency with this metal. Besides, we have had vast process experience with

e-beam resist for Al. Utilization of such process eased fabrication time and
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Figure 4.7: |S11| measurement for SH0 with various acoustic
wavelength propagating on a X-cut LNOI in directions deviated
from the y-axis by the angle of (a) -100, (b) 00 and (c) +100.

difficulties. Thickness of Al was chosen to be 150 nm which was determ-

ined by the fabrication process to achieve a high yield. Fig. 4.6(b) shows

frequency response (reflection parameter |S11|, measured by vector network

analyzer) comparison between simulation and experimental measurement

which are in good agreement with each other. A traveling SH0 wave is being

launched at a frequency of 1.09 GHz. Here, SH0 is propagating in y-direction

on a X-cut LNOI where θ=00 represents the propagation direction from y-axis.

Surface velocity of the acoustic wave is 3880 m/s which is a little slower than

the value of 4200 m/s mentioned in literature [49].We chose 18 as the num-

ber of IDT finger pairs in order to match the RF source impedance (50 Ω).

Measurements shows the IDT impedance at 1.09 GHz is 200 Ω, a large mis-

match with the source impedance which is reducing the power conversion
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Parameter Device 1 Device 2 Device 3
Acoustic wavelength, µm 3.24 3.32 3.4

Aperture length, µm 150
Finger width, nm 405 415 425

Number of finger pairs 18

Frequency, GHz
1.203 (θ=-100)
1.201 (θ=00)
1.19 (θ=+100)

1.18 (θ=-100)
1.172 (θ=00)

1.187 (θ=+100)

1.152 (θ=-100)
1.144 (θ=00)

1.147 (θ=+100)

EM Coupling, K2
t %

24.4 (θ=-100)
21.3 (θ=00)

19.5 (θ=+100)

19.7 (θ=-100)
20.6 (θ=00)

19.8 (θ=+100)

21 (θ=-100)
19.7 (θ=00)

19.8 (θ=+100)

Static capacitance, pF
0.4 (θ=-100)
0.51 (θ=00)

0.49 (θ=-100)

0.5 (θ=-100)
0.53 (θ=00)

0.49 (θ=+100)

0.47 (θ=-100)
0.52 (θ=00)

0.48 (θ=+100)

Impedance, Ω
333 (θ=-100)
203 (θ=00)

184 (θ=+100)

268 (θ=-100)
196 (θ=00)

199 (θ=+100)

300 (θ=-100)
188 (θ=00)

199 (θ=+100)

efficiency from electrical to acoustic power. Increasing the number of fin-

ger pairs can solve this problem of impedance mismatch. Measured static

capacitance of the IDT device is 0.5 pF. Fig. 4.6(b) also shows another acous-

tic mode launching near 1.5 GHz, which is mostly leaking energy into the

substrate.

Fig. 4.7 shows |S11| measurement for IDTs generating SH0 wave with vari-

ous acoustic wavelength, propagating in directions deviated from y-axis by

different angles (θ = -100, 00 and +100). Measured values for K 2
t in different

directions are as follows: 21.4% for θ= -100, 19.7% for θ = 00 and 19.2% for

θ = +100. Device geometry related and measured parameters for the devices

presented in Fig. 4.7 are listed in Table 4.2.2. In the following chapter, an

envisioned AOM device is presented where these IDT devices could be used

for demonstrating HF AOM.



Chapter 5

Integration of Acoustic and Photonic Device

In this chapter we discuss integration of the acoustic and photonic devices.

Firstly, we discuss such integration for LF AOM, which is used to extract

AO properties of thin film As2S3 and to demonstrate AOM functionality in

As2S3 on oxide on LN platform decoupling the acoutic from the photonic

device. Later, we discuss As2S3 on LNOI as a prospective material platform

for HF AOM application, where we compare LNOI to hybrid As2S3-LN thin

film platform.

5.1 Low Frequency Acousto-optic Modulator

We have demonstrated an AOM formed by an Arsenic Trisulfide (As2S3) Mach-

Zehnder interferometer (MZI), operating in a push-pull configuration and

placed inside a surface acoustic wave (SAW) cavity on a Y-cut LithiumNiobate

(LN). This is the first demonstration of such an AOM in this As2S3 on oxide on

LN platform. In this approach, the high index contrast of As2S3 waveguides

is exploited to attain a high optical confinement. Additionally, the placement

of the photonic MZI inside the SAW cavity enhances the AO interaction due

to the high quality factor (Q) of the SAW resonator. An analytical expression

that describes such enhancement as a function of the AO coefficient of As2S3

is derived in conjunction with COMSOL finite element methods to describe
39
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strain in the SAW cavity. By fitting this expression to experimental data,

the AO coefficient (p11 and p12, where p11 ≈ p12) for As2S3 is extracted at the

wavelength of 1550 nm. This is the first time that the AO coefficient of thin

film As2S3 is experimentally derived.

5.1.1 Motivation

In this modulator demonstration, we have exploited the piezoelectric prop-

erties of the LN substrate to generate SAWs and used As2S3 waveguides to

form the arms of a MZI to achieve strain induced optical phase modulation.

Amorphous As2S3 has higher AO coefficients than that of LN or GaAs [50],

hence it is a very promising material for the making of small scale and on-

chip AOMs. Although AO properties of As2S3 have been used to demonstrate

on-chip Brillouin scattering devices [21, 14], to our knowledge, no AOMs

have been built using a hybrid LN and As2S3 platform. Most importantly,

the AO coefficients of As2S3 have never been experimentally extracted in

thin films. The integration of electro-acoustic transducers in LN with As2S3

enables new opportunity in the development of compact AOMs. Through the

demonstration of this modulator:

• We devise an analytical model of the MZI-AOM, validate it through

finite element methods, and use it to extract, for the first time, the

AO coefficient of thin film As2S3 at an optical wavelength of 1550 nm

• Discover the effect of dominant strain components on the modula-

tion strength

• Use it as a proof of the concept that As2S3 for AOM could lead to

more efficient designs not only because of the large AO coefficients,

but also because of the isotropic nature of the film, which facilitates
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decoupling of the design of photonic and acoustic components (dif-

ferent from LN or GaAs in which the anisotropic nature of the crystal

inevitably couples the two domains)

5.1.2 Integrated Acoustic and Photonic Device

The LF AO modulator device consists of a symmetric SAW cavity with two in-

terdigitated transducers (IDTs) and two reflectors accommodating MZI arms

in between IDTs and reflector pairs (as in fig. 5.1(a) and (b)). Here IDTs and

reflectors are placed on top of the LN substrate, whereas, the MZI and other

photonic components are patterned in an As2S3 layer, which is deposited over

an oxide cladding layer (fig. 5.1(c)). The oxide cladding layer enables efficient

injection of light using grating couplers and strong optical mode confinement

inside the As2S3 waveguide core [19] at the cost of a weaker strain field in

the As2S3 itself. When an electrical signal is applied to the IDTs, an acoustic

wave is induced inside the SAW cavity resulting in a standing wave pattern.

By careful positioning of two MZI arms, the strain induced on the two arms

can be maximized to harness strong AO modulation. The SAW device is

designed to operate at an acoustic wavelength (Λ) of 30 µm as already dis-

cussed in section 4.1.3, but the concepts presented herein can be extended

to other wavelengths. For launching the SAW wave, single tap IDT is used,

which is popular for its structural simplicity and relatively wide strip width

(Λ/4 = 7.5 µm) relaxing the required lithographic resolution [35].

To ensure a standing wave pattern, mechanical reflection is achieved by an

equivalent reflector grating structure. Light is injected into the As2S3 strip

waveguides with a dimension of 1.7 × 0.33 µm (dimensions are optimized

for efficient light injection and lower propagation loss) from an external laser
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Figure 5.1: Rendering of device for AOM measurement with
As2S3 MZI on Lithium Niobate platform. (a) Top view of the
device, (b) schematic of the device with a set of IDT and reflector
(inset: optical microscope images of the tested device), and (c)
cross section showing the film stack. As2S3 photonic compon-
ents are displayed as discrete structures (i.e. waveguides) in the
schematic whereas in the experimental device, As2S3 film cov-
ers the entire sample surface. 3 µm wide trenches are etched
in As2S3 on either side of the wire waveguide as shown in the
optical microscope image.

source through a grating coupler. The input optical signal is then split into

two identical MZI arms using a Y-junction splitter. The phase of the light

traveling through the two As2S3 arms of the MZI gets modulated due to the

strain induced refractive index modulation. The two arms are separated by

an odd multiple of Λ/2 to ensure push-pull operation. The modulated signal

of the two arms then combines through a 2x2 multi-mode interference (MMI)

coupler (with a dimension of 86 × 12 × 0.33 µm) which translates the phase

modulation to amplitude modulation and splits the input power equally into

two output ports.
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5.1.3 Principle of Operation

The refractive index modulation induced in the MZI arms by the AO effect is

described by the following expression:

∆ni =−1

2
n3

i pi j S j (i , j = 1,2, ..,6) (5.1)

with pi j is the i j-th AO coefficient of the material and S j is representing

the j-th component of the strain field tensor [51]. The repeated index in

the subscript implies summation over that index. This device was built on

a Y-cut LN wafer, and acoustic transducers were rotated by 450 about the

crystal y’-axis with respect to the crystal x’ axis.
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Figure 5.2: (a) Normalized displacement due to the SAW
propagation obtained from 3D COMSOL simulation and (b) en-
larged view of material stack. (c) Dominant normalized (to max-
imum amplitude) strain components at the oxide and As2S3 in-
terface.

Fig. 5.2 shows the rotated crystal coordinate system, which is represented

by (x,y,z). The (x’,y’,z’) notation is used for the non-rotated Y-cut crystal. For
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a Rayleigh SAW wave, the strain field vector of the surface acoustic wave

propagating along the x-axis on top of the LN surface can be expressed as:

(S1LN S2LN S3LN S4LN S5LN S6LN )1, where S1 is the strain field along x-direction

and S2 is the strain field in y-direction. The amplitude of the other strain

components is negligible or acting along the aperture, L, of the SAW res-

onator (fig. 5.2(a), hence ineffective in modulating light. Our direction of

interest is transverse to the direction of the aperture length. 3D Finite Ele-

ment Method (FEM) using COMSOL software was used to estimate the relat-

ive amplitudes of these two main strain components for the SAW propagating

in the film stack along the x-axis.

Figure 5.2(a) shows the schematic of a SAW wave propagation and the de-

formations in the material layer stack obtained from COMSOL simulation.

An enlarged view of the deformations close to the material stack surface is

shown in fig. 5.2(b) which identifies the different material layers in the sim-

ulation setup. Boundary conditions for both solid mechanics and electro-

statics modules used in this 3D COMSOL simulation are as follows: Floquet

periodicity for the two faces parallel to YZ plane, and continuity for the two

faces parallel to XY plane. Additionally, in the solid mechanics module, fixed

and free boundary conditions were used for the bottom XZ plane and the top

face parallel to XZ plane, respectively. The distribution of the strain compon-

ents at the interface of the As2S3 and the cladding oxide2 layer are plotted

versus the propagation direction (along x) in fig. 5.2(c), over a distance of

one Λ. From this plot it is clear that at the oxide-As2S3 interface, S2As is out

of phase with S1As with relative amplitudes, |S2As | = 0.44×|S1As |. Assuming S1As

to be the dominant strain component, the two arms of the MZI are placed at

1Strain field at LN and oxide interface is represented with S#LN
2Strain field at As2S3 and oxide interface is represented with S#As
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a distance of (n+ 1
2 )Λ (where n = 1,2, ..) in order to maximize strain induced in-

dex modulation. It must be recalled that as shown in fig. 3.4(b), the optical

waveguide in As2S3 is built by etching 3 µm wide trenches in a continuous

As2S3 thin film to ensure strong optical mode confinement inside the wire

waveguide. In our COMSOL test device, the As2S3 thin film is a continuous

layer. Compared to the SAW wavelength (30 µm) these trenches are quite

small. Furthermore, the cavity has a length of 125Λ and the majority of it is

covered by a continuous film of As2S3. Given these considerations, the use

of a continuous film in the COMSOL simulation of the SAW is a valid ap-

proximation. By placing the MZI arms at the maximum strain positions and

considering the overlap between the optical field distribution Ψ(x, y) inside

the waveguide and the strain field S(x, y), eqn. 5.1 can be modified assuming

the perturbed waveguide solution [51, 52, 7] as:

∆nx = 1

2
n3pi j

∫ ∫
S(x, y)|Ψ(x, y)|2d xd z

= 1

2
n3(p11S1As +p12S2As)ΓAO

(5.2)

where ΓAO = 0.97, which is the AO overlap between the strain field and the

optical mode inside the As2S3 [53], and assuming p11 ≈ p12 (as shown exper-

imentally at 1150 nm [9]). Here, we have considered TE-like optical mode,

meaning light is polarized in x-direction.

The energy density in the SAW cavity can be approximated byU ≈ 1
2 (S1AsC11AsS1As+

S1AsC12AsS2As +S2AsC21AsS1As +S2AsC22AsS2As) where S1As and S2As are the domin-

ant strain components on the As2S3 thin film (from Fig. 5.2(c)). As U is

integrated over the volume of the As2S3 thin film, we can calculate the total
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acoustic energy inside the As2S3 thin film and express it in terms of S1As only

as follows:

E As = 1

4
×1.528×C As |S1As |2Lc LhAs2S3 (5.3)

Here Lc = 2WI DT +Wcavi t y + 2Λ/(r × 4) + 2WI DT−Re f lector , r is the reflectivity of

acoustic grating [18] and hAs2S3 is the thickness of the As2S3 film [6]. While

simplifying this equation, S2As ≈ 0.44S1As was used. The shear modulus of

As2S3 is assumed to be 40% of the elastic modulus (C As) [28].

The total energy stored inside the SAW cavity (E ) is related to the SAW Q factor

as E = PeQ/ωm where Pe is the effective SAW power in the cavity, ωm = 2πvR /Λ

is the angular resonance frequency, and vR = 3570 m/s is the SAW velocity

(from simulation). As per COMSOL 3D eigenfrequency simulation, only 1%

of the total acoustic energy is confined inside the As2S3 thin film (power

confinement inside the thin film may be enhanced by operating at higher

acoustic frequencies). Therefore, the energy inside this thin film is E As =
0.01×QPe /(2πvR /Λ). Based on these considerations, the strain component in

the x-direction in the As2S3 thin film can be deduced as:

|S1As | =
√

2×0.01×QΛPe

1.528πC As vR Lc LhAs2S3

(5.4)

The phase change in one of the MZI arms can be written as the function of

optical wavelength (λ), MZI arm length (= aperture length, L) and refractive

index variation (∆n):

θAO = 2π

λ
L∆n (5.5)
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Considering eqn. 5.1 and eqn. 5.4 and assuming push-pull operation of the

MZI, the phase shift per unit square root of acoustic power (Pe ) inside the

SAW cavity, αp = 2θAO/
p

Pe can be derived as:

αp = 2π

λ
n3(p11 −0.44×p12)ΓAO

√
2×0.01×Q ×Λ×L

1.528πC As vR Lc ×hAs2S3

(5.6)

The modulated light signal from two arms of the MZI combines into a 2×2

MMI coupler, which puts the two arms in quadrature and produces a signal

proportional to the index modulation strength on each output waveguide. At

the input port of the MMI coupler, the two arms of the MZI may introduce

a phase difference due to fabrication imperfections denoted as ∆θM Z I . Ad-

ditionally, because of the MMI coupler a phase difference of θM M I is added

between the two output arms of the MMI. Applying the Jacobi-Anger expan-

sion to the output power expression (see detailed derivation in section 6.2),

the fundamental modulated optical output power, H1, and its two harmonics

(H2, H3,) can be found to be equal to:

H1 =−1

2
Psub J1(αp

√
Pe )sinθ0 (5.7)

H2 =−1

2
Psub J2(αp

√
Pe )cosθ0 (5.8)

H3 = 1

2
Psub J3(αp

√
Pe )sinθ0 (5.9)

where, θ0 =∆θM Z I +θM M I and Psub represents the power amplitude of the mod-

ulated signal. By measuring the modulated optical output power and its two
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harmonics αp and θ0 can be extracted. Since αp is a function of the EO coef-

ficients in As2S3, using these analytical expressions and experimental data,

the AO coefficients for As2S3 can be extracted.

5.1.4 Measurement Setup

The AOM measurement setup is shown in fig. 5.3. Light at 1550 nm from

a Santec TSL-550 tunable laser source was fed into the device under test

(DUT) through a vertical groove array holding a fiber and an on-chip grat-

ing coupler. The IDT was driven by an RF signal generator (E4433B ESG-D

Series) at the center frequency of the SAW resonator which was determined

to be, fm = 111.27 MHz. Using a single port measurement, the SAW res-

onator’s reflection coefficient (s11) was measured to extract its Q, which was

found to be ∼1200. In this implementation, the device Q is likely limited by

the propagation loss resulting from diffraction, beam steering and in part

by limited reflections from the acoustic gratings [18]. Effective SAW power

in the cavity, Pe, is computed as a function of the input electric power (Pi n)

as: Pe = (1− |s11|2)Pi n. The RF signal induces only SAW mode, which create

a standing SAW inside the acoustic cavity. This standing SAW give rise to

strain that deforms the MZI waveguide arms resulting in an optical phase

modulated signals in the MZI arms operating in push-pull configuration.

This means the refractive index of the MZI waveguides are varying sinusoid-

ally at the frequency around fm.

The MZI outputs were combined via a 2×2 MMI coupler which translates the

optical phase modulation into the optical amplitude modulation. One of the

MMI coupler outputs was coupled into the optical fiber through a grating

coupler, which was connected to an Erbium-doped fiber amplifier (EDFA)
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Figure 5.3: Experimental setup for AOM testing. Blue lines rep-
resent electrical connections, whereas, gray lines represent op-
tical fiber connections.

to amplify the output signal and make sure it can be readily converted into

an electrical signal through a high-speed avalanche photodiode (APD) with a

sensitivity of 0.7 A/Watt which detects a sinusoidally varying photo-intensity

signal. The coupling efficiency of each of the gratings was computed to be ∼
-17 dB under the assumption that the MMI coupler loss is negligible and the

As2S3 exhibits a propagation loss of ∼4 dB/cm as previously extracted in[54].

Although the coupling efficiency of the uniform gratings used herein is low,

the intensity of the fundamental and harmonic signals was sufficient to in-

vestigate the acousto-optic effect in As2S3. Adopting a non-uniform grating

design and using a bottom mirror could dramatically improve the coupling

losses as shown in [19]. In our device one of the output gratings was dam-

aged during the fabrication process, therefore, we only measured the output

from one of the two output ports. The output electrical signal was monitored
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through a Keysight N9000B CXA Spectrum Analyzer. We recorded the max-

imum output electrical power due optical modulation at frequency fm from

the spectrum analyzer, while varying the amount of Pe by tuning the altern-

ating input acoustic power from the frequency generator.

5.1.5 Result Analysis

Our objective is to accurately extract the values of the elasto-optic coeffi-

cient independently of the various components’ loss and phase mismatch

between the MZI and MMI branches introduced by fabrication errors. To

this extent, we have extracted the output optical power (H1, H2 and H3) from

the measured electrical power generated by the AOM at the fundamental

frequency (P1) and harmonics (P2 and P3) where P ∝ H2. By measuring the

fundamental power and its harmonic, it is possible to extract the value of αp

independently of the system loss. For the DUT, parameters used for extract-

ing αp are listed in Table. 5.1. Similarly, phase difference due to fabrication

imperfection and MMI coupler (θ0) can also be extracted by taking the ratios

between (H1, H2) and (H3, H2).

The modulus of the ratio of the modulated output optical power for the fun-

damental frequency and its harmonic component (H1/H3) equals to the ratio

of the Bessel functions from eqn. 5.7 and eqn. 5.9. Since these Bessel func-

tions are dependent on the acoustic power and αp, their ratio could be fit to

the experimental data obtained for H1/H3, solving for the value of αp. Fig.

5.4(a) shows the fitting of the ratios to the experimental data and the value

extracted for αp is equal to 8.36 r ad/
p

W at t . This value is larger than the

state of the art AOMs in other AO materials such as GaAs [55] or LN [53].

Using eqn. 5.6 it is possible to extract the EO coefficients of AssS3 ( where
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Figure 5.4: (a) Modulus of H1/H3 and extraction of p11(≈ p12).
(b) Analytical expression fit to measured modulated output elec-
trical power P j (where j=1,2,3) which was converted from optical
power recorded by the APD.

p11 ≈ p12 at 1550 nm [9]). The values for p11 and p12 were calculated to be

0.29 which is close to the value (p11 = 0.308 and p12 = 0.299) measured for

the bulk material [9] at a wavelength of 1150 nm. θ0 was also extracted to

be 280. Note that in order to maximize the output modulated power, this

angle should be 900, which could be attained by properly redesigning the

MMI couplers after taking into account fabrication imperfections. Using the

values for αp and θ0, the optical power described in eqn. 5.7, 5.8 and 5.9

are converted to the corresponding electrical power P1, P2 and P3 and plotted
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Table 5.1: Parameter set for EO coefficient extraction

Parameter Symbol Value Unit

Optical wavelength λ 1550 nm
Effective index n 1.91
As2S3 thickness h 330 nm

Acousto-optic overlap ΓAO 0.97
Acoustic wavelength Λ 30 µm
Average SAW velocity vR 3570 ms−1

Acoustic Q factor Q 1200
Aperture length L 2400 µm

Effective SAW cavity length Lc 5200 µm
As2S3 elastic modulus C As 16.6 GPa

along with the experimental measurement in fig. 5.4(b) to verify the validity

of our extractions.

5.1.6 Acousto-Optic Figure of Merit

A large AO figure of merit (AOFOM) is desired for device applications. A num-

ber of AOFOMs has been defined and used for interpreting the usefulness

of an AO material system. We have chosen M2 as the AOFOM in our case

which is defined as follows:

M2 =
n6p2

e f f

ρv3
s

(5.10)

where n is the index of refraction (effective index for the optical waveguide),

pe f f is the effective AO coefficient of the AO interaction medium, ρ is the

density of the medium and vs is the surface acoustic velocity. M2 is appro-

priate when AOFOM is defined to express the phase modulation efficiency or

when the diffraction efficiency of an AO material system is the parameter of
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concern. However, it does not provide any insight into the modulation band-

width or resolution. Our goal is to demonstrate that incorporating As2S3 with

LN enhances the modulation efficiency of the material system compared to

using LN or LNOI alone, as M2 represents a factor in the phase modulation

efficiency for the kind of AOM devices we are discussing here. The aniso-

tropy of the LN medium makes some crystal orientations incapable of strong

AO modulation which may be improved by making a hybrid material system

with As2S3.
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Figure 5.5: Acousto-optic figure of merit for AOMs on LNOI and
As2S3 on oxide on LN. MM:[6] LC:[53] SK:[56]

Figure 5.5 shows M2 calculated for AOMs in Y-cut LNOI for SAW propagation

in z direction (YZ), in 450 deviated from z direction (Y45) and in x direction

(YX). The calculation of pe f f is discussed in details in the following section

5.2. The calculated M2 values are then compared to the experimental res-

ults for acoustic devices with same Λ and using MZI for AO interaction. The

acoustic device in this bulk LN is similar to the ones on LNOI platform. We

have integrated As2S3 with bulk LN as the photonic medium which demon-

strates stronger value for M2 experimentally. Such comparison shows that
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modulation efficiency can be significantly improved in Y-cut LN using As2S3

on oxide on LN platform, at least for SAW propagation between YZ and Y45

and light propagating orthogonal to the SAW propagation direction. Calcu-

lation shows that large M2 value is achievable for SAW propagation in YX

direction, however, that comes at the cost of low K2
t value.

5.2 High Frequency Acousto-optic Platform

The intrinsic material system property that determines the strength of AO

interactions is the effective AO coefficient of the overall system. Effective

index, acoustic wavelength (phase relationship between strain components

and their amplitude) and acoustic mode velocity also plays vital role in mod-

ulation efficiency. For acousto-optic modulator (AOM) on LNOI system (SAW

propagating in Y45 direction), pe f f has been determined to be 0.06 [53] and

for As2S3 on oxide on LN it has been determined to be 0.14 [56] in low fre-

quency (∼MHz) application. To demonstrate a high performance AOM at high

frequencies (∼GHz), the material platform needs to support the acoustic and

photonic properties listed in the table below.

Acoustic Properties Photonic Properties
GHz frequency (wavelength ∼ 3.4µm) High effective index
Maximize effective AO coefficient Maximize AO overlap in hybrid waveguide

To keep As2S3 thickness as low as possible, we prefer TE like mode operation

in the As2S3 waveguide. For efficient light injection in As2S3-LN hybrid grat-

ing, optimal As2S3 thickness has been determined to be 270 nm. For TE like

mode operation, cut-off width for As2S3-LN hybrid waveguide is ∼800 nm. To

maximize AO overlap, optical waveguide width has to be half of the acoustic

wavelength. Keeping fabrication process bias in mind, we aim to reach the

acoustic wavelength of 3.4 µm which corresponds to an acoustic frequency
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of 1.14 GHz. Besides high AO overlap, maximization of the effective AO

coefficient is crucial. As discussed in [56], when the amplitude difference

between S1As and S2As is maximum inside the As2S3 layer, the highest effect-

ive AO coefficient can be attained. The AOM that we have demonstrated in

[56], cannot be scaled up to the acoustic frequency of our interest. In that

case, the oxide thickness would be comparable to the acoustic wavelength

and the acoustic energy in the As2S3 layer would be extremely small to in-

duce any optical modulation.

5.2.1 Integration of As2S3 on LNOI

For an effective HF acousto optic platform, As2S3 is deposited directly on top

of LNOI. In this kind of material stack, optical guidedmode is shared between

the thin film LN and As2S3. For an initial study, we wanted to split half of the

optical energy into the LN and the other half into the As2S3 and understand

how the addition of As2S3 affects the AO performance of LN. The effect of

As2S3 thickness on the effective index of As2S3-LNOI hybrid waveguide is

depicted in Fig. 5.6(a) where the waveguide thickness was fixed at 1.7 µm.

The figure also shows the effect of waveguide width on the amount of power

confinement inside the As2S3.

According to Eqn. 5.10 for stronger AO modulation, effective index needs

to be large. To ensure strong acousto-optic overlap, the maximum allowed

optical waveguide width is the half of the acoustic wavelength. For a high fre-

quency modulator, the waveguide width is selected keeping in mind that in-

side the hybrid guiding medium, we want a 50-50 optical power split between

As2S3 and LN during propagation. Higher index as well as lower width is

achievable with higher As2S3 thickness. However, higher As2S3 thickness
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Figure 5.6: Waveguide analysis

means longer As2S3 deposition time as our available equipment can achieve

a deposition rate of 60 nm/hour. Most importantly, thicker As2S3 means

more arsenic contaminants are released during the etch process, which may

surpass the maximum allowed quantity for As2S3 etch, a limit set by the lab

safety protocol. Therefore, to reduce the amount of arsenic contaminants

during the etch process, we settled for an As2S3 thickness of 270 nm which

allows us to achieve both high effective index as well as almost equal power

split between As2S3 and LN (45% and 55% respectively). Fig. 5.6(b) shows the

normalized intensity distribution between the two guiding medium for As2S3

on X-cut LNOI for SH0 propagating along y-axis. The figure also denotes the

relevant material axial definition where x expresses the cut of the LNOI, y is

the direction for acoustic wave propagation and z is the direction along the
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IDT aperture. Corresponding equivalent strain axis where S1 (strain com-

ponent S11) is acting along material y axis and S2 (strain component S22) is

acting along material x axis. In the following sections, definitions like (x,y,z)

would refer to the material axis and (1,2,3) would refer to the strain axis.

5.2.2 Calculation of Effective Acousto-optic Coefficient

To calculate the effective AO coefficient, it is important that the material

axis and strain axis are related to each other in a consistent manner, to

avoid confusion while determining the overlap integral between the optical

and acoustic mode. Strain components are calculated using 2D COMSOL

finite element simulation.
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Figure 5.7: (a) Shear horizontal (SH0) displacement mode. (b)
Strain amplitude distribution within the 1.7 x 0.57 µm wave-
guide region.



58 5 Integration of Acoustic and Photonic Device

Fig. 5.7(a) shows the total displacement for SH0 mode for an unit cell. A

white inset extending between As2S3 and LN layer shows an outline for the

hybrid ridge waveguide of 1.7 µm width. This placement is chosen such

a way that the strain components S1 and S2 has the maximum amplitude

difference inside the As2S3 film, which is required for maximum pe f f as thor-

oughly discussed in section 5.1.3. Fig. 5.7(b) shows the strain distribution

within the As2S3-LN hybrid waveguide structure. Strain amplitudes are nor-

malized to the dominant shear strain component which is S4 in this case.

Before we could determine the performance of the hybrid AO platform for

different orientation, we need to calculate the pe f f for the corresponding

direction. First, we calculate pe f f for both As2S3 and LN independently. Be-

cause of its isotropic nature, As2S3 has only two AO coefficients p11 and p12

[9]. Effective AO coefficient for As2S3 can be defined as follows:

p As
pe f f ,1 = p As

11 Γ
As
AO,1 +p As

12 Γ
As
AO,2 (5.11)

Similarly effective AO coefficient for LN would be:

pLN
pe f f ,i = pLN

i 1 Γ
LN
AO,1 +pLN

i 2 Γ
LN
AO,2

+pLN
i 3 Γ

LN
AO,3 +pLN

i 4 Γ
LN
AO,4

+pLN
i 5 Γ

LN
AO,5 +pLN

i 6 Γ
LN
AO,6

(5.12)

where i = 1 and

Γ(As/LN )
AO, j =

Î
(As/LN ) S j (y, x)|Ei (y, x)|2 d y d xÎ

(As/LN ) |Ei (y, x)|2 d y d x
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representing strain amplitude with |S j| which is normalized by the domin-

ant strain component amplitude (S4) because of the SH0 propagation. Here,

we assume fundamental TE like (polarized in y direction) optical mode con-

fined inside the hybrid waveguide, half power of which is interacting with

the strain components inside the As2S3 film and the other half power is in-

teracting with the strain components inside the LN thin film. For pLN
e f f ,i the

index i represents the polarization direction for light and j is indexed with

1 to 6 relating each strain components with electric field intensity to cal-

culate the overlap integral. Γ represents the overlap integral between each

strain component and the TE like optical mode where |Ei (y, x)|2 represents

normalized electric field intensity distribution for polarization direction re-

lated to i . Superscripts like As or LN represents the region inside As2S3 or

LN respectively for the definition of pe f f or overlap integral Γ.

We have calculated pe f f for both As2S3 and LN independently, for different

orientation of SH0 propagation as well as parallel or perpendicular AO in-

teraction. If the acoustic wave vector K AC and optical wave vectors KOPT

are orthogonal to each other, such interaction is termed as perpendicular

propagation. In cases where K AC and KOPT are co-directional, such interac-

tion is termed as parallel propagation. For SH0 propagating in y direction

on a X-cut LNOI, effective AO coefficient for perpendicular setup would be

labeled as pLN
e f f ,1 to indicated light polarization along strain axis 1, and for

parallel propagation it would be labeled as pLN
e f f ,3 to indicate optical polariza-

tion in strain axis 3. Perpendicular setup is popularly used in modulator or

sensing applications using MZI or resonators, whereas the parallel setup is

used in optical diffraction or beam steering applications.
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Figure 5.8: Effective acousto-optic coefficient calculated for
perpendicular propagation in (a) X-cut and (b) Y-cut LNOI, and
for parallel propagation in (c) X-cut and (d) Y-cut LNOI with As2S3

on top.

Fig. 5.8(a) and (b) shows the calculated effective AO coefficient for As2S3

and LN for perpendicular propagation setup. These values are represented

with their signs which is determined by the strain phase, participating AO

coefficients of LN and their relative amplitudes. The values for LN mater-

ial coefficients are adopted from [57, 58]. Piezoelectric effects were taken

into account for calculating the effective AO coefficients in LN which is thor-

oughly discussed in [53]. We have studied these coefficients for acoustic

wave propagating in different directions on both X-cut and Y-cut LNOI. By

comparing the pe f f values for both materials we can see that in some direc-

tions they are acting in phase, and in some directions they are acting out of
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phase with each other. For instance, in Fig. 5.8(a) for θ = -400, pe f f contri-

bution from As2S3 and LN are opposite to each other. Whereas, for θ = 100

both coefficients have the same sign. Therefore, when we add up the contri-

butions from both materials and look into their magnitude (|pLN
e f f +p As

e f f |), we

can have a picture of overall pe f f of the hybrid material platform. Similarly,

pe f f values are calculated for parallel propagation in both X-cut and Y-cut

LNOI including As2S3 on top as depicted in Fig. 5.8(c) and (d).

5.2.3 Acousto-optic Properties of Hybrid Platform

The AO coefficients that we have calculated can be plugged into Eqn. 5.10, to

determine the AOFOM for the hybrid material platform. Experimental meas-

urements in Fig. 5.9 shows that average surface velocity for SH0 propaga-

tion increases after depositing As2S3 on LNOI. Average surface acoustic ve-

locity increase by the percentage of 1.68, 2.6 and 1.3 was recorded for SH0

propagating along the direction deviated from y axis by -100, 00 and +100

respectively on X-cut LNOI. We made a simplified assumption that incorpor-

ating As2S3 with LNOI causes a velocity increases by 2% regardless of the LN

anisotropy.

Based on this assumption, we have calculated M2 for As2S3 on LNOI platform

which is summarized in Fig. 5.10. The M2 values are normalized to the M2

value for SH0 propagating along θ = 00 on LNOI. Fig. 5.10(a) shows that for

perpendicular propagation on X-cut LNOI, addition of As2S3 can significantly

enhance modulation properties for SH0 propagating in between -100 and

+300. Hybrid material structure also benefits when compared to Y-cut LNOI

platform as in Fig.5.10(b).
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Figure 5.9: Surface velocity increase for SH0 propagation after
depositing As2S3 on top of LNOI. Here, dashed line represents
frequency response before As2S3 deposition, and solid line rep-
resents response after As2S3 deposition. These frequency re-
sponses were measure for devices with Λ = 3.4 µm and SH0

propagating on X-cut LNOI in directions deviated from y axis
by an angle of (a) -100 (b) 00 (c) +100.

Even parallel propagation setup can also enjoy significant improvement us-

ing hybrid structure on both X-cut LNOI (Fig. 5.10(c)) and Y-cut LNOI (Fig.

5.10(d)). However, such improvements are more pronounced in case of Y-cut

LNOI than X-cut LNOI if the hybrid structure is compared to its respective

LNOI structure. But if we compare the overall performance in both cut of

LNOI after the addition of As2S3 in this configuration, the magnitude of M2

for both cuts would be comparable. It means addition of As2S3 on Y-cut

LNOI makes it comparable to hybrid X-cut LNOI platform, whereas similar

comparison between LNOI platforms alone would proclaim X-cut superior to

Y-cut LNOI. These results and findings can provide useful information for

choosing the cut of LN for specific application and provide insight into the

extent of modulation enhancement possible using a hybrid structure over

LNOI only structure.
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Figure 5.10: Acousto-optic figure of merit M2 calculated for per-
pendicular propagation in (a) X-cut (normalized by 1.1x10−18

s/kg3) and (b) Y-cut (normalized by 0.4x10−18 s/kg3) LNOI, and
for parallel propagation in (c) X-cut (normalized by 4.4x10−18

s/kg3) and (d) Y-cut (normalized by 0.3x10−18 s/kg3) LNOI with
As2S3 on top.

For instance, in an optical phase modulation (perpendicular propagation)

scheme on X-cut LNOI, maximum K2
t is achieved for θ = -100 (Fig. 4.4(e)).

But M2 for LNOI and hybrid platforms are quite similar in this direction.

Whereas, if SH0 propagation direction is chosen to be θ = +100, there will

be a small reduction in K2
t requiring a minor enhancement in the acous-

tic device footprint for the impedance matching, but 100x improvement in

the M2 value is achieved for hybrid structure. Such improvement in M2 can

roughly be narrated as 10x improvement in the optical phase modulation

per unit square root of acoustic power (assuming other device performance
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parameters are constant). Similar improvement can also be achieved for par-

allel propagation on X-cut LNOI hybrid structure, by choosing θ = +200 as

SH0 propapagation direction instead of choosing θ = -100. In this case, loss

in K2
t would be higher (Fig. 4.4(e)), but for applications like beam steering,

such acoustic device footprint enhancement due to the compensation for im-

pedance mismatch may be considered as minor trade off given the achieved

diffraction efficiency improvement.

5.2.4 Envisioned High Frequency Modulator

As in Fig. 5.11, our envisioned HF AOM device consists of IDTs launching

propagating SH0 wave, and optical RTR is used as the sensing mechanism to

detect the phase modulation induced by the acousto-optic effect. To ensure

push-pull operation, RTR arms are separated by an odd multiple of Λ/2.
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Figure 5.11: Schematic of the envisioned high frequency
acousto-optic modulator.

Similar modulator device implementation has been demonstrated in [53] us-

ing RTR and acoustic resonator. Here, SH0 is launched by applying altern-

ating voltage signal to the IDTs, and optical VGA setup is used couple light

into and from the photonic circuit.
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Conclusion and Future Work

6.1 Conclusion

Acoustic wave propagating in an optically transparent medium produces

a periodic modulation of the refractive index of that medium through the

acousto-optic effect. Such interaction can either be used in diffracting light

or in manipulating the optical waveguiding medium to induce optical phase

modulation. There are variety of applications where acousto-optic interac-

tion can play significant role. Starting frommicrowave-to-optical conversion,

acousto-optic platform could also find applications in optical comb genera-

tion, on-chip optical routing, optical mode conversion, stimulated Brillouin

scattering, beam steering and many more. We have introduced As2S3 with

LN to build a hybrid acousto-optic platform which promises some exciting

features.

As As2S3 is a photosensitive material, we have addressed this issue and re-

solved the photodecomposition problem by using ∼ 100nm thick SiO2 cap

layer, which prevents oxidation of the As2S3 film. We have experimentally

verified that As2S3 can act as a hard mask during wet etch process using

HF. These fabrication related information can be useful for future work on

As2S3 processing.
65
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Chapter 3 summarizes the photonic components built on the As2S3 film. One

dimensional grating coupler is demonstrated which offers -3dB coupling ef-

ficiency. This is the best reported grating coupler on the As2S3 on oxide on

LN material platform till date for vertical coupling. Besides, optical wave-

guide loss is extracted using optical RTR. Thermal coefficients for optical

waveguides on LNOI, As2S3 on LNOI and As2S3 on bulk LN has been extrac-

ted for the first time using optical RTR. This thermal coefficient represents

both thermo-optic effect and thermal expansion effect.

Acoustic wave generation in both bulk LN and LNOI platform are thoroughly

discussed in chapter 4. For LF operation, Ralyleigh SAWs are used as the

acoustic excitation. Since, the goal is to integrate As2S3 on bulk LN keeping

an oxide cladding layer between the two materials, long SAW wavelength al-

lows strong strain interaction inside the As2S3 thin film sitting on top of the

oxide layer. The LF acoustic device consists of a SAW cavity with IDTs and

acoustic reflector gratings, which is developed for the acousto-optic gyro-

scope demonstration. For the high frequency acoustic device, shear hori-

zontal (SH0) wave is chosen as the acoustic mode for it offers high elec-

tromechanical coupling coefficient in ∼GHz frequency range of operation as

well as offers higher speed enabling slightly higher frequency of operation

compared to the SAW mode, which offers very poor electromechanical coup-

ling (below 2%). Implementation of high frequency IDTs has been demon-

strated on X-cut LNOI for SH0 propagating along y-direction and in direc-

tions deviated from y-axis in either direction by 100. Experimental measure-

ments shows agreement with the predicted high electromechanical coupling

(∼ 20%).
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Integration of acoustic device and photonic devices are presented in chapter

5. The LF AOM is formed by an As2S3 MZI, operating in a push-pull config-

uration and placed inside a SAW cavity on a Y-cut LN wafer. This is the first

demonstration of such AOM in this As2S3 on oxide on LN platform. In this

approach, the high index contrast of As2S3 waveguides is exploited to attain

a high optical confinement. Additionally, the placement of the photonic MZI

inside the SAW cavity enhances the AO interaction due to the high quality

factor (Q) of the SAW resonator. An analytical expression that describes such

enhancement as a function of the AO coefficient of As2S3 is derived in con-

junction with COMSOL finite element methods to describe strain in the SAW

cavity. By fitting this expression to experimental data, the AO coefficient (p11

and p12, where p11 ≈ p12) for As2S3 is extracted to be 0.29 at the wavelength

of 1550 nm. This is the first time that the AO coefficient of thin film As2S3 is

experimentally derived. Given the isotropic nature of As2S3, it also decouples

the design of the acoustic device from the photonic components, increasing

flexibility in the demonstration of advanced AOMs.

While we have experimental demonstration of AOM for LF application, we

have envisioned implementing HF modulator using propagating SH0 wave

generated by IDTs and optical phase modulation induced in push-pull mode

by an optical RTR. Even though suchmodulator has not been experimentally

demonstrated, all the key components (i.e. IDTs, grating couplers, resonat-

ors) required for such demonstration are experimentally verified. We have a

qualitative study of the LNOI platform and the benefit of adding As2S3 on it

in order to the enhance modulation efficiency of the material platform.
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6.2 Future Work

Implementation of the HF AOM would allow extraction of the effective AO

coefficient of the As2S3-LN hybrid waveguides in different orientation. Ex-

traction of AO coefficient would further validate the qualitative analysis presen-

ted in the section 5.2.

Besides, LF AOM performance can be significantly enhanced by implement-

ing efficient grating coupler design presented in chapter 3, improving the

waveguide propagation loss using the sonication method at the resist strip

step as mentioned in the section 3.3. The MMI coupler design can also be

optimized. All these modifications can approximately improve the modulated

output power by 17dB.

Operating frequency for the HF AOM would be another promising route to

pursue. Both thinner LN and As2S3 film would be required for such demon-

stration, to ensure equal propagating optical power confinement within both

the mediums. Nanoscale acoustic resonator structure can be used to en-

hance the AO interaction utilizing the acoustic Q-factor.

Large AO coefficient has been demonstrated in eitaxial PbTiO3 films [59]

which seems superior to both LN and As2S3 in terms of refractive index and

magnitude of AO coefficients. It would be interesting to study the strain in-

teraction in this material platform to understand its effective AO coefficient,

effect of incorporating As2S3 with this new material platform.
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Appendix A

For a single input, the field distribution at distance z inside the MMI coupler

can be written as the superposition of all guided modes:

Ψ(x, z) =
m−1∑
ν=0

CνΦν(x)exp( j
ν(ν+2)π

3Lπ
z) (.1)

where ν is the mode number, Φ is the modal field distribution within the

MMI coupler, Lπ(= 4nW 2
e /3λ) the beat length for the two lowest order modes

and Cν the field excitation coefficient [60], which could be written as:

Cν =
∫
Ψ(x,0)Φν(x)√∫

Φ2
ν(x)

(.2)
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Here Ψ(x,0) is assumed to be a single mode input from the wire waveguide.

For one of the output waveguides at a distance z = L = Lπ/2 the field distribu-

tion becomes

Ψ(x,L) =
m−1∑
ν=0

CνΦν(x)exp( jν(ν+2)
π

6
) (.3)

Since the output field is the superposition of the two input fields, it can be

written as follows

Ψ(x,L) =
m−1∑
ν=0

CνΦν(x)exp( jν(ν+2)
π

6
+δ1)+

(−1)ν
m−1∑
ν=0

CνΦν(x)exp( jν(ν+2)
π

6
+δ2)

where δ1 =−θAO+θM Z I 1 and δ2 = θAO+θM Z I 2+θM M I represent the phases at the

output ports for two different inputs, which include phase changes induced

by the MZI arm lengths, θM Z I 1 and θM Z I 2, AO modulation, θAO, and path

difference within MMI, θM M I .

Since the optical power H ∝ I ∝Ψ2, we can write the output power as

Hout = Heven cos2 (
δ2 −δ1

2
)+Hodd sin2 (

δ2 −δ1

2
)

= const .+ 1

2
Hsub{cos(αp

√
Pe cos(Ωm t ))cosθ0

−sin(αp

√
Pe cos(Ωm t ))sinθ0}
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Here, optical power Hsub = Heven −Hodd (Heven related to the power for the even

modes and Hodd related to the power for the odd modes) and phase due to

fabrication error in MZI arms is ∆θM Z I = θM Z I 2 −θM Z I 1 (θM Z I 1 and θM Z I 2 are

the phases introduced at the two MMI input ports). AO phase modulation

due to the SAW wave (both arms) can be expressed as, 2θAO =αp
p

Pe cos(Ωm t )

where and θ0 =∆θM Z I +θM M I .
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