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Abstract

Integration of acoustics and photonics devices on the same chip will enable various
applications including: building miniaturized sensors, on-chip filtering and optical
signal processing, high speed modulation, as well as non-linear optical devices. As an
example of the capabilities enabled by such integration, we target the development of
a rotation sensor gyroscope based on the acousto-optic effect. The gyroscope
components are integrated on a Lithium Niobate Over Insulator (LNOI) substrate
because it is a unique platform that exhibits exceptional acoustic as well as photonic
properties. However, acoustics and photonics have never been integrated on such
substrate, which required the development of a new fabrication process and the design
of novel components.. The main challenges we had to overcome and resulted in
innovative demonstrations of fabrication processes and devices are:

e Developing a robust fabrication process for etching lithium Niobate (LN) wavequides

and integrating them with acoustic transducers: A robust fabrication process was

developed on the LNOI platform, which can integrate patterning sub-micron features
together with microscale ones on the same 3’ substrate. Furthermore, the developed
fabrication process enabled integrating metallic Al electrodes together with etched LN
waveguides, which is required for building various components like electro-optic
modulators and acousto-optic modulators.

e Coupling light in and out of chip: Gratings couplers were designed for optimum

coupling of the TE polarized light. The optimization was based on FDTD simulation
on LUMERICAL. The grating couplers realization enabled estimation of the light
coupling loss in and out of the chip. The measured coupling loss was about 9 dB per
coupler in the best case which is much more than the estimated from simulation. That
difference is attributed to the alignment accuracy of the photonic chip.

e Integrating photonic waveguides/resonators and coupling light between them: LNOI

waveguides and photonic resonators were designed and built. The photonic resonators

\Y
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enabled extraction of the losses of waveguides by monitoring the photonic resonator
Quality factor, Q, or Finesse (F). Directional couplers (DCs) are commonly used as
coupling elements to photonic resonators. However, etching narrow gaps in LN is a
challenge that we avoided by using multi-mode interference (MMI) couplers, where
butterfly MMI couplers were designed as coupling element to photonic racetrack (RT)
resonators aiming for critical coupling condition. Additionally 3-dB MMI couplers
were designed to be used as beam combiners in the Mach-Zehnder interferometer
(MZ1). The built RT resonators enabled extraction of the propagation losses in the
etched LNOI photonic waveguides, which were found to be equal to2.5 dB/cm.

Building high efficiency electro-optic modulators (EOMSs): The EOM is used in the

AOG to compensate for temperature variations and other environmental variation
affecting the rotation measurement. The EOM realization enabled extraction of the
electro-optic (EO) coefficient for the LN thin film, which permits to evaluate the
magnitude of the control voltages required to stabilize the system. EOMs of two
different types were demonstrated, one is based on a photonic RT while the other is
based on an Asymmetric MZI (AMZI). The RT EOM represents the first demonstration
for such device with etched waveguides in Y cut LNOI platform. Modulation
bandwidth of 4 GHz, wavelength tuning rate of 0.32 pm/V and an ER of more than 10
dB were experimentally measured for the RT EOM. For the AMZI, a half wave voltage
length product of 16.8 Vcm was experimentally measured. Although, it is not the best
we can get from this LNOI platform because of our wide waveguides, feeding that EO
coefficient to the AOG system model ensures that the temperature variation from -54

°C to 25 °C can be compensated by applying a maximum voltage of 64.5 V.

Building efficient acousto-optic modulators (AOMs): The AOM enabled the extraction

of the acousto-optic (AO) coefficient, which directly impacts the AOG scale factor
(SF). Additionally, two different types of AOMs were demonstrated, one is based on
an MZI embedded inside a SAW cavity while the other is based on a photonic RT
whose coupling condition is under EO control. For the MZI AOM, the SAW resonator

enhances the modulation efficiency due to the resonator Q such that the phase shift per

Vi
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square root of power extracted from the measurements is a factor of 3x higher than
what previously reported on a GaAs platform, which makes it, to the author’s
knowledge, effectively the highest AO modulation ever attained on chip. On the other
hand, the EO tuned RT AOM showcases integration of various functionalities on same
platform to build efficient AOM that can be operated at the desired wavelength. The
EO tuning not only changes the operating optical wavelength but also ensures the
critical coupling condition needed for efficient modulation. This design takes
advantage of the unique AO and EO properties of LN, hence showcasing important
building blocks for RF-photonic applications.

By addressing all the previous challenges through the demonstration of high performance
components, we were able to prototype the first acousto-optic gyroscope. That prototype
represents the first demonstration of a novel rotation sensing technique, which combines the

following advantages: (i) large mass (there is no suspended mass in the sensing mechanism and

hence no limits on increasing the mass and no concerns about stiction issues during fabrication),

and (ii) high shock resistance (since the sensing mechanism is strain based, the AOG has no

moving parts that would not survive high G accelerations).

The AOG SF is estimated comparing three photonic phase sensing techniques which are MZl,
RT as well as RT coupled to MZI (MZI/RT). The phase sensitivity is estimated in terms of the
cavity F for each technique. That theoretical analysis is verified by experimental measurement for
the SF for both the MZI and the RT AOGs. The measured SF for the MZI is 48 nv/(°/sec) while it
is about 9 nv/(°/sec) for the RT AOG. The SF is lower for the RT AOG because the Finesse (F~6)
of the RT is not as high as expected. Nevertheless, these prototypes represent a proof of concept

for our novel method for sensing rotation.

Future work could prove that this AOG concept could be disruptive. Reducing the losses in the
LNOI waveguide is a key challenge that can be overcome and has been already demonstrated by
other groups showcasing 100x lower propagation loss. The estimated F from our model in that
case would increase by approximately 50x, hence improving the gyroscope SF by the same factor.

vii
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Further improvement of 100x is possible by increasing the SAW wavelength and Q. A separate
challenge that needs to be addressed is the laser and photodetector integration on chip, which will

reduce the coupling loss and the sensitivity to optical alignment.
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1. Introduction

1.1. Motivation

Integration of acoustic and photonic components on the same chip will enable various
applications including: building miniaturized sensors [1], on-chip filtering [2] and optical signal
processing [3], high speed modulation [4], as well as on chip scanners for holography displays [5]
. Among these various application areas, we target harnessing the acousto-optic (AO) effect for
building high sensitivity Micro Electro Mechanical Systems (MEMS) inertial sensors. For
example, the demonstration of such a novel sensing technique will facilitate the deployment of

strain based, large mass gyroscope with high stability and precision.

Micro-gyroscopes based on MEMS technology have been investigated for over 2 decades, and
there has been a steady improvement in their performance and in the technology used for their
production. Recently, a number of outstanding micro-gyroscopes have demonstrated sufficient
performance to potentially replace fiber-optic and ring laser gyroscopes [6]-[8]. The micro-
gyroscope has various advantages over optical ones such as the smaller dimensions, the lower
power consumption and most importantly the ability to be manufactured with semiconductor-
based processes. However, currently available MEMS gyroscopes for inertial grade applications
have some drawbacks associated with the need for a large suspended mass, hence high
susceptibility to external shocks and vibrations. As opposed to the MEMS gyroscope, the Surface
Acoustic Wave (SAW) gyroscope [9]-[12] does not need a suspended vibrating mechanical
structure. Therefore, it is more resilient to external shocks and vibrations. The SAW gyroscopes
have shown performance that are limited by the small sensitivity of the detection mechanism and
the noise associated with the read-out electronics. A novel approach that can combine the cost,
size, weight and power advantages of the MEMS and SAW gyroscopes as well as the high scale
factor and the better noise performance of the fiber optic and ring laser gyroscope is what we call

an acousto-optic gyroscope (AOG). Figure 1.1 depicts the principal of operation of such a novel

1
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approach. We envision building the device in a Lithium Niobate Over Insulator (LNOI) substrate.
Vibrating gold (Au) pillars are placed in the center of symmetric SAW resonators in both the drive
(X) and the sense directions (Y). With rotation around the Z axis, secondary SAW waves generated
by the Coriolis effect propagate in the sense direction such that they can be sensed by the photonic
waveguides etched in the Lithium Niobate (LN) thin film through the acousto-optic (or elasto-
optic) effect in LN. The photonic detection method shown in the figure is a Mach-Zehnder
interferometer (MZI) formed by two symmetric arms coupled to racetracks with high Finesse (F).
Grating couplers are used to couple light into the chip from a laser source (eventually to be
integrated), and out of the chip to two photodetectors. To implement a differential sensing method,
a 3-dB optical coupler is used as a beam combiner at the output of the two MZI arms. To allow for
compensation of temperature variations as well as mismatch between the two racetracks, the
electro-optic (EO) effect in LN is employed to tune the index of refraction of each waveguide. An

electro-optic modulator is formed by integrating metal electrodes along the etched waveguides.

Racetrack resonator
coupled to Mach-
Inter-digitated ~ Zehnder Edge reflector
Interferometer
Metallic pillars

transducer
Edge reflector

Inter-digitated

transducer
Edge reflector

==

-y S
~.<74/Z7(:7 o

HRE %

Rotation induced

Qutput z secondary SAW
grating Directional
couplers coupler Electrodes for Input 'Qz Y
EQ control grating coupler
X
B Lithium niobate B partially etched Lithium niobate I silicon dioxide
B Aluminum Gold

Figure 1.1 Graphic representation of the proposed acousto-optic gyroscope

The LNOI is considered the optimal platform for demonstrating an AOG as it has some of the
best acoustic and photonic properties. It has shown to have a high electromechanical coupling
coefficient, ki, which allows building SAW resonators of smaller area. Since the SAW reflectors
consume most of the area (the sketch in Figure 1.1 is not to scale), a high k& material is needed,

2
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which reduces the reflectors size. Moreover, the LN has a high acousto-optic (AO) Figure of Merit
(FOM), M2, which provides for a large scale factor, SF (the sensitivity), for the gyroscope.
Furthermore, LN is the material commonly used for building electro-optic modulators (EOMs)
since it has the best electro-optical (EO) properties. However, there are various challenges
associated with the fabrication and design of these integrated components. Those challenges are
discussed in detail in this thesis and the next section presents a summary for the thesis contribution

as well as its organization.
1.2. Thesis Contribution and Organization

The first challenge faced while integrating the various components that form the AOG is the
etching of the LN to define the photonic components without impacting the acoustic transducers.
This challenge and way to address it are discussed in Chapter 02. Chapter 3 discusses the design
of the various photonic components forming the AOG and including: the gratings coupler, the
MMI couplers, and the photonic resonators. The resonator Finesse, F, is experimentally measured
and used to the extract the propagation loss in dB/cm for the LNOI etched waveguide .
Additionally, to be able to estimate the needed control voltages for temperature compensation in
the AOG, electro-optic modulators (EOMSs) were designed, fabricated and characterized. The
EOM design and associated experimental results are shown in Chapter 4. The AOG SF is a strong
function of the AO FOM, My, of the material. For that reason, it is important to extract the value
of Mz for the LNOI platform. Thus, AOMs were designed and fabricated as discussed in Chapter
5. In chapter Error! Reference source not found., we discuss how the LN properties and LNOI
components impact the sensitivity of the AOG. In the same chapter we compare different phase
sensing methods based on the AO effect. We verify these theoretical predictions against the first
working prototype of an AOG. Chapter Error! Reference source not found. summarizes the

work and outline future work required to optimize the proposed AOG.
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2. Fabrication Process

Previously reported LN waveguides either relied on Titanium in-diffused waveguides or proton
exchanged waveguides, which suffered from low index contrast. [13]-[15]. To attain better optical
confinement, various research groups have investigated the use of the high index contrast provided
by the Lithium Niobate on Insulator (LNOI) platform [16]-[25]. Various techniques for etching
LN including ion milling, ion-beam-enhanced etching, and focused ion beam [21], [22], [26] were
explored and yielded functional devices, but are not readily scalable to large substrates and
production environments. Other groups avoided all together etching the LN by using LN as an
active layer on top of a Si waveguide [27], [28] or used a loaded strip of different material that has
an index of refraction similar to LN and placed it above LN to build the core of the waveguide
[23]. Defining photonic waveguides by etching LN in an industry compatible process has a major
advantage over those approaches where the photonic designer ensures most of the optical power
confinement is inside the LN so that one can take advantage of the unique properties. The first
section discusses the LUMERICAL model used to estimate the optical power confinement, which
justifies the need to etch the LN film. The following section discusses the process flow used to
etch LNOI waveguides and integrate them with gratings couplers as well as metallic electrodes
needed for building various photonic components as well as the AOG.

2.1. Power Confinement Inside LN

Figure 2.1-a shows a 2D cross-sectional view for the etched LNOI waveguide. LUMERICAL
finite difference Eigen mode solver was performed to estimate the optical power distribution inside

the waveguide through which the optical power confinement factor is calculated as:

_ Power inside core
N Total power
Figure 2.1-b plots the estimated optical confinement factor, I'n, of the fundamental mode

(2.1)

versus the sidewall angle, &y for three different values of the waveguide width, d. It clearly shows

4
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that for waveguides narrower than 0.8 um, slanted side walls are necessary to improve light
confinement. For wider waveguides, the value of I'Ly is almost the same across a wide range of
values of angles. The values obtained for I'un by other authors [23] who used a loaded strip of
different material that has an index of refraction similar to LN and placed it above LN to build the
core of the waveguide is about 50%. Thus, this analysis shows that defining LNOI waveguides by

etching is of paramount importance for better optical confinement inside the LN material.

(a) (b)
0.86
S d e = 330nm a
E ! —d =0.8um
0.84 —d=2um
tLN = 500nm d=5um
LN S082
B sio,
0.8
0.78 : : ‘ ‘
40 50 60 70 80 90
o
Osw )

Figure 2.1 (a) Cross sectional view for etched LNOI waveguide. (b) Optical confinement factor of the fundamental mode versus

the side-wall angle of the LN etch.

2.2. Process Flow

The fabrication process flow that was used to develop the acousto-optic components in LNOI
is depicted in Figure 2.2. The process starts with a Y-cut LNOI 4’ wafer purchased from a third
party vendor (NANOLN) [29]. The LN thin film (3”’ diameter and 500 nm thickness) was bonded
to silicon dioxide (SiO2, 1m thick) on an LN substrate using a technique similar to the smart cut
technology [30] (Figure 2.2-A). The first step is lift-off of evaporated Al thin film (Figure 2.2-B)
which is 100 nm thick and is used to define the electrodes for the SAW and the EOM. After this
step, Gold (Au) lift-off is performed (Figure 2.2-C) which is 400 nm thick for patterning the pillars

and also for coating the Al pads with Au needed for wire bonding. The next step is deposition of
5
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SiO2 (1m thick) (Figure 2.2-D) , which is used as a mask layer during the LN etch. Chromium
(Cr) (50 nm thick) is then deposited (Figure 2.2-E) and used as a mask for etching SiO>. This Cr
layer is patterned twice. The first pattern is generated with optical lithography to define the
waveguides and the racetrack (Figure 2.2-F). The second Cr patterning is performed at the die
level using E-beam lithography to define the gratings couplers (Figure 2.2-H). The masks were
selected to ensure good selectivity for both etching steps. The choice of a metal as a mask has
helped with the E-beam writing step on top of a dielectric stack in terms of reducing the proximity
issues and charging effects. The SiO- is etched (Figure 2.2-1) in an RIE process using fluorine-
based chemistry with Cr mask. The Cr was chosen over other metals like Aluminum (Al) because
SiO etch step with Al mask had issues of micromasking causing the gratings etch to stop.
Chlorine-based chemistry is used in an ICP process to partially etch the LN (Figure 2.2-J) with the
SiO2 mask where the Cr mask is also removed. The final step is either dry etching in Fluorine or
wet etching of SiO, (Figure 2.2-K) using Al PAD etch, which is meant to etch the SiO; film
selectively with respect to the Al pads. The process parameters used for etching the LN are listed
in Table 2.1. The selectivity between the LN and SiO> was found to be 1:2 and the etch rate is
about 60 nm/min. The developed fabrication process enabled integrating metallic Al electrodes
together with etched LN waveguides, which is required for building various components like
EOMs and AOMs as well as the AOG. The challenge faced with that integration is the removal of
the SiO2 mask as a very last step in the process without attacking the Al electrodes. Various
combinations of deposition techniques and wet etchants were tried for that step. Two deposition
techniques were tried for the Al which are sputtering and evaporation. The wet etchants tried to
etch the SiO; selectively with respect to Al include HF50%, BHF, Silox Vapox as well as Al Pad
etch. The best results for wet etching was obtained in the combination of the evaporated Al films
with Al Pad etch. However, the Al was slightly attacked during that step. Ultimately, dry etching
of SiO2 has proven to be a better approach. the losses in the etched waveguides losses were
impacted by that dry etch.

The etch depth for the gratings coupler and the waveguide was chosen to be the same to reduce
the fabrication steps. Figure 2.3 shows SEMs for various photonic components fabricated using
that process including LNOI waveguides, grating couplers and Y junctions. The tilted views show
the sidewall angle which is measured to be 70 degrees for grating coupler and about 75 degrees

6
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for the waveguides. According to previous section, the angled waveguides with 75 degrees
provides more confinement than perfectly etched sidewall for narrow waveguide. For wider
waveguides, the confinement is the same. For the gratings couplers, no matter what the profile
looks like, the wave-vector matching will be achieved as long as the first harmonic associated with
the gratings periodicity exists.

A. LNOI substrate B. Al lift off C. Au lift off

D. SiO, deposition E. Cr deposition F. Cr patterning (WGS)

G. Dicing H. Cr patterning (e-beam patterning) 1. SiO, etch (e-beam patterning)
Resonator +Pillars AOM Grating
H N LY
Au [ sio,
. Cr

J. LN etch

K. SiO, dry etch
Figure 2.2 Fabrication process flow for the AOG components
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(b)

498 nm
—

1.04 um

500 nm
—

Figure 2.3 Various photonic components etched in LN with the same etch depth. (a) MMI coupler. (b) Y junction. (c) Tilted view
for etched waveguies. (d) Tilted side view for the gratings couplers. The side wall angles measured for the waveguide and the
grating coupler are 74° and 70° respectively.

Table 2.1 ICP RIE of Lithium niobate recipe

Parameter Value
Cl gas flow 25 SCCM
BCls gas flow 50 SCCM
Ar gas flow 10 SCCM
ICP power 600 W
RF power 250 W
8
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3. Photonic Components

In this chapter, we will study first the LNOI gratings couplers to minimize the insertion loss of
the coupled light onto the chip by optimizing the grating design parameters including the pitch,
the duty cycle and the etch depth. A finite difference simulation using LUMERICAL is used to
study the optical field profile inside the etched LNOI waveguides. As mentioned in the previous
chapter, the waveguides and the grating couplers are etched in the same step, thus the analysis of
LNOI photonic waveguides will assume the same etch depth and study the size limitation for single
mode operation. Finally, this chapter ends with the design of photonic resonators as well as the

characterization of the resonator Finesse from which the propagation loss is extracted.
3.1. LNOI Gratings Couplers and Photonic Waveguides

This section begins with introducing the gratings couplers design and the optimization of their
dimensions for maximum coupling efficiency. The analysis is then focused on estimating the
LNOI waveguide dimensions for single mode operation assuming the same etch depth of the

gratings coupler.

I. Gratings Couplers Design

Figure 3.1 shows the proposed geometry for the LNOI grating coupler where buried SiO2 (n3
= 1.44) is used as a bottom cladding layer. In Figure 3.1, Aq is the grating period, 6/ Aq is the duty
cycle, &y is the inclination angle of the fiber , e is the etch depth, tun is the thickness of the LN film
and BOX is the thickness of the buried oxide. LUMERICAL [31] finite-difference time-domain
(FDTD) was used to calculate the transmission versus the wavelength and further optimize the
design for maximum transmission bandwidth product. In the simulation, a 9um fiber core of SiO-
material is coupled to the surface of the top cladding at 8° incidence angle and centered over the

4™ grating tooth from the waveguide. The source injected through the core is a TE polarized
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Gaussian beam with 9um mode width between 1 / e? points. The grating dimensions were
optimized so as to maximize the transmission to the waveguide over a specific bandwidth
(equivalently minimize the insertion loss of the coupler), defined as:

[T (2)d2

1.5um
ayg /jl.Gym i (3.1)

Where T(4) is the insertion loss as function of the wavelength. LUMERICAL has a built in

1.5um

optimization algorithm named “particle swarm”, which enabled obtaining the optimum design
dimensions listed in Table 3.1. The measurement setup for this coupler and the characterization

results will be discussed in section iii after the LNOI waveguide analysis is introduced.

)
Dut le =—
uty cycle =+

Figure 3.1 Grating Coupler FDTD simulation parameters

Table 3.1 Optimum design dimensions for LNOI grating coupler

Parameter Value
A, 1um
/A, 0.44
e 330 nm
10
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ii. Photonic Waveguide Analysis

Figure 3.2-a shows a U shaped waveguide that is to be etched in the LNOI platform. Two
gratings couplers are separated by the distance Gs = 250 pm which is the separation distance of
the readily available V-groove assembly (VGA). The width of the input waveguide was selected
to be W = 17 pm, which facilitates the alignment to a single mode fiber with a spot size of 9 xm.
Then there is a tapered section, which allows spot size conversion of the guided mode from the
input waveguide width of W to the small waveguide width, d. The length of the taper, T, should be
sufficient to ensure spot conversion while maintaining losses to a minimum. The waveguide width,
d, is expected to be a few microns. The connection between the straight waveguide and the tapered

one is through a 90 degree bend with specific radius, R.

Figure 3.2-b shows the cross section view of the straight LNOI waveguide that was simulated
using LUMERICAL MODE solver to evaluate the value of the waveguide width, d, required for

single mode operation.

(a) (b)
i’ ________ ‘_1({ ....... ‘I S d e = 330nm
t;y = 500nm
I LN
B sio,

Figure 3.2 (a) U shaped waveguide etched in LN. (b) Cross section view of LNOI waveguide.

A 2D finite difference model was implemented in LUMERICAL to extract the effective index
of the guided modes in the LNOI waveguide. The sidewall angle éw was set to 75 degrees as that
is what was obtained from the fabrication process described in chapter Error! Reference source
not found.. Figure 3.3 plots the effective index for the first three of the quasi TE modes of the

LNOI waveguide. The plot shows that single mode operation exist only for d < 0.8 um. However,

11
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in our fabrication process, the waveguides were defined by a mask aligner, which limited the
minimum feature to 2um. For this reason, all of our fabricated devices have d set to 2 um or

larger, hence resulting in multimode waveguides.

Single mode
operation limit

Lithography limit

2

1.9¢

1.8"

=
0]
c

1.7

1.6

1.5

0 1 2 3 4 5
d (um)

Figure 3.3 Effective index of the guided quasi TE modes versus the waveguide width.

ili. Characterization

The U shaped waveguide with the gratings couplers discussed in the previous sub-sections
were fabricated using the process flow introduced in chapter (2 then measured using the setup
shown in Figure 3.4. As shown in the figure, the testing of the coupler was carried out on a probe
station with a tunable laser source (Santec TSL-510) with a range of 1500-1630 nm and an optical
power meter. The Input fiber was fed through polarization paddles to select transverse electric
(TE) mode injection to the gratings. After aligning the VV-groove to the substrate and positioning
the fiber angle about a nominal value of 8 degrees, insertion loss measurements of gratings

connected by U-shaped waveguides were made.

12
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Tunable Laser Polarization
Controller

X-Y-Z
and 0
positioning

I/P PM fiber Optical

microscope

O/P PM fiber

Computer

Powermeter

3 axis
GPIB positioner

Optical Breadboard

Figure 3.4 Measurement setup for LNOI gratings couplers characterization.

The measured insertion loss per coupler against the wavelength is shown in Figure 3.5. The
figure shows the comparison of the FDTD simulated result and the measured response. The
simulation yields a peak transmissivity of -4 dB per coupler, while the measured response shows
a peak transmissivity of -12 dB. The figure also plots the transmission for the simulated grating
coupler considering the actual device dimensions after fabrication as listed in table 1. We believe
that the discrepancy between simulation and measurements is to be attributed to the optical setup
used in the measurements and the difficulty faced during fiber alignment. Figure 3.5 depicts the
aforementioned issue with the setup by showing the effect of a slight misalignment on the

measured transmissivity.

13
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Shift in the
measurements due to

Insertion Loss (dB)

25 alignment gccuracy il
W Y ++ * &
+
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+ Measurements with slight mis-alignment
-35 |-|—Simulation (optimum design dimensions) .
—Simulation (actual fabricated dimensions)
[ [ I 1
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Figure 3.5 FDTD simulated (top, blue and black) and experimentally measured (bottom, red and green) insertion loss for a single grating coupler.
The mis-alignment is few microns.

Table 3.2 Comparison between the geometrical parameters for the grating couplers (the optimal design versus actual fabricated

values)
Parameter Design Value Actual Value
Ag 1um 1um
8/A, 0.44 0.51
e 330 nm 350 nm
14
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3.2. Photonic Resonator

Photonic resonators such as rings, disks or racetracks represent important building blocks not
only as phase sensing component in our AOG system, but also in many various applications like
optical filters [32], modulators [33], [34], all optical switches [35] and non-linear optical devices
[36]. For our particular interest of building the AOG, an important step after building the resonator
is the characterization of the Finesse, F, of the LNOI resonators and estimating the propagation
loss of the etched LNOI waveguides. The next sub-sections begins with introducing the proposed
racetrack design followed by the identification of different types of losses inside the racetrack and
how to estimate them using LUMERICAL. After which the measurement setup for characterizing

the Finesse as well as procedure to extract the propagation loss in dB/cm.

I. Racetrack Resonator Design

Figure 3.6 shows the layout for the proposed photonic racetrack resonator where a 2 x 2 MMI
coupler is used to couple light to the racetrack. The geometry of the MMI coupler has a butterfly
shape, which is used to target the critical coupling condition needed for maximum extinction ratio.
The light is coupled in and out of the chip using grating couplers. Tapered waveguides are used as
spot size converters from the wide waveguide at the gratings side to the narrow one that couples
to the racetrack resonator. The resonance wavelength is determined by the round trip phase shift
inside the racetrack. The grating couplers dimensions are those discussed in section a.i. The

separation between the two gratings was set to match the separation in the VV-groove fiber array

used for measurements, G, =250 um. The coupler waveguide width was set to W =17 um to
facilitate the optical alignment of the single mode fiber (~9 xm core). As discussed in section a.ii,
single mode operation for LNOI rib-waveguides is allowed only for width d <0.8xm at the

selected etch depth. Given the constraints on the lithographic equipment used to define the

waveguides, their width was set tod =2 zm. The length of the taper was set to T =700 um to

minimize losses during spot size conversion.
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The MMI coupler is used to couple light in and out of the racetrack resonator. It can be modeled

as a 2x2 element with two input ports and two output ports such that the output fields, E; and E,
, at ports 3 and 4 are related to the input fields, E, and E,, at ports 1 and 2 by the equations:
E,=re "E +te ME, (3.2)

E, =teE +re *E, (3.3)
Where r and tare the electric field amplitude coupling coefficients for the direct and cross

waveguides respectively while ¢, and ¢, are the associated phase shifts. For a symmetric lossless

coupler, the power conservation implies:
r’+t° =1, and b=¢-7l2 (3.4)

Accordingly, the losses inside the photonic racetrack can be divided into two parts. The first is
coupling loss, r?, while the second is the intrinsic loss, a,so that the transfer function of the

racetrack is given by:

_a’+r’-2arcos(¢ +¢,)
1+a’r’—2arcos(g4 +4,)

(3.5)

where ¢ =ng 27” L, is the phase shift due to propagation all the way around the loop except

for the MMI coupler such that L, =21+2zR. —L,,, ,n, =1.87 is the effective index of the
fundamental mode, R. =100 xm is the radius of the curved section, 1 =500 zm is the length of
the straight section and L,,, is the length of the MMI coupler. The intrinsic loss sources and
equations used to model it is discussed in the coming sub-section.

Thus, the critical coupling condition in the racetrack can be expressed as r* =a® and to get an

ER larger than 10 dB, a coupling ratio larger than 80% is desired. For that purpose, a butterfly
MMI coupler is used since rectangular MMI couplers can be designed only to get discrete and very

specific splitting ratios (r?/t>=0/100, 50/50, 72/28, 85/15) [37]. Eigen Mode Expansion
(EME) solver inside LUMERICAL tool was used to design the butterfly coupler. The analysis

resulted in an MMI coupler with the dimensions, W, =10.67 gzmas inner width, W, =7.46 um as

16
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outer width and L,,, =334.2 umas coupler length for which a coupling coefficient of 83% was

achieved.

Racetrack ----

VA
y
X
---" _\I
l::::: | code— |
I PR
J l J

Figure 3.6 Proposed racetrack design. The light is coupled to the racetrack using 2 x 2 butterfly MMI coupler. The gratings are

used for in and out of chip couplings.

ii. Intrinsic losses in a photonic racetrack

Intrinsic loss sources can be divided into two parts. The first is the loss in the straight section

while the second is the bent waveguides. The losses in a straight photonic waveguide with length

| can be modeled as propagation loss, G, =e? | which includes the materials and scattering

losses and « represents the propagation loss coefficient. However, bent waveguides have

additional losses identified as the radiation loss, and the mode mismatch loss. The origin of the

radiation loss can be explained using ray optics in terms of the change of the angle of incidence,

0, (see Figure 3.7), to be smaller than the critical angle for total internal reflection in the bent

17
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section, .. LUMERICAL MODE solver can be used to estimate such losses given the index

contrast and the bending radius, R . The mode mismatch loss originates from the fact that the
optical field solution is different in the bent section compared to the straight one (see Figure 3.8).
The overlap integral between the two fields can be calculated using LUMERICAL to estimate the
mode mismatch loss for different radii.

Figure 3.7 Ray picture describing the bending radiation loss
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Figure 3.8 Mode mismatch loss for bent waveguide can be evaluated by considering the overlap integral between the optical
fields in the bent and the straight sections at the two interfaces.
The modeling of propagation loss is more difficult as it has to include the roughness of the
etched waveguide sidewalls as well as possible leakage through the buried oxide. For this reason,
our approach is to experimentally measure the losses in the waveguides and extrapolate such

propagation losses.

Assuming the MMI coupler has the same losses as the straight waveguide with width, d, the

intrinsic loss, a* , can be expressed mathematically in terms of the bending loss, Gg,, , and the

propagation loss for the length | , G, , as:

10log(a*) = 2Gy,q +2G, (3.6)
where the subscripts B180 signifies the 180 degree bent waveguide such that the losses inside the

bend can be expressed in terms of the radiation loss, G, , the mode mismatch loss, G, , and

—2a(7R)

the propagation loss G, =e as:

Gaigo = GBRL + GBMML +G

PBl80

Here we have made another assumption that the propagation loss in dB/cm, ¢, is the same in the
straight section and the bent one, which might not be the case given the anisotropicity of the LN

crystal and the slightly different etch profile along different crystal directions.
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The light coupling loss from fiber to chip, Gr, can be modelled mathematically into the racetrack

transfer function by updating equation (3.5):

a’+r’—2arcos(¢ +¢,)
"1+a’r’ —2arcos(¢ +4,)

in whichG; includes also anyloss due to poor alignment between the fiber and the chip. In this

T=G

(3.7)

way, we can decouple the effect of alignment/coupling losses on the intrinsic propagation losses

(@)
1ii. Measured Finesse and extracted propagation loss

The same measurement setup to characterize the gratings couplers (discussed in sub-section iii)
was used to measure the response of the racetrack. The measured transfer function is shown in
Figure 3.9. The intrinsic loss, a2, can be extracted separately by fitting the measured response to
equation (3.7). Using LUMERICAL, the bending losses can be estimated and plotted as a function
of the propagation loss coefficient (see Figure 3.10). Correspondingly, a value of the propagation

loss coefficient « =2.45dB/cm can be extracted.

-44 .
-46
48.-a* =0.89 °
%‘ 50 r?2 =0.81
= Q~48000
-521 F~30 o Measurements| |
54 Gr=-44 dB —Fitting
-56 ‘ ‘
1549.75 1549.8 1549.85 1549.9

A (nm)

Figure 3.9 Measured transfer function of the photonic resonator
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Figure 3.10 Different types of losses inside the resonator versus the propagation loss coefficient.
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4. Electro-optic Modulators

Electro-optic modulators (EOMS) represent essential building blocks for various systems and
different applications including high speed optical communication, high speed data recording,
laser frequency stabilization, pulsed laser generation such as mode locking or Q switching. Our
target application is the AOG temperature stabilization. For that purpose, the electro-optic
coefficient of the LNOI thin film needs to be extracted from the characterization of EOMs built on
that same platform. Two types of EOMs are demonstrated. The first is a racetrack EOM, which is
introduced in the first part of this chapter while the second is an Asymmetric Mach-Zehnder
interferometer (AMZI) EOM. The AMZI is introduced in the second part of the chapter.

4.1. Racetrack Electro-optic Modulator

Ring or racetrack resonators are important building blocks in integrated optics and very
promising in applications including wavelength-division-multiplexing (WDM), cavity quantum
electrodynamics (cavity QED), opto-mechanics and high sensitivity sensors[33], [38]-[40].
Electro-optical (EO) tunable racetrack resonators are of particular interest as they can efficiently
modulate the photonic signal and work as building blocks of complex and reconfigurable photonic
networks [18]. Silicon EOMs have been heavily investigated, but the intrinsic lack of EO property
in Silicon limits its performance [41], [42] [43]. On the other hand, the intrinsic strong electro-
optic effect of lithium niobate (LN) makes such material an ideal platform for fabricating EO
modulators and nonlinear photonic devices [19], [20], [44], [45].

I. Theory of operation and design

The proposed geometry for the racetrack resonator is the same as the one discussed in
section 3.2 but with an updated capability, which is the tuning enabled by the electrodes shown in
Figure 4.1. The LN racetrack (red in Figure 4.1) and the Aluminum electrodes (green in Figure 4.1)
were laid out such that the TE polarized light and the applied electric field are both parallel to the
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Z direction of the crystal to make use of the highest E-O coefficient, r,; =33 pm/V . A Gold layer

(yellow in Figure 4.1) was also patterned on top of Al to facilitate the probing during device testing.

O Y direction
EO control /,/’

Electrodes Z direction

Racetrack ---*

Grating couplers

Figure 4.1 Schematic view of the racetrack EOM. Grating couplers are used to couple in and out the light. The Butterfly MMI
coupler is used to couple the light inside the racetrack resonator. The resonance condition dictated by the round trip phase shift
inside the racetrack is altered by the applied electric field across the electrodes. The higher case symbols X, Y, Z refer to the

material axis while the lower case ones x, y, z refer to the simulation axis.

The main parameter that guides the design of the racetrack EOM is the voltage tuning rate,
which can be derived to be equal to:

TR~ r,n Ao !
2A (neff L + My L )

Where A, is the resonance wavelength at zero voltage , A=d +2S is the electrode separation,

I'eo 4.1)

d is the waveguide width, S is the separation from the electrode to the waveguide, n,,, =1.907
is the effective index of the fundamental mode of the MMI waveguide, I'., is the overlap between

the optical field , E.-(X,z), in the waveguide and the electrical field, E,, (X,z), between the

electrodes and is given by the equation:

23

www.manaraa.com



_ é J.—ojo .[—D:o Eo; (x,2)| Er (X,2) |2 dxdz
SV J'j" J:OO | Ere (X, 2) |2 dxdz

For obtaining maximum electric field and hence maximum tuning rate, a minimum separation

(4.2)

between the electrodes should be selected. The minimum electrode to waveguide separation, S_ ..

, Is dictated by the propagation losses introduced by the aluminum near the waveguide.

LUMERICAL MODE solver was used to estimate the propagation loss, «,, , in dB/cm for the

guided modes of the optical waveguide as a function of the separation distance, S. The subscript
M is used to denote that the only losses considered in the model were coming from the Al layer

and modeled through an imaginary index of refraction. As shown in Figure 4.2, an S, of 2.6 um
reduces the losses due to the Al layer below 0.1 dB/cm. Note that this value can be reduced to
S,in =2um for a SM waveguide. Accordingly, the minimum separation between electrodes is
A, =4.8 um for SM waveguide and A, = 7.2 umfor MM waveguide. However, in our design,
A was conservatively chosen to be 12 zm to ensure no leakage of the optical mode in the

aluminum layer.

— SMd=0.8 ym
_qTE. d = 2,m
1.5 |
: aTETd=2pum
A ~-qTE2d =2 um
g 1
a :
E : Smin - 2lum
= o
3 waveguides
0.5+ i |Smin - 2.61um
H | For v
i _ | waveguides
I, R
0 . | | : ‘
1 1.5 2 2.5 3 3.5

Figure 4.2 Propagation loss of guided modes in dB/cm versus the separation distance between the waveguide and the aluminum
metal electrodes.
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To evaluate the expected TR, the optical and electric field were simulated respectively using
LUMERICAL and COMSOL. The overlap between the two fields was evaluated using MATLAB

(see Figure 4.3) and the results for I'., and TR are summarized in Table 4.1.

(a)

(b)

X (um)

Figure 4.3 a) Normalized optical field inside the waveguide. b) Normalized electric field c) Normalized product of the optical and

electrical fields.

Table 4.1 Investigation of the process limitation on the EOM performance for possible improvements

TR (pm/V) for current electrode TR (pm/V) for same racetrack but with

e maximum coverage ratio
Description d (,um) A(,um) FEO coverage length | = 500,le | = 960[1?7]
MM (current 2 12 051 11 P
design) ' '
MM —
2 7.2 0.5 1.74 33
(minimum A)
SM 0.8 4.8 0.49 2.2 4.3

The table shows the expected TR for our design and highlights how our proposed fabrication
process could ultimately improve the TR if we were to use SM waveguides and minimize the

electrode separation. Since the TR increases linearly with the metal coverage ratio, |/ L, , the TR
should double when we use the maximum coverage ratio. The overlap factor I, is about 50% in

all the cases considered in this study. As shown in Figure 4.3, the LN etch allows confining most
25
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of the optical power in the LN core, which is the EO active material. The overlap factor is still
limited by the spatial distribution of the electric field that depends on the ratio between the
dielectric constant of LN and air. Using another cladding material like SiO> would have helped
better confining the electric field in the LN and improve that factor [19].

ii. Characterization

Various values of DC voltages were applied on the EOM electrodes and a TR of 0.38 pm/V
was measured (see Figure 4.4). This is approximately 3x lower than the design value (1.1 pm/V).
The difference might be related to the fact that Al was slightly attacked during the wet etch step of
the SiO> as can be clearly seen in the SEM in Figure 4.5. This implies that the electric field was
applied across a larger separation, A. Assuming that the Al was completely attacked at the edges
where there is no Au coverage, the theoretical TR can be re-evaluated as 0.61 pm/V, which is
closer to the measured value. We attribute the remaining discrepancy to the material properties of

the ion-sliced films.
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Figure 4.4 Tuning of the resonance condition of the RT EOM by changing the applied DC voltage. a) Measured transfer function for
the racetrack at different DC voltages. b) Resonance wavelength for the racetrack as function of the applied voltage. The losses in
RT is the one reported in the previous chapter.

High speed modulation was also tested for this device using the setup shown in Figure 4.6. A
vector network analyzer (VNA) was used to measure the scattering parameter, S1, of the device.
Port 1 of the VNA is used to apply the electrical modulation signal using a GS probe. Port 2 is

used to monitor the output of a 1544 New Focus avalanche photodetector (APD) connected to the
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output gratings of the racetrack modulator. The measured 3-dB bandwidth is about 4 GHz and is
limited mainly by photon lifetime inside the racetrack resonator.

Figure 4.5 SEM for the fabricated RT EOM
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Figure 4.6 (a) Optical setup for high speed modulation. (b) Measured S, for the EOM
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4.2. Asymmetric Mach-Zehnder Electro-optic Modulator

In this section, the AMZI is introduced. The purpose of the asymmetry is to get maximum

modulation efficiency can be obtained at zero DC bias voltage.

I. Theory and design

Figure 4.7 shows the proposed geometry for the AMZI in which light is coupled in and out
using the grating couplers discussed in section 3.a.i. As discussed in the previous section, the
electrodes were laid out such that the TE polarized light and the applied electric field are both
parallel to the Z direction making use of the highest EO coefficient. Symmetric Y junctions were
used as beam splitters and combiners separated by the two arms of the AMZI where each arm has
a waveguide with width d = 2 um (this is a multimode waveguide since the single mode operation
requires d < 0.8 um as discussed in section 3.a.ii). To have an unbalanced interferometer, two
symmetric S-bends were designed in the lower arm such that the lower arm is longer than the upper
onel, = l; + Al. To get maximum slope at zero bias voltage, the S bend shift Az and bending

radius Rz were chosen as Ag = 252.9um and Rz = 310.3um such that the phase difference at

Neff2T

zero bias 3

Al = 3m/2 where n.rr = 1.903 is the effective index that was calculated for the

fundamental mode. Thus, the normalized transfer function of the AMZI can be given by the
equation T = (1 —sin(BgoV) )/2 where S, is the EO modulation factor and V is the applied

voltage. Accordingly, the modulation efficiency is given by 7,04 = g—; = —ﬁ’;—o where B¢
max

. . . T'337’lgff71'l1 . . .

is given by the equation Bz = — A I'zo such that A is the electrode separation and Iz, is the

overlap between the optical field, E;z(x,z), in the waveguide and the electrical field,

E,,(x, z),between the electrodes and is given by equation (6.20).

An analysis similar to the one in the previous section is repeated for the losses in the
waveguide due to the metal refractive index considering the wide waveguide, d =5 gm. The
result shown in Figure 4.8 where S,,;,0f 2.6 um is allowed the MM wide waveguide which
measns A, = 11.4 um. However, in our design, A was conservatively chosen to be 12 um to

account for possible mis-alignment between masks.
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As discussed in the previous section, the EO overlap, I'eo, can be estimated using COMSOL,
LUMERICAL and Matlab in case of the wide waveguide to be equal to 0.47. Accordingly, 704

T

and the half wave voltage length product V,l; = [, can be estimated to be equal t0 1,04 =

BEo

9x1073V1land V1, = ﬁil1 = 17.4 Vcm respectively.

EO

ii. Characterization

The AMZI device was fabricated using the process flow described in chapter 2. Figure 4.9
depicts the SEM for the fabricated AMZI while Figure 4.10 shows the measured transfer function
for the AMZI compared with the theoretical expectations. The modulation efficiency extracted
from the measurement and the half wave voltage are 7,04 = 9.4 x 1073V and V1, =
16.8Vcm, respectively. These results match closely with theoretical expectations except for the
slight shift of position of the maximum slope from zero bias, which is attributed to mismatch
between the straight and the bent AMZI arm. Although the half wave voltage product is higher
than what was reported previously in literature [46] (V. l; = 1.8 Vcm) because we are using wide
LNOI waveguides, the extracted values from measurement agrees well with the theory and

confirms that we can integrate the EOMs in the AOG for the purpose of temperature compensation.
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Figure 4.10 Measured response for the fabricated AMZI.
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5. Acousto-optic Modulators

Interaction between acoustic and light waves have been widely used to build various devices
including modulators [4], [39], [47]-[50], frequency shifters [51], [52], beam deflectors and
scanners [53], tunable filters [54], imaging [55], spectral analyzers [56], [57], as well as
holographic illumination [58]. In contrast to bulk acoustic waves, Surface Acoustic Waves
(SAWSs) propagate on the surface of piezoelectric materials in acoustic modes confined within a
depth that is equal to a small percentage of the acoustic wavelength [59], [60]. Therefore, SAW
can have very high energy confinement and attain large overlap with the optical modes of the
planar waveguides to achieve efficient AO modulation in compact devices. Materials with high
AO coefficients like Gallium Arsenide (GaAs) or Lithium Niobate (LN) were previously used to
build integrated AO modulators (AOM) on various platforms [61]-[63]. For prior LN modulators,
the waveguides were defined by Titanium in-diffusion, which limited the optical power
confinement in the waveguide due to low the index contrast and hence the AO interactions [63].
For GaAs previously reported AOMs, the AO interaction was limited by the interaction time
between the SAW and the optical mode [61], [62]. Although the AO coefficient of GaAs is much
higher than that of LN (15x) [64], the electromechanical coupling coefficient, ki of LN (~5% for
bulk LN [65] and ~1.2% for LNOI) is much higher than that of GaAs (~0.07% for bulk GaAs
[66]), which improves the overall performance of the modulator. Two different types of LNOI
AOMs are demonstrated in this chapter, one is based on a resonant SAW cavity while the other is
based on a wideband transducer. Having higher k2 material impacts the design of each one in a
separate way. For a resonant SAW cavity, building SAW resonators with high Q and smaller area
needs a higher kZ material. For a SAW reflector with Nrer fingers, each with reflectivity r, the
overall reflection coefficient depends on the product Nret X r [67] and since the LNOI platform
provides 17x improvement in the ki? over GaAs/AlGaAs one, the modulator area would scale down

by the same amount if it were to be built on that platform.
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On the other hand, for the broad band IDT, a higher ki® enables designing transducer with high
transduction efficiency between the electrical and mechanical domains with wider bandwidth
IDTs. The integration with efficient electro-optic (EO) tuning is an additional advantage for LN
since the EO coefficient for LN (30 pm/V [68]) is 30x higher than that of GaAs (1.1 pm/V [69])

as will be discussed in section 5.2.
5.1. SAW Enhanced MZI AOM

In this AOM, we have further enhanced the AO interaction by placing a Mach-Zehnder
interferometer (MZI) [25] inside a SAW resonator operating at 116 MHz, hence exploiting the
high Q of the SAW cavity. An analytical expression that reflects the enhancement due to SAW
resonance is derived in a closed form assuming the waveguides are properly placed inside the
SAW cavity at the positions of maximum strain. The experimental results confirm the theoretical

model and showcase the AO capabilities of the LNOI platform.

I. Theory and design

Figure 5.1 shows the layout view for the proposed AOM with zoomed-in SEMs of its various
components. The figure shows a symmetric SAW cavity with two interdigitated transducers (IDTs)
and two reflectors with two photonic waveguides in between that form the MZI arms. Applying
electrical signal over the IDT induces an acoustic wave inside the SAW cavity. By properly placing
the waveguides inside the cavity at the locations of maximum strain of the generated standing
wave, maximum modulation can be harnessed from that modulator. The light is coupled in and out
of the MZI using grating couplers. A'Y junction is used for splitting the optical input into the two
arms of the MZI and a 2x2 multimode interference (MMI) 3-dB coupler is used as a beam

combiner. The differential output is detected using a balanced photodetector.

The induced change in the waveguide refractive index tensor, n, , due to the elasto-optic effect
is given by [59]:

ANy =—%n§ P.S. (K, L=12..6) (5.1)
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with p,, and S, representing the contracted effective elasto-optic coefficient tensor and the
strain field tensor, respectively [59]. The repeated index in the subscript implies summation over
that index. For materials with high electro-optic, r,; , and piezoelectric, e, , coefficients such as
LN, the induced electric field due to strain by virtue of the piezoelectric effect will also modulate

the refractive index. Thus, the contribution of the indirect electro-optic effect can be lumped into

the elasto-optic effect by defining an effective elasto-optic coefficient as [59]:

20 um IDT

===t 5
Waveguide
v

Figure 5.1 Layout view for the proposed AOM. The MZI is placed between the IDT and the SAW reflector.

. rali)(le,)

pKflf_ = Pu _( J J)S (5.2)
(Lesh;)

where [, is the unit vector along the SAW propagation direction and «95 is the permittivity tensor

at fixed strain. For a Rayleigh SAW wave, the strain field vector of the surface acoustic wave

propagating along the x-axis can be expressed as: (Sl 0 S, 0 S;),where S, and S, are the

normal strain fields along the x and z-directions, respectively, and S is the shear strain field.

COMSOL Finite Element Method (FEM) was used to estimate the relative amplitudes of those
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strain components in the case of Y- cut LNOI wafer as well as the electric potential, ¢, . The

normalized amplitudes of those strain components are plotted versus the propagation direction, X
, In Figure 5.2. over a distance of one period of the standing wave which is one half of acoustic

wavelength ( A/ 2). The figure depicts that the longitudinal strain components S, and S, have the
same periodic dependence of the potential ¢, whereas the transverse component S; has a phase

difference of 7 /2 which is equivalent to A /4 propagation distance. Thus, placing the MZI arms
at the locations of the S; and Sz maxima is a proper design solution. In the following subsections,
we will describe: a) the locations of the MZI arms inside the SAW cavity and derivation of the
modulation enhancement due to SAW resonance; b) the derivation of the MZI transfer function
and the modulation harmonics; c) the SAW resonator design d) the design of the gratings couplers
and MMI coupler.

The MZI arms are located between the IDT and the SAW reflector as shown in the cross section
view in Figure 5.3. Maximum elasto-optic modulation is attained by placing the MZI arms at the
strain maximum position as shown in the same figure. The two strain components, S; and Sz have
maxima at the same locations and they both contribute to the modulation. Thus, the spacing

between the IDT last finger and the left waveguide is L, . =3A/4. The spacing between the
two waveguides, L ., > 18 set to 3A/2 to enable push-pull operation for the MZI such that when

one arm is under compression, the other is under tension. Finally, the spacing between the last

finger and the right waveguide is L, ., =3A/8 which enables maximum strain at the waveguide

location.
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Figure 5.2 Normalized amplitudes of the Rayleigh SAW strain components and the potential versus the propagation distance x.
The longitudinal component S1 has the highest amplitude among the various strain components with standing wave pattern

matching that of the potential, s .

IDT

Figure 5.3 Standing wave pattern inside the SAW cavity

By placing the waveguides at these positions and considering the overlap between the optical

field distribution, ETE(X,Z), inside the waveguide and the dominant strain field distribution,
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Sl(x,z), eq. Error! Reference source not found. can be modified assuming the perturbed

waveguide solution [48], [59], [70] as:

_ Lo [J8.(x,2)|Ere (x2)[" dxdz

2 J:HETE (X, z)|2 dxdz
Since we are dealing with SAW standing waves inside the SAW cavity, the strain dependence

An

(5.3)

on the spatial variables X and z can be separated such that it is an exponential decaying function
in the z direction, s(z), and a sinusoidal one in the x direction, sinKx, where K =27z/A is the
SAW wavenumber:
S, (x,2) =|S|s(z)sin Kx (5.4)
Where | S| is the strain amplitude which can be related to the energy density, U , inside the
SAW cavity through the elastic modulus tensor, C . , by the equation U :%SLCLKSK and by

considering only S, as the dominant strain component and integrating over the resonator volume,
the total energy, E , can be found as:

E:%C11|S ? LLH (5.5)
Where L, =L, +2L, is the total cavity length including the separation between the IDTs, L,
(see Figure 5.1) and the SAW penetration depth inside the reflector, L, L is the aperture length

and H is the SAW penetration depth which is given by [59]:

H=[" |s@) dz (5.6)
The energy stored inside the SAW cavity is related to the dissipate power, P and the quality
factor, Q by the equation:

w, E
Q== (5.7)

Where o, =27v,/Ais the radial resonance frequency, v.is the phase velocity of the

Rayleigh SAW wave on the LNOI substrate, which is estimated from COMSOL to be equal to

3420 m/s. The elastic modulus can be approximated as C,; ~ pv2 where p is the mass density and

by combining equations Error! Reference source not found.) and Error! Reference source not

found.), the strain amplitude inside the cavity can be derived to be equal to:
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[2AQ P
Sl= |/—= .
| | 7L, LHpvd (5.8)

However, the strain amplitude expected from a transducer without the resonance cavity is
given by [71]:

P
LH pv3
Comparing egs (5.8) and (6.20), we can see that in the presence of a SAW cavity there is an

SI=

(5.9)

enhancement in the strain amplitude by a factor proportional to the square root of AQ/L,.

Accordingly, the phase shift in the MZI arms can be calculated considering the amplified strain
as:

¢=2(27/2)LAn (5.10)
The factor of 2 in eq. (6.20) accounts for the push-pull operation. Thus, the phase shift as a

function of the square of the acoustic power, ¢ = ap\ﬁ, can be derived by combining equations

27 2AQ [1
ap:T\/E/MzFAO ﬂ—L\E (5.11)

Where M, =(n6(peﬂ )2) /(pv2) is the AO figure of merit (FOM) of LN, T,,is the AO

(5.3) to (6.20) as:

overlap and is given by:

B “s(z)sin KX|Er (X, z)|2 dxdz
B ”|ETE (x,z)|2 dxdz

AO (5.12)
Error! Reference source not found. plots the normalized decaying function s(z) estimated

using COMSOL and shows that the SAW strain is confined near the top of the LNOI wafer (within

20% of the acoustic wavelength A =30xm). This 20% is much larger than the LNOI thin film

dimensions shown in the inset of Error! Reference source not found.. This inset highlights the
product of the optical field inside the waveguide and the strain field, hence showcasing that a high
AO overlap exists between the SAW and the optical field inside the etched waveguides. The optical

field was estimated using LUMERICAL mode solver for a waveguide with dimensions d =2xm
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as waveguide width and e =330nmas etch depth. The width of the waveguide is determined by
the lithographic resolution of the equipment used in this work, while the etch depth is set equal to

the gratings coupler etch depth to simplify the overall AOM fabrication. Using equation Error!
Reference source not found., a, can be estimated to be equal to a, =12rad /JWatt which is

about 3x higher than what’s previously reported on AlGaAs platform [62]. Taking into account
that the AO FOM of GaAs is about 15x higher than that of LN [64], this enhancement in a_ is

mostly attributed to the Q of the SAW cavity.

The normalized differential transfer function of the MZI can be derived in terms of the phase
difference, ¢, as T,,, =sin(¢+95,) where ¢, accounts for the slight phase difference due to the
mismatch between the two MZI arms. Accordingly the amplitudes of the modulation harmonics,

H, , can be derived to be equal to:

H, = 3, (a,/P)cos(s,) (5.13)
H, =3, (a,VP}sin(s,) (5.14)
H, = 3, (a,/P )cos(s,) (5.15)

where J, is the i" order Bessel function for the first kind. Equations (5.1) to (6.20) where

implemented using MATLAB and the results are compared with the measurement in the

measurement section.
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Figure 5.4 Normalized s(z) as function of the depth of the LNOI wafer. The inset is the product of the strain field and the optical
field.

To properly confine the SAW inside the acoustic cavity and hence maximize Q , SAW
reflectors with a high numbers of fingers (700 finger each side) are used. The spacing between

IDTs is selected to be L, =40A . The number of IDT fingers ( N,5; =43) is selected to achieve
50 Q matching. The metallization ratio of the IDT and SAW reflectors, 7 =50%, and pitch,

p, =A/2, are selected to ensure matching the frequencies of both the IDT and the reflector.
The length and width of the MMI coupler are chosen to be 118.1,m and11.6,m, respectively
to ensure 3-dB splitting around 1550 nm (optical wavelength).
Ii. Measurement Results

The frequency response of the SAW resonator is measured using a vector network analyzer
(PNA N5230A) and RF probing. The measurement result is shown in Figure 5.5 where resonance
can be seen at f = 115.5 MHz. The measurement show other spurious modes but since in the AOM
measurement we are using Phase Locked Loop (PLL) to lock to the resonance at 115.5 MHz, those
mode can be neglected. The extracted Q from the measurement is 2300.
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Figure 5.6 Measured insertion loss for the two output ports of the MZI as function of the wavelength.

The AOM measurement setup is shown in Figure 5.7. An Ultra-High Frequency Lock-In (UHFLI) amplifier from Zurich
Instruments (ZI-BOX) is used to phase lock the SAW resonator using a built-in PLL. In addition, a built-in PID controller is used
to amplitude-control the input signal for the SAW resonator and reject any variations due to vibration or temperature drift. A

tunable laser generated carrier is coupled into the optical grating via a vertical groove array (VGA), which also couples out the
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which also couples out the modulated AOM signal. The photonic output is fed to the lock-in amplifier, which is used to extract

0.5

H, (W)

0.3

= 0.2

1 (LW

T 0.1

the first modulation harmonic.

©10°® AOM
+ Measurement
—Theory . ¥
0 0.005 0.01 0.015 0.02 0.025 0.03
VP (VW)
APD
0 0.005 0.01 0.015 0.02 0.025 0.03
VP (VW)

Figure 5.8 top portion plots the measured modulation harmonic and compares the results with

theoretical expectations. The measured power level for Hy agrees with the theoretical expectations

when we consider the coupling loss and the gain provided by the APD. The slight discrepancy

between the theory and the measurements is attributed to the non-linearity in the response of the

APD which is plotted in the bottom portion of the figure. Additionally, it is attributed to the fact

that the model assumes only one dominant strain component while in reality we have more. That

assumption was crucial in order to reach a closed form expression for the modulator. Rigorous

modeling by considering the SAW resonator with the total number of reflectors is possible but

requires very long simulation time and huge memory requirements. Nonetheless, the results prove

that efficient AO modulation enhanced by the SAW cavity resonance as expected from theory.
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5.2. EOtuned RT AOM

In this AOM, we use a high Q photonic racetrack (RT) resonator to enhance the AO interaction.
However, efficient modulation can be obtained only when the coupling condition to the RT is near
critical coupling [72]. The use of a directional coupler (DC) with narrow dimensions for achieving
such critical coupling is a major fabrication challenge in LN as sub-100 nm gaps have to be
defined. An alternative solution using a multi-mode interference (MMI) coupler is presented in
this work. In addition, the coupling condition can be tuned by taking advantage of the unique EO
properties of LN [68], hence ensuring attaining critical coupling condition at the desired

wavelength of operation.

I. Theory and Design

A layout view for the proposed AOM is shown in Figure 5.9 Error! Reference source not
found., where a SAW IDT is placed near a photonic RT. The wave generated by the SAW IDT is
used to modulate the light travelling through the photonic RT. The lower straight arm of the RT is
split into two arms using two MMI couplers forming a Mach-Zehnder (MZI)-like structure. The
EO coupling control electrodes are laid out parallel to the lower arm such that the electric field is
directed along the material Z direction for maximum EO coefficient (rs3 = 30 pm/V). Thus, the
RT coupling coefficient will depend on the phase difference between the two arms induced by the
applied voltage, V.. Since applying voltage over the EO coupling control will also change the
operating wavelength, additional electrodes for wavelength tuning are placed around the RT to
ensure operation at the desired wavelength. The light is coupled in and out of the chip using grating
couplers. Two S bends are introduced in the lower arm of the MZI to allow for the placement of

the EO coupling electrodes.

In the following subsections we will describe: a) the principle of operation of the AO and the
IDT design; b) the photonic RT design and the EO MZI-based coupling control method; c) the

EO-based tuning of the system wavelength.
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Figure 5.9 Layout view for the proposed AO RT modulator with zoomed-in SEMs of the various building blocks.

Consider a photonic waveguide having dimensions d for width, and e for its etch depth placed
near an interdigitated transducer (IDT) with aperture Lon top of an LNOI substrate (see
Figure 5.10).

When a sinusoidal electrical signal of power p, is applied to the IDT, a propagating SAW

wave is generated, which induces a phase shift of the optical field in the waveguide according to

the equation:

Pro = Ap4/ Pe (5.16)
where a, =An2zL/ Ais the phase shift per square root of power, 4 is the optical wavelength

and An is the change in the refractive index, which is given by the equation:

1 2
An=-= M, 2110 /b (5.17)
2 HL
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Figure 5.10 Waveguide placed near the IDT. The Capital letters (X, Y, and Z) denote the material axes while the small letters (X,
y and z) denote the simulation axes. (a) Top view. (b) Side view.

where M, is the AO figure of merit (FOM) of LN expressed in terms of the refractive index,

eff

n, the effective photo-elastic coefficient , p™ , in a specific SAW propagation direction, the

material density, p, and the Rayleigh SAW wave velocity , v, , as M, = (n6 (p )2) I (pv3)- M2

can be estimated for our LNOI Y cut wafer to be equal to 0.5x10"* sec®/ kg in the case of a SAW

wave propagating in the material Z direction. s is the electromechanical coupling efficiency and
is limited to 50% for bidirectional IDTs designed with perfect matching to the source impedance,

L is the aperture length and T, is the AO overlap factor already estimated in the previous section.

To obtain a compact IDT design with reasonable transduction efficiency, the aperture length

and the number of IDT fingers were chosen as L=1500um and N,; =95 such that the

equivalent impedance is 200Q2. This means 7 =0.33 when a 50Q source impedance is used. The
IDT periodicity is set to A/2=15um , which will excite the SAW wave at the frequency,
f, =114MHz . Thus, Equations (5.16) and (6.20) can be used to estimate a, to be equal to
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3rad /W . Since this is the phase shift induced in the strained waveguide before inserting it in a
RT, it is appropriate to compare it with phase shift induced by a push pull MZI previously reported
in GaAs/AlGaAs substrate (a, =2rad / N ) [62]. Despite the lower (15x) AO FOM in the case

of LN [64], the ap is higher and the improvement is mostly attributed to the higher transduction
efficiency and the higher k (~17x) of LN over GaAs/AlGaAs.

High Finesse ring or RT resonators can be used to more efficiently enable light modulation
[73]. The efficiency of the modulation improves as the RT is operated near the critical coupling
condition. Figure 5.11-a shows a ring resonator that is coupled to a bus waveguide using an EO-
controlled DC to ensure critical coupling condition required for efficient modulation. As a control
voltage, V., is applied to the electrodes placed around the coupling region, the EO properties of
LN modulate the value of the coupling factor, r. For this configuration, the transfer function
between the output and input fields can be expressed in terms of the DC coupling factor, r , the

round trip phase shift, ¢, and the field round trip loss, a=e™*", as:

r(v,)—ae
out =——J(p Ein
1-ar(V,)e
where « is the propagation loss in dB/cm and r is written as r(V,) to point out that the

(5.18)

coupling factor is function of V.. However, etching narrow gaps in LN is challenging. Herein, we
replace the narrow gap DC with the MZI based coupler, as shown in Figure 5.11-b. In this
configuration, the coupling condition relies on the interference between the fields in the two arms
of the MZI, which is modified by the voltage applied on the lower arm of the MZI. Thus, the

optical field coupling coefficient can be expressed in terms of the EO phase shift, ¢, , and the

difference in the MZI arms’ length, Al, as:

1 —'nz—ﬂll ) —jn?Zal
Ly ZEE Tt {1—e“¢’E°e J *A] (5.19)

such that ¢, can be expressed in terms of the refractive index, n, the MZI length, I1, and the

electrodes spacing, A, as:
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EO coupling control

EO coupling control

Figure 5.11 EO tuning of the coupling condition. (a) Ring resonator with gap based DC. (b) Proposed RT resonator with MZI
based coupler consisting of two MMI couplers and two parallel waveguides.

'zl
Peo A
Where I'eo is the electro-optical overlap between the optical field and the applied electric field

TV, (5.20)

as defined in section 4.1. Accordingly, the new transfer function can now be written similarly to
eq (5.18) as:

B req (\/c) _ aeqe_lwz
out 1_ aeq req (Vc )e—j¢)2 n

where r, is given by Eq (5.19), a,, = e “2such that l, is the length of the RT that is not part

(5.21)

of the MZl and ¢, is given by:

¢, =n""l, (5.22)

It is important to note that the effect of the AO modulation in this configuration can be readily
modelled by including its contribution, pao, in Eq. (6.20):

Q, = n277zl2 +®ro (5.23)
The MMI couplers were designed as 3-dB splitters with the dimensions, L,,, =276.4um, and
width, W,,, =17.5um. The RT radius was chosen to be large enough to ensure low losses (
R, =1004m). The light is coupled in and out of the chip using gratings couplers with their design

discussed in section 3.1.

In section 4.1, we derived the EO tuning rate, TR, for a RT on LNOI to be given by:
48

www.manaraa.com



A I
TR~r.n% =t T
33" Teff ZA (|1+|2) EO

where I; is the total length of the wavelength tuning electrodes.

(5.24)

Equations (5.16) to (6.20) are used to describe the operation of the overall system shown in
Figure 5.9. The model is implemented in Matlab and used to estimate the coupling control as well
as tuning rate and the AO modulation as a function of the various applied control or modulation
voltages. A Fast Fourier Transform is used to calculate the modulation harmonics. The expected
results are discussed in the next section, where they are directly compared with measurement

results.

ii. Measurement Results

To verify the EO control over the coupling condition, the transmission response through the
photonic RT was measured as a function of various values of the control voltage, Vc, applied
across the electrodes placed around the bottom arm of the MZI. The experimental data together
with their fitting are shown in Figure 5.12. The normalized |req| extracted from the fitting is plotted
in Figure 5.13 and compared with theoretical expectations. There is a shift between the theoretical
and the experimental curves, which is attributed to the asymmetry between the two MZI arms due
to the fabrication process. However, the experimental results confirm the EO control capability
over the coupling condition. The wavelength tuning capability through the EO effect is
demonstrated in Figure 5.14 where the resonance wavelength, Ar , is plotted as function of the
voltage, VT, applied across the electrodes place around the photonic RT. A TR of 0.38 pm/V can
be extracted as the slope of the straight line fitting to the experimental response. The extracted
value is slightly lower than what is expected theoretically (0.45 pm/V). Such difference might be
attributed to the fact that the Al electrodes were slightly attacked during the last fabrication step
(wet etch of the SiO») leading to larger electrodes. Nevertheless, this TR is consistent with what

we have previously discussed in section 4.1 for an EO modulator with similar dimensions ratio.
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Figure 5.14 RT resonance wavelength as function of the applied voltage Vr.

The AO modulation measurement setup is shown in Figure 5.15. A SANTEC tunable laser is used as light source and coupled to
a PM fiber in and out of the chip. The output signal from the fiber is connected to an Erbium Doped Fiber Amplifier (EDFA) and
then demodulated by a 1544 New Focus avalanche photodetector (APD). The demodulated signal is collected through a
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Spectrum Analyzer where the first and second harmonics of the modulated signal are monitored.

RT AOM

0.15 .

+ Measurement

S 01 1
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0
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3 : \ ,
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=
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Figure 5.16 compares the measured modulation response with theory in the top sub-figure.
The discrepancy between the theory and the measurements is attributed mostly to the non-linearity
of the APD which is characterized separately in the bottom portion of the figure. Additionally, it
might be attributed to the non-linearity in the transduction efficiency of the IDT at the low
modulating power levels. Nonetheless, the results confirm that the value for the AO M coefficient

of the LN thin film is close to the expected theoretical value.
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Figure 5.15 Measurements setup for AO modulation. SA=Spectrum Analyzer, PSG = Performance Signal Generator, APD =
Avalanche photo-detector, EDFA=Erbium Doped Fiber Amplifier.
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Figure 5.16 (Top) Measured response of the first harmonic of the AOM and comparison with theory. (Bottom) Measured
response for the APD alone.
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6. Acousto-optic Gyroscope

Existing gyroscopes for inertial navigation systems are based on either bulky mechanical
implementations [74], [75] or large volume Optical Gyroscopes (OGs) [76]-[78]. MEMS vibratory
gyroscopes (MVGs) [79]-[82] are an interesting alternative, but have exhibited limitations on
various fronts. The need for a large released mass makes the MV G vulnerable to shock [83]. Since
most MV Gs operate at few kHz with quality factors > 1000, their output bandwidth is limited to
mHz for frequency matched operation [84] unless complex bandwidth extension techniques are
used [85]. Furthermore, the low operation frequency makes the gyroscope susceptible to
environmental vibrations [86]. On the other hand, OGs such as Fiber Optic Gyroscope (FOG) and
Ring Laser Gyroscope (RLG) can achieve both high performance and operation stability [76].
Unfortunately, miniaturization and power scaling of these implementations are challenging. In this
work, we demonstrate the first prototype of an Acousto-Optic Gyroscope (AOG), which has the
theoretical capability of addressing all the major issues encountered in MVGs or miniaturized
OGs. The AOG is based on the concept of the Surface Acoustic Wave Gyroscope (SAWG) [87]—
[89], in which the Coriolis force detection is performed optically instead of acousto-electrically.
The use of SAW resonators enables the realization of a large unreleased mass. The optical sensing
provides for extremely low noise levels and stable readout. In addition, the optical modulation
method significantly simplifies the electronic readout. Different photonic phase sensing techniques
can be used to detect rotation such as a Mach-Zehnder interferometer (MZ1) [90] operated in the
push pull operation, racetrack (RT) resonator, or an RT coupled to an MZI (MZI/RT) [91]. Here
the Scale Factor, SF, for the AOG is analytically derived and compared for these various sensing
techniques. The theoretical analysis is verified through experimental measurements of the SF  for
the MZI based AOG as well as the RT AOG. The angular random walk (ARW) is measured for
the MZI-AOG and compared with the SAWG fabricated on the same platform to highlight the
additional advantages of the photonic readout in regards to noise and stability.
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6.1. Principle of Operation

Figure 6.1 depicts a schematic view of the AOG and offers an overview of its principle of
operation. Two orthogonal SAW resonators are shown with metallic pillars placed at the center

acting as the moving mass, M , of the gyroscope. A SAW standing wave pattern is established

along the x (drive) direction. The pillars are placed inside the cavity at the anti-nodes of the SAW
standing wave pattern (location of maximum x-directed velocity). The pillars are driven

longitudinally with vibration velocity, v, . When out-plane rotation, Q, , is applied, Coriolis force,

F

c!

Is induced on the vibrating pillars in the direction orthogonal to both the input rotation

direction and the drive vibration direction and can be expressed as:
F. =-2M Q, xv, (6.1)
The pillars are arranged in a checkerboard configuration such that constructive interference for
a secondary SAW wave is established in the y (sense) direction. The strain value, S, associated
with this wave can be expressed in terms of the Coriolis force, the substrate mass density (

p=4700kg/m®) for LN, the Rayleigh SAW phase velocity (v, =3488m/sec), the SAW

penetration depth, H (which is less than 10% of the acoustic wavelength A ), and the acousto-

optical (AO) interaction length, L, as:

FC
® T LA ©2)
R

In SAW gyroscopes, piezoelectric transducers are commonly used to sense the secondary

waves. In this work, the secondary wave is detected through the elasto-optic effect in the photonic
waveguides etched in the Lithium Niobate (LN) thin film, i.e. by monitoring the refractive index

change, An, due to the strain induced by the secondary wave. The index change is expressed as:

AN =%n3 Pu S (6.3)

where p,, is the effective acousto-optic coefficient in the specific propagation direction of the
SAW. The photonic sensing technique shown in Figure 6.1 uses a push-pull MZI (PP-MZI), which

converts the phase modulation to intensity modulation at the photodetector output by mixing the
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optical beams from the two MZI arms. However, other phase sensing techniques like RT AOG or

MZI/RT AOG can also be used, as we will discuss in the following sections.

Mach-Zehnder

’ Edge ipT Interferometer Metallic
pillars
reflector

Edge reflector

IDT
Edge reflector

Laser

Rotation induced

Output secondary SAW
grating  Directional fgge .
couplers  coypler reflector INPUt . LN .
grating B Al Partially etched LN
coupler Au W 510,

Figure 6.1 3D sketch for the AOG. PD=Photo-detector, IDT=Interdigitated transducer.

6.2. AOG Scale Factor and Comparison of Photonic Detection

Techniques

The SF (or sensitivity) of the AOG is determined by the change in the optical signal intensity,

T, due to the phase variation, gaoc, , G =0T / 0¢,o; , and the change in phase due to the external
rotation, Qz, Baoc =0@xc / 02, which directly relates to the SAW cavity design and the elasto-

optic characteristics of the LN film. Overall, the SF can be expressed as:

SF

oT T Puoc
0Q, 0@y 002 roe (6.4)

The induced phase shift due to rotation, ¢, , can be expressed in terms of the refractive index

z

change, An and the waveguide length, L as :

27
¢AOG = AHT L (65)
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where 1 =1550nm is the optical wavelength. The SF is written in this way so that a direct
comparison between various sensing techniques can be formulated by analyzing the gain factor,

oT
0 Proc

G=

max

I. Rotation induced phase changes

As discussed in section 5.1, placing the waveguides at the location of maximum strain for the

standing wave pattern of the SAW cavity enhances the phase sensitivity by a factor that can be
: 2AQ . : . N
derived to be equal to T where Q is the resonator quality factor in the sense direction, A
7 C

is the acoustic wavelength and L_is the total cavity length. This phenomenon can be accounted

2AQ. 27
Droc = = LAN (6.6)
L, A

The vibration velocity in Eq. (6.1) can be expressed in terms of the drive parameters: the

for by modifying Eq. (6.20) to be:

electrical power, P, , the drive resonator quality factor, Q, the resonator equivalent mass, M,

and the SAW resonance frequency, f_,as:

P.Qp
V. = —m=D 67
P \j zf.M, ©.7)
Combining Eqgs (6.1) to (6.20) the rotation induced phase can thus be derived to be equal to:

2z M, PQ, [2AQ
— M m<D 'S 68
Fros =714 \/pVR p\/zmer\/ 7l (©.8)

where M, = (n6 ( P )2) I (pvy) is the AO figure of merit of the material

Ii. Photonic sensing techniques

A MZ
Figure 6.2 shows three phase sensing techniques considered for comparison in this study.

Figure 6.2-a represents a PP-MZI which has a normalized transfer function given by
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Top vz =SIN 2@, - The factor of two in the sin argument is due to the push-pull operation enabled
by separating the MZI arms by a distance equal to3A /2. Thus, the AOG SF gain can be derived

to be equal to G, ,,, =2.

B. RT
The AOG RT phase sensing technique is shown in Figure 6.2-b where an RT is coupled to a

bus waveguide. We assume that only the two straight arms of the RT contribute to the phase

modulation. For this reason the separation between the two straight arms in the RT is set to even
multiple of A /2, which enables doubling the phase sensitivity. Thus, the transfer function for the
RT can be expressed in terms of the round trip intrinsic loss inside the RT, a® , the coupling

coefficient, r? , and the round trip total phase shift, ¢ as:

Secondary
SAW wave
3-dB MM

(a) d
4 |
1 Y coupler
“ »[3A - E,
Ein - L 7 - E02
Secondary
b
( ) Secondary (C) SlAW wave
d SAW wave
« h
h Ein d ' h
L] L7A i
< V2 Y ———— E ()
Ein g I ? Eout

1
in out Zin_ \/ E, = %
V2
I,

Figure 6.2 Phase sensing techniques for AOG. (a) PP-MZI. (b) RT. (c) MZI/RT

_a’+r’-2arcos(p)
~ 1+a’r?-2arcos(p)
The effective phase shift of the output field, E_, , with respect to the input one, E,,, is given by:

asin _, arsin
—¢_tan 1 —(p (610)
r—acose l-arcose

(6.9)

RT

P =tan™
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Where ¢ =@, + 20,05 , @, = n%ﬁ L. is the round trip phase shift, and L, is the total racetrack
length. Thus:

oT,, 2arsin p(l+a’r*-r’-a’)

6.11
op (1+a’r®—2ar cosq))2 (6.1

Figure 6.3 plots T, and its derivative as function of ¢, . The Finesse of the cavity is defined
as the ratio between the free spectral range, 2 and the full width half maximum, A2 and its

zjar

expression can be derived in terms of a and r as F = 1
—ar

. The plot in the figure assumes a

specific value of the cavity Finesse, 13. It is evident that the maximum value of the derivative of

. . T . -
Trr is a strong function of aand r. aa RL has a maximum at a specific phase offset that equals to
®

one quarter of the full width half maximum, A@max = A2 / 4 where Agi2 is given in terms of a

1-ar

Jar

andras Ag,, = . Accordingly, the AOG gain can be derived as:

0Ty

OPaos P=0, +Apy, 14
At this specific bias point, and assuming a low loss resonator, we can approximate

GRT = (612)

2
sinp~Ag,,/4 and cos¢g zl—%(%] in Eq. Error! Reference source not found. to get:

arAgy, (1-a*)(1-r?)

~

RT 2 2
A (6.13)
2| 1+a’r?—2ar + ari( Piz)
16
i .. . . zr 2
Also for low loss cavity near critical coupling, we can impose that a=r and F = T2
—r Py
so as to find a very simple expression of the RT gain factor:
32F 2F
Gy =—~— 6.14
" 257 5 (6.14)

To verify this analytical value, the derivative 0T /0@, is computed numerically using

Matlab and plotted in Figure 6.4 as a function of r for two values of a=0.85and a=0.99 . The
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first value a=0.85 represents the round trip loss extracted from the RT resonator of this work and
is equivalent to a propagation loss of 2.45 dB/cm. The second value of a=0.99, corresponds to
ultra-low losses (2.45 dB/m) that were recently reported for etched waveguide on the same LNOI
substrate [93]. Note that the Finesse of the cavity is varying along that curve as r varies and the
arrows point out the F value at the points of maximum slope.

- |—a=0.85,r=0.92, F =13

5 . |
-0.1 -0.05 O 0.05 0.1

ol

Figure 6.3 RT transfer function and its derivative as function of phase..
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Figure 6.4 Grr as function of r for two values of a

That numerical analysis confirms our analytical conclusion that the gain in the SF is bounded
by 2F /5 . It also shows the RT has to be under-coupled for maximum phase sensitivity in

agreement with [91].

C. MZI/RT
In this phase sensing technique, the RT is combined with the MZI. We can write the output

optical field as sum of two fields (see Figure 6.2-c):
Eout = E1(¢)+ E2 (615)
Where E, =E, /2 is the field from the reference arm while E,(¢) is the modulated AOG

signal in the arm coupled to the RT. Thus, the output power can be written as:

P, =[E:(¢) +|E,[ +2|E,(¢)|[E;lcos(g + o (0)-,) (6.16)
Where ¢ (g/)) is the effective phase shift due to the RT and is given by Eq Error! Reference

source not found., ¢, = n277zll y @, = n%zl2 are the phase shifts in the MZI upper and lower

arms respectively. Accordingly, the transfer function for this phase sensing technique can be
expressed as:
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T 1 \W 1
Twzimr =—5- 4 4+2 5 2COS(¢eff ((0)_(/)21) (6.17)

where Ty, :‘El(go)‘z /|Ein|2 is the RT transfer function given by Eq. Error! Reference source
not found. and ¢@,, =@, —¢,. The derivative with respect to the phase of the transfer function is:

Oz rr _ 1 Oy N iRT agpeff
op 4 op

1 1 o7
Sln Ous (@) — @51 ) +=C08( 0 (@) — @y ) ——=—2"16.18
( ff( ) 21) > ( ff( ) 21)2x/.|? o0 )

Maximum phase variation occurs at resonance, so the first and third terms are equal to zero because
OTer

op
found. is reduced to:

=0 . Also, at resonance, @, (@)=, (¢, )=2mz . Thus, Eq. Error! Reference source not

Tvzurr _ g I O ( sm (=) (6.19)
6(p 2 8(/)
According to Eq Error! Reference source not found., the gain factor is maximized when the

phase difference, ¢,,, is equal to 7 /2. This phase difference can be imposed by building an
asymmetric MZI or using a directional coupler which provides a 7 /2 phase difference when

operating as a beam combiner for a symmetric MZI. In this case, the gain factor associated with

MZI/RT phase sensing technique can be expressed as:

00 (9) r-a a(l—rz) r(l—rz) F
G = ﬁ = ~ ~— 6.20
Mzl/RT V) l1-ar(r-a)(l-ar) 1-r* =z (6.20)

Eq. Error! Reference source not found. shows that, at critical coupling condition, the «/im

equals zero while the J0g,, (go)/@qo is infinity but the product of the two is a finite value limited

by the cavity finesse, F . Using a DC at the output of the symmetric MZI doubles the gain and

yields G, rroc ®2F /7. The numerical analysis results are depicted in Figure 6.5-a and

Figure 6.5-b and confirm the conclusions drawn from the analytical equations.
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Figure 6.5 (a) MZI/RT/DC transfer function and its derivative as a function of phase. (b) Gmzirrioc as a function of r for
different value of a.

Although the gain in the MZI/RT/DC is slightly better than the RT technique, asymmetry in
the MZI arms due to fabrication tolerances may affect the overall sensitivity of this approach. To
ensure symmetry, an electro-optic (EO) tuning on one of the arms [90] is needed to make sure

@, =12 . To reduce the fabrication and measurement complexity, our first demonstration for the

AOG is based on the techniques that do not require additional EO control which are the PP-MZI

and the RT techniques as shown in the next section.
6.3. Acousto-optic Gyroscope Design

Figure 6.6 and Figure 6.7 show the layout views for the MZI-AOG and the RT-AOG
respectively with zoomed-in SEMs of the various constitutive components. Four identical
Interdigitated Transducers (IDT), SAW reflectors and photonic waveguides are placed
symmetrically with respect to a central pillar-filled cavity so as to ensure frequency matching
between orthogonal SAW resonators. The light is coupled in and out using grating couplers. The
photonic readout shown in Figure 6.6 is based on a (PP-MZI) where a Y junction is used for
splitting the optical input into the two arms of the MZI and a 2x2 multimode interference (MMI)
3-dB coupler is used as a beam combiner. The differential output is detected using a balanced
photodetector. On the other hand, an RT is used in the photonic read-out in Figure 6.7 where a
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butterfly MMI coupler [34] is used to couple the light to the RT. The following sub-sections will

describe the design of each component forming the two AOGs.

Pillars: generate
Y-junction: Coriolis force
divide optical
power

IDT: generate and
sense SAW

MQ".\_
Grating coupler: AOG LAYOUT 3dB coupler:
couple light from 45° Rotated SAW provide differential
fiber to chip and vice Drive/Sense and MZI power output
versa Read-out

Figure 6.6 Layout view of the MZI AOG with zoomed-in SEMs of the various components forming it.

MMI coupler: split
light with desired ratio
Grating coupler: couple .
light from fiber to chip

and vice versa

Bend
waveguide

AOG LAYOUT
45° Rotated SAW Drive/Sense
and Racetrack Read-out

Pillars: generate
Coriolis force

IDT: generate
and sense SAW

Figure 6.7 Layout view of the RT AOG with zoomed-in SEMs of the various components forming it.

I. SAW Resonator Design

The SAW resonator Q in the drive and sense directions can be fully harnessed in case the
frequencies of the orthogonal resonators are matched. Previous SAW gyroscope designs [11], [87],
[95] targeted SAW propagation direction and LN wafer cuts that provide the highest

electromechanical coupling coefficient such as propagating the SAW in the Z direction for a Y cut
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LN wafer. However, for such a cut, the material properties in the two orthogonal in-plane
directions (X and Z) are not the same due the trigonal crystalline structure of LN. Such a
configuration makes frequency matching difficult. In our AOG design, the two SAW resonators
are rotated by +45° with respect to the Z-direction to preserve symmetry, hence inherently
matching the drive and sense frequencies. The aperture length is equal to the total cavity length

and is chosen to be L = 40A. The acoustic wavelength is selected to be A =30xm so as to fit the

gyroscope design in a 20x20 mm? die.

ii. Photonic components design

For both types of AOGs, the gratings couplers design is the same one discussed in section 3.1.
The length of the waveguides of the MZI arms and the RT straight arm is chosen to be equal to the
cavity length. The waveguides are placed at the positions of the maximum strain in the SAW
cavity, L = 40A. The MZI arms’ separation is set to 3A/2 for push-pull operation while the RT
straight arms’ separation is set to 7A to double the phase sensitivity. The length and width of the
3-dB MMl coupler in the MZI-AOG are chosen to be 118.1m and11.6,m, respectively, to ensure
3-dB splitting around 1550 nm (optical wavelength). The dimensions of the butterfly MMI coupler
[34] in the RT-AOG were chosen to be equal to 7.6,mas the outer width, 14.5,mas inner width

and 442.6umas length.

6.4. Characterization

i. Characterization of SAW resonators

The frequency responses of the drive and sense acoustic resonators are measured using a vector
network analyzer (PNA N5230A) and RF probing. The measurement result is shown in Figure 6.8.
The ~40 kHz mismatch between sense and drive frequencies can be attributed to fabrication
misalignments. This mismatch is still within the resonator bandwidth, which is approximately 100
kHz (loaded Q, =Q, =1000).

65

www.manaraa.com



8><10'3 — r— Af = 40 kHz

>

|Y21| Siemens
N NEN

0
114.5 115 115.5 116

Frequency (MHz)

Figure 6.8 Frequency response for the drive and sense cavities showing a mismatch of 40 kHz.

ii. Characterization of the Photonic MZI and RT

Figure 6.9-a plots the MZI transfer function for the two outputs as a function of the wavelength.

A balanced output is achieved at a few wavelengths near the design value of 1550 nm.
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Figure 6.9 (a) Measured insertion loss for the two output ports of the MZI as function of the wavelength.(b) Measured insertion

loss for the RT as function of wavelength together with fitting.
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The slight shift in the wavelength might be attributed to differences in the actual dimensions

of the etched waveguides with respect to the design values. The envelope reflects the transfer

function of the grating couplers. On the other hand, the RT transfer function with respect to the

wavelength is plotted in Figure 6.9-b together with the fitting to extract the round trip loss, a, and

the coupling coefficient, r, as well as the Finesse, F. The fiber to chip coupling loss for the MZI

was about -35 dB while that for the RT was about -36 dB. Such high coupling losses are substituted
by the EDFA gain (~40 dB). Although the butterfly MMI coupler was designed to achieve slightly

under-coupling condition, the extracted value for r is less leading to over-coupling (r < a) which

does impact the measured SF negatively. Additionally, the extracted value for the intrinsic loss (a

= 0.85) will have even more negative impact on the measured SF in the next sub-section.

Figure 6.10 plots the numerically calculated RT transfer function its derivative for the actual

coupling condition and the shows the bias point for maximum sensitivity.
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Figure 6.10 RT transfer function and its derivative as function of phase for the actual losses and coupling condition.
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iii. AOG SF Measurement

The AOG measurement setup is shown in Figure 6.11 where each of the AOGs sample is
mounted on the rate table together with the optical positioners and connected to the measurement
instruments. The gyroscope die is packaged in a Pin Grid Array (PGA) ceramic package. An Ultra-
High Frequency Lock-In (UHFLI) amplifier from Zurich Instruments is used to phase lock the
SAW drive resonator using a built-in Phase Locked Loop (PLL). In addition, a built-in
Proportional Integral Derivative (PID) controller is used to amplitude-control the drive signal for
the SAW resonator and reject any variations due to vibration or temperature drift. An optical carrier
generated by a benchtop tunable laser (SANTEC TSL-510) is coupled into the optical grating via
a vertical groove array (VGA). Polarization controller is used after the Laser to make sure that we
excited the TE polarization for which the gratings couplers were optimized. Erbium doped fiber
amplifier (EDFA) is at the output to compensate for the coupling loss. The same VGA is also used

to couple out the modulated gyroscope signal through another set of fibers in the array.

RF coaxial Polarization leHt::(I)_)I(
PD flber cables Controller e

board \ D 9 :(@ @ see @- <1 Tunable
:I:: Laser

Goose-neck
Camera

Bread
board

Rate table
controller

Ve d

Figure 6.11 AOG measurement setup. The optical setup with the positioners and manipulators are mounted on top of the rate
table.

The optical alignment is optimized by adjusting a six degree of freedom manipulator and
sweeping the laser wavelength. The photonic output is fed to the lock-in amplifier where the
Coriolis component is separated from the quadrature component. Due to the RF connecting cables
and fibers, full 360° rotations for the rate table are not allowed. Instead, the input rotation is applied

as a sinusoidal oscillation of fixed frequency (2 Hz) and variable amplitude.
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The SF can be extracted for each AOG as the slope of the straight line in Figure 6.12-a. The
measured SFpp.mzi=48 nV / (°/sec) in the case of the PP-MZI is higher than that of the RT SFrr=9
nV / (°/sec) with the ratio SF,, ,,,, / SF;; =5.3. The theoretically predicted ratio can be calculated

as the ratio between the two gain factors (see Figure 6.12-b)

SFPP—MZI — GPP—MZI — i —
SF,, Gy, 0.7
The small discrepancy between the theoretical prediction and the measured value is attributed

29 (21)

to the tolerance in the chip coupling loss between the two chips due to the optical fiber alignment
(~3 dB). These experimental results showcase the first demonstration of an AOG and confirm the
validity of our proposed analytical model of the device, especially in regards to the various

photonic sensing techniques.

(a) (b)
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—PP-MZI Fitting ot
4 + RT Measurements
—RT Fitting

0 20 40 60 80 100 ) _ _
o
QZ (" / sec) r
Figure 6.12(a) Measured output voltage as a function of rotation rate together with fitting to extract the scale factor for each

AOG. (b) Theoretical comparison between various photonic sensing techniques.

As a conclusion, novel rotation sensing technique based on the acousto-optic effect is
developed. Three different photonic phase sensing techniques are considered for comparison.
Analytical and numerical analysis is considered studying each technique. The manufacturability
of that novel device is ensured by developing a fabrication process that integrated acoustics and
photonics on the same LNOI platform. The experimental results not only presents the first
demonstration for the AOG but also verifies our theoretical study and shows that recently
demonstrated low losses waveguides in that platform will open the door to highly sensitive, really

stable strain based MEMS gyroscopes.
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