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Abstract

The overall objective of this thesis is the development and implementation of a
high accuracy transfer printing (TP) technique for the micro-assembly of integrated
photonic devices. The method has particular relevance for the integration of hybrid
photonic waveguides, and enables the production of passive/active photonic circuit
technologies in a parallel and scalable manner.

The initial work involves the design of an optical microscopy based absolute cross-
correlation alignment technique utilised within a custom-built TP system. Following
this, the statistical characterisation of the method, with the measured absolute po-
sitional accuracy of fully fabricated devices integrated across multiple substrates is
achieved. An absolute lateral alignment accuracy of £385 nm (3¢) and rotational
accuracy of £4.8 mrad (30) are demonstrated. This is reported as the highest lateral
alignment accuracy to date for transfer printing, lending itself a significant advantage
for the micro-assembly of optical waveguiding components.

Utilising the high alignment TP system, the micro-assembly of fully fabricated
single-mode Si membrane micro-ring resonators on a target silicon-on-insulator (SOI)
substrate is presented. The ultra-thin membrane resonators are vertically integrated
with Si bus waveguides situated on a receiver SOI chip in a highly controllable
manner, demonstrating variation in resonant coupling conditions with respect to the
lateral coupling offset. Further to this, the TP method provides a means to produce
3D device architectures without any limiting multi-step full wafer bonding methods.
By vertical assembling 3D stacked membrane devices, a 100 pm? SOI distributed
Bragg reflector (DBR) is produced taking advantage of high lateral and rotation
placement accuracy. The structure exhibits a visible wavelength reflectance band in
agreement with theoretical simulations.

The micro-assembly of hybrid AlGaAs-on-SOI micro-disk resonators is also pre-
sented, demonstrating the highly controlled integration of pre-fabricated waveguide
devices across multiple material platforms. Control over the integrated resonator’s
vertical and lateral coupling to the bus waveguides enables the precise and selective
excitation of different mode families within the resonator cavity. By using the high
accuracy TP method, the vertical micro-assembly of hybrid micro-disk resonators
also allows selective mode coupling, with loaded Q-factors reaching ~40,000. The
unique advantage of the assembled devices however come from the ability to perform
x® nonlinear processes on SOI without being limited by two-photon absorption and
free-carrier losses. Four-wave mixing is shown with efficiency levels of -25 dB at a low
input power of 2.5 mW, with a nonlinear coefficient of 325 (Wm)~1 demonstrated.
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The measured nonlinearity is comparable to its monolithic silicon counterpart, whilst
also detailing a clear reduction in the nonlinear losses inherent to this material plat-
form.
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Chapter 1

Introduction

1.1 Role of optics in future information and com-

munication technology

The expansion of the digital world is happening at a considerable rate in recent years,
with billions of consumers alongside businesses and corporations collecting, sharing
and storing massive amounts of information with the continuous pursuit of ever
increasing performance levels [6]. This requirement for growth, combined with low
power processing capabilities, has encouraged the production of more complex and
dense multiprocessor chips. However, the interconnections between the sub-systems
on-chip are starting to inhibit the continued system growth [7]. Many industrial
companies are looking at new technologies to help increase bandwidths and reduce
power consumption levels in order to keep up with current demands, with increasing
focus on the development of chip-scale optical networks as a potential solution.
Optical fibre technology has already surpassed electronics with its use in long-
haul communications [8]. As the performance requirements continue to increase,
the use of optical technology has become prevalent for shorter and shorter links
making use of optic’s high bandwidth operation, capacity, and low power dissipation

which has already made it such a key resource in long-haul transmission networks



[9]. With regards to achieving this, one of the current challenges in photonics is the
development of power-efficient and high-speed chip-integrated optical devices [10],

otherwise known as photonic integrated circuits (PICs).

1.2 Photonic integrated circuits

A PIC is an optical system integrating multiple optical/optoelectronic components
onto a single platform for higher functionality, in a similar fashion to an electronic
integrated circuit. Prior to PICs, optical systems typically consisted of discrete com-
ponents communicating through point-to-point interconnections, using optical fibres
to move information direct from transmitter to receiver. This approach satisfied low-
level systems, however as the complexity and sophistication of system architectures
increased alongside the performance requirements of current and predicted future
networks, issues such as power consumption and scalability began to push networks
to their limits.

The fundamental advantage of PIC architectures is the dense integration of op-
tical components all into one common substrate, enabling the same scaling benefits
in the manner of Moore’s law for microelectronics to optical components helping
increase performance levels. The implementation of many optical functions such as
lasing, modulation, (de)multiplexing, and detection all into a single fibre-coupled
platform can help address specific network scaling issues through the reduction of
space and power requirements, simplifying the system design to improving reliability,
all whilst reducing the overall system manufacturing costs [11]. The development of
current PIC systems have already shown promise in applications ranging from multi-
channel wavelength division multiplexing (WDM) [12], optical telecommunications

[13], short-haul communications [14, 15|, to lab-on-chip [16, 17]. Further to this,



the ability to merge PIC technology with electronics can be utilised to provide high
functionality communications devices by taking advantage of the large data rates
and high packing density of optical interconnects [18].

The manufacturing of PICs is still quite limited however, with one reason linked
to the material systems’ complexity. There has been large focus on both silicon and
indium phosphide (InP) as promising platforms. An advantage of InP is that it can
monolithically produce both passive and active components in the same substrate.
One example of this being the production of PICs for extremely high data rate
telecommunication networks with multi-Th/sec capacities [19]. However, its lack of
CMOS fabrication compatibility limits its manufacturing scalability and makes it an
expensive option. There has also been a significant amount of interest with the use

of silicon as a technology platform for future PICs.

1.2.1 Silicon PICs

Silicon-on-insulator (SOI) is a mature platform gaining a large amount of attention
for its use in integrated photonics. This is partly due to its optical properties, with
transparency across the telecommunications band (1270 nm - 1620 nm) due its in-
direct bandgap of 1.1 eV, along with its high refractive index contrast between the
silicon and insulator cladding, 3.45 and 1.45 respectively. Such properties enable
the production of highly compact and low-loss waveguide networks. Further to this,
it exhibits a large x® nonlinear susceptibility, which when combined with the ex-
tremely small device footprint, can produce low power nonlinear effects [20]. SOI
is also CMOS-compatible, therefore it can be manufactured at low cost and adapt
easily to the current infrastructure in place for the production of high performance

electronic systems-in-package. The fabrication of SOI large-scale PICs (LS-PICs) has



already been achieved with systems containing up to 12000 integrated optical de-
vices, demonstrating a nano-antenna phased array for complex holographic imaging
[21].

The realisation of most LS-PICs requires the dense integration of a wide range
of both passive and active optoelectronic devices from multiple different platforms,
with one example for applications into high data rate communication networks re-
quiring a highly dense wavelength division multipling (WDM) passive system as
well as active transmitter and receiver components [22]. The SOI platform has the
capacity for nearly all optical functionalities specific to PIC systems offering an al-
most complete suite of optical components, including passive components such as
filters, (de)multiplexers, splitters, and active components such as modulators and
photodetectors [23]. However, silicon’s inability to produce efficient light generation
components, as well as its lack of x(?) nonlinearity inhibits the production of many
important photonic components required for future LS-PICs. What is required is
a platform with the passive component performance and CMOS fabrication of Si,
whilst also providing the desirable active optics necessary for LS-PIC technologies.
One method of achieving this is through heterogeneous integration of multiple optical

materials.

1.3 Heterogeneous integration

Heterogeneous integration in photonics is the combination of two or more materials
on a single chip, producing a hybrid platform incorporating the unique optical prop-
erties of each material. The technique has already been used for the production of
hybrid silicon PIC technologies [24], with one example demonstrating the integra-

tion of Si and a III-V semiconductor material (InP) combining the passive component



performance of Si with the light generation capability of InP [25]. There are several
different competing integration methods which are explained in this section: flip chip
bonding, hetero-epitaxial layer growth, wafer bonding, and more recently, transfer

printing.

1.3.1 Flip chip bonding

Flip chip bonding is the alignment and integration of two fully fabricated circuit
systems, where one chip is flipped top-down and bonded in contact with a second
chip. This can be achieved by wafer-to-wafer surface integration, or by aligning sol-
der bumps and bonding pads with a final high temperature re-flow bonding each
together. The integration method is a well-established procedure used through-
out microelectronics and photonic systems. In microelectronics, it can be utilised
to bond electronic chips and components components directly to external circuitry
with micron scale accuracy [26]. Whilst in photonics, past research includes the in-
tegration of laser diode and VCSEL arrays with SOI PICs to produce multichannel,

high density light sources [27, 28].

on chip

on carmer / interposer

Figure 1.1: Schematic illustration of a waveguide flip chip assembly technique.
With the schematics showing the structure (a) prior to assembly and (b) after as-
sembly. From [1]



Flip chip bonding has the advantage that all devices are fabricated on their na-
tive platforms prior to integration, however requires precision alignment for efficient
device integration. Further to this, having multiple solder bumps and bonding pads

can account for a large chip-area limiting the achievable device packing density.

1.3.2 Hetero-epitaxial layer growth

Heteo-epitaxial integration involves the growth of non-native materials directly onto
the main material platform, followed by subsequent fabrication steps to produce
hybrid integrated components. Hetero-epitaxial growth allows for the front-end,
wafer-scale integration of III-V materials onto SOI making it a potential method of
producing hybrid PICs. The technique has previously been demonstrated for InP
distributed feedback (DFB) laser arrays grown and fabricated directly onto the SOI
platform without a buffer layer [2], as well as being widely used for the integration

of NW lasers [29, 30].

(i) TMAH
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DFB cavity
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(v) Si
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Figure 1.2: Schematic illustration of an epitaxial grown InP-on-Si laser and relevant
fabrication process flow. From [2]

As the system is back-end processed, such that there includes fabrication after the

material growth, the fabrication enables extremely high device alignment essential
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for the facilitating of efficient coupling waveguiding devices. However, each specific
hybrid platform requires its own growth process with many still in early develop-
ment, with the manufacturing of high quality III-V layers onto silicon as well as the

integration within current silicon foundries both on-going challenges.

1.3.3 Wafer Bonding

Wafer bonding is a method of integrating high quality I1I-V layer stacks from their
native growth substrate to a receiver chip by the bonding of wafers prior to back-end
processing. Either full wafer bonding, multiple die-to-wafer bonding, or individual
die bonding can be achieved dependent on the component count and area of integra-
tion required, with multiple mechanisms used such as molecular [31], adhesive [32],
anodic [33], and metallic bonding [34] depending on the material composition or
specific requirements of the system. After the interface bond is achieved, the growth

substrate will be removed followed by the fabrication of the desired components,

figure 1.3.
IV unprocessed
die
\/ IV substrate IV components
SOl processed | die bonded removal post-processed

( (b) (¢)

a)

Figure 1.3: Schematic of a die-to-wafer bonding process; (a) an unprocessed I11-V
die is bonded to a fully processed SOI receiver; (b) the III-V growth substrate is
removed; (c¢) device components are fabricated into the remaining III-V core layer,
including any further fabrication steps i.e. metal deposition.

Wafer bonding has been used for the fabrication of a wide range of optical PIC

components. Some of these include a hybrid ITI-V-on-Si nanolaser integrated for use
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in on-chip data communications [35], to on-chip hybrid photodetectors [36], and the
development of a I11-V-on-Si transceiver for both chip-to-chip and on-chip optical in-
terconnect technologies [37]. Although there has been successful development across
a variety of state-of-the-art demonstrators, the technique has several issues with
regards to large-scale manufacturing. Firstly, the method prohibits the dense co-
integration of many different material layer structures at the same time onto a single
SOI platform, with integrated wafers/die minimum dimensions in the millimetre-
scale. Further to this, the final device fabrication is achieved post-bonding such that

the technique is not compatible to full CMOS foundry processing.

1.4 Transfer Printing

Transfer printing (TP) is an integration method permitting the wafer-scale parallel
assembly of micro/nanoscale devices across almost any material platform in a het-
erogeneous fashion. It was first developed by John Rogers group at the University
of Illinois, with the desire to integrate thin-film flexible integrated electronic and
optoelectronic circuits [38, 39]. Since then, it has been implemented for many device
types spanning active nanomembrane laser sources [40], micro-LED displays [41],

and photodetector technologies [42].

1.4.1 Transfer print procedure: advantages and challenges

The TP process involves the removal of coupons/devices from their donor material
platforms, followed by the integration with pre-processed components situated on a
receiver PIC in a wafer-scale parallel and scalable operation, as shown in figure 1.4.
The device fabrication is achieved in a dense array on the native platform, with sparse

integration of selected devices on the receiver cutting down on material wastage



and overall manufacturing costs. The availability to fully fabricated components on
their native platforms prior to the printing procedure means the fabrication is not
limited by wafer mechanical and chemical instabilities, as well as providing the ability
to combine CMOS-compatible material platforms with non compatible materials.
Further to this, the printable coupon sizes can vary from sub-micron up to mm-scale
dimensions. TP is implemented through the use of an elastomeric stamp, adhering
to the coupons and enabling the highly controllable pick-and-place across multiple
substrates in a non-destructive manner. Specially designed stamps can pick-and-
place either individual devices, or provide the parallel integration of many devices
in a single operation [43], with the highly compact integration of devices spanning
across many different material platforms possible. The advantages of TP depict it
as a potential future technology for the development of wafer-scale PIC technologies

for a wide range of applications.

Device pick-up Device placement

Devices

Receiver

(@ (b)

Figure 1.4: Schematic illustration of the transfer printing procedure. (a) Fully
fabricated device is selectively picked up from donor chip using a PDMS elastomeric
stamp. (b) Device is released from stamp and bonded to receiver chip, where it is
coupled to pre-fabricated receiver components.

An open challenge for TP has been the realisation of passive/active waveguide
PICs, requiring the ability to perform nanoscale device alignment as a means to

efficiently couple integrated waveguiding devices, reducing losses through lower po-



sitional misalignment. The measure of transfer printing alignment accuracy is given
by a device’s relative misalignment from its expected printing position, which can be
measured in both lateral and rotational dimensions. The alignment accuracy is typ-
ically measured by using an empirical (30) error based across a sample of repeated
instances of printed device misalignments. The 30 error is defined by the error band
in which three standard deviations (o) of the mean error value () lies within, which

is 299.7 % of all measured values. The standard deviation is given by:

2 |w = pf?
o=\ Ty (1.1)

where N is the total number of measured values. The 3¢ error is an independent
measurement for both lateral and rotational dimensions.

Current research groups have only demonstrated absolute alignment accuracy of
devices limited to £1.5 pm (30) [44]. So far, such waveguide coupled devices have
required either post bonding fabrication processing steps to lithographically align
structures [45], or the design of tapered couplers to decrease the necessary alignment
tolerances [46]. A reliable TP method providing nanoscale device integration avail-
able to a wide range of device architectures without inhibiting CMOS fabrication is

key in providing a solution to this challenge.

1.4.2 System components

There are several components making up the utilised TP set-up, illustrated in figure
1.5. The machine is a modified Nanolnk dip-pen lithography tool, with a further

description of the Nanolnk system provided in section 1.4.3.
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Figure 1.5: (a) Image of modified Nanolnk tool with magnified view of sample
holder and stamp. (b) Schematic illustration detailing the different components in
which the TP system is composed.

The components of the set-up are listed:
Integrated microscope
This section contains a high resolution camera, optical column and an objective lens
allowing high magnification of the samples with a field-of-view (FOV) ranging from
844 pm x 629 pym to 143 pm x 110 pm. The imaging set-up position is fixed in place
above the assembly area providing a stationary, real-time optically resolved view of
the pick-and-place procedure, as well as the ability to capture top-view images and
recordings.
Stamp
The TP relies upon the use of a specially designed elastomeric adhesive stamp to
pick-up the coupons of material from their source wafer, followed by the printing
within the non-native receiver target. This is further explained in section 1.4.4. This
section is composed of a PDMS stamp, bonded to a glass coverslip and situated

between the stage and optics with the samples illuminated and imaged through the
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transparent stamp. It is a stationary component of the system, fixed in position by
a magnetic holder to the base of the set-up as shown within the inset of figure 1.5a.
Sample holder and stages

The final section contains the stage and sample holding block. The translation stage
is the only moving part in the set-up, and is used to align and bring devices into
contact with the stamp in order to both release and bond to the receiver. The
samples are wax bonded to the holding block prior to TP, with the holder locked
into place on top of the stage causing each move of the stage to move the samples
in tandem, providing high positional control over the sample placement within the

system.

1.4.3 Nanolnk NLP 2000 nanolithography system

The custom-built TP machine used throughout this work is a modified commercial
dip-pen nanolithography system (Nanolnk, NLP 2000) where the initial application
was the controlled deposition of inks with sub-micron precision and accuracy using
specially mounted AFM micro-tips. Dip-pen lithography has been used for many
applications such as multiplexed patterning of hydrogels with accompanied floures-
cent dyes [47, 48] and the direct assembly of single-walled carbon nanotubes [49]
demonstrating the systems flexibility. The system contains a stationary optical mi-
croscope system with a sub-pum optical resolution, providing digital control over both
the magnification for FOV variations and focus. This combined with a high preci-
sion 5-axis translation stage, covering lateral, rotational and tilt movements, with a
lateral position accuracy of £25 nm and optical encoder resolution of 5nm enables
the accurate position of objects over an area of £10 cm. It is controlled by an easy

to use GUI, which can be programmed for automated use.
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Rotation stage

The rotational control was previously limited to manual rotational movements of the
samples of interest relative to each other and the stage by using hand held tweezers.
The work detailed in this thesis is highly dependent on the precision control of the
sample and stage relative rotation. This was accounted for by adapting the current
stage set-up by the fitting of a commercial high precision rotational controller. The
implemented system is a rotary positioner (Smaract, SR-2013) with a diameter of
15mm slotting easily into the current system and requiring minor changes to the
initial design without reducing on any current precision capabilities. The rotational

accuracy is <35 nrad with a closed-loop rotation control.

1.4.4 PDMS stamp development and printing technique

The benefits from TP are reliant on the ability to move devices from their native
wafer to a target substrate in a precise and repeatable manner. To achieve this,
a great amount of thought has to go into optimising the pick-and-place procedure,
with the key component being the elastomeric polydimethylsiloxane (PDMS) stamp.
The following sections detail the stamp development as well as specific printing

techniques.

Fabrication

There are two stages in the stamp fabrication: Firstly, the development of a re-usable
stamp mould cast providing a hollow negative reproduction of the stamp geometry.
Secondly, the pouring of PDMS into the mould, such that when cured the PDMS

will form a finished stamp head. This full procedure is shown in figure 1.6a-d.
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(c) (

Figure 1.6: Stamp fabrication process. (a) Si wafer is patterned with a layer of
silica, leaving square vias exposing the silicon. (b) The Si wafer is etched producing
the corner pyramidal micro-tips, making use of the silicon 100 wafer etch planes.
(¢) SU-8 patterning of PDMS pouring to produce stamp head. (d) Removal of
PDMS cured stamp from the mould cast. (e) SEM image of stamp head containing
pyramidal features at each corner. Adapted from [3]

The stamp mould process begins by the deposition of a silica etch mask onto
a Si (100) wafer, such that the openings match precisely to the crystallographic
planes. A Potassium Hydroxide (KOH) etch of the Si follows the crystal lattice of
the wafer, as to produce pyramid features in the exposed Si squares. By coating
with an SU-8 photoresist the stamp head region is formed, with the mould ready for
the PDMS pouring stage. PDMS is an organic silicone-based polymeric material.
It is optically clear, and is known for its conforming and deformable nature. The
production of PDMS begins with the mixing of a base material and curing agent.
The weight ratio (base:curing) between both components control the PDMS rigidity
and surface adhesion, with a ratio of 6:1 providing a more rigid PDMS than 8:1.
Prior to annealing, the liquid mixture is poured into the stamp mould where it
conforms to the stamp imprint. The mixture is thermally annealed over a set time
before being released from the mould, where the end product is a solid and clear
viscoelastic material, figure 1.6e. This structure is then wax bonded to a solvent

cleaned coverslip ready to be attached to the TP system.
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Reversible adhesion transfer printing

PDMS is viscoelastic meaning it exhibits both viscous and elastic attributes sensi-
tive to the deformation rate, causing the adhesion forces between stamp and solid
objects to become a kinetically controllable process. This is advantageous for TP,
which requires both the ability to pick-up a device through strong adhesion to the
stamp, as well as releasing it from the same stamp on demand. Two specific stamp
designs and techniques are used throughout this work, reversible adhesion control

and competitive adhesion.

POMS stamp compression

- Wetsms > i
* T
50 pm
(k)
A POMS stamp relaxation
' | hr'\'q.—ut'p ' I
50 pm 5 pm ERm'q.—ut'p
(a) (e

Figure 1.7: (a) Cross-sectional schematic of the TP stamp with labelled param-
eters. (b) An illustration of the initial stage of the reversible adhesion procedure,
showing the stamp collapsing onto the object surface maximising the stamp-to-object
interface adhesion. (c) Illustration of the stamp relaxation, minimizing the stamp-
to-object adhesion enabling the objects release. Adapted from [4]

Reversible adhesion transfer printing refers to the process of varying the stamp
to device adhesion force in order to both pick-up a device from its initial substrate,
and release it onto a secondary substrate within the same process. The stamp head
design can be adapted as to control the reversible adhesion properties of the stamp,

with one specific design being a stamp head containing pyramid micro-tip structures
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as shown in figure 1.7 [4]. As the stamp is placed into contact with the device, the
compressive force causes the pyramid tips to flatten until the stamp roof collapses
onto the device surface. The stamp collapse adheres the underside of the stamp
to the device with a large contact area causing a high adhesion level between the
two surfaces. Due to the PDMS viscoelasticity, during any quick forces the PDMS
stamp will act as a solid followed by a slow return to its initial conformal state.
Such as, a quick retraction of the stamp from the surface allows the device pick-up
to be performed during the high adhesion state helping the release of the device
from its initial substrate. Following this, the reversible adhesion protocol requires
the reduction of the surface area lowering the stamp/device interface adhesion. The
strain introduced by the pyramid features help promote the stamp retraction from
the devices surface over a relaxation time of several seconds. This substantially
reduces the contact region with the device solely held in place by the pyramid tips
of the stamp head, as shown in figure 1.7c. With the reduced contact area, the
stamp-to-device adhesion is now at a low enough level to allow bonding of the device
onto the receiving substrate.

To successfully utilise reversible adhesion requires the ability to switch between
competing compression and relaxation states of the stamp. This can be controlled
by altering the stamp dimensions, with the pyramids having a height h,,;crotip, Width
Wnicrotip, ald tip radius Riyicrotip Whilst the stamp head has an overall width of Wgm,
as detailed in figure 1.7a. The stamp head will collapse onto the device surface over
a length given by 2cwsiamyp, With the factor of 2c representing the collapse percentage
on the stamp surface. This will in turn yield a total potential energy U,y within

the system of:
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Utotal - Ucollapse - QC-wstampFa (12)

with Ueouiapse the strain energy, and I' the work of adhesion [50]. The percentage
of the roof collapse (2¢) is determined by minimizing the total potential energy
(dUyptar/de = 0), which is in turn dependant on both the ratio of the pyramid radius
of contact to stamp head width (Riicrotip/Wstamp) and the ratio of the adhesion

energy to strain energy due to the collapse, given by:

3.F.wstamp

E.h? ’

microtip

(1.3)

in which E is the Young’s modulus of the stamp material. For an overall positive
potential energy the stamp will not remain collapsed on the device surface and
instead can relax back to its initial shape, allowing reversible adhesion to take place.

Reversible adhesion is used in order to transfer print micro-disk resonator struc-
tures across multiple chips, chapter 4. The limited surface area of the micro-disk
structures reduces the total adhesion force to the receiver substrate. Therefore,
the stamp design has to be carefully tailored to minimize the contact area to the
micro-disk in order to reduce the bond strength. By reducing the stamp-disk bond
strength reversible adhesion transfer printing can be achieved for even ultra-small
footprint devices. A PDMS curing ratio of 8:1 is used in order to promote the stamp

conformation and subsequent retraction.

Competitive adhesion transfer printing

Competitive adhesion is a much simpler mechanism than reversible adhesion. There-

fore, if properly optimised as a TP technique it can contribute to an extremely robust
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and repeatable procedure. However, the process does require much stricter interface

conditions in order to work.

@) Stamp (i) ’

e
Device £
Donor\d/—“ / it

(iv) (iii) Receiver

(a)
Figure 1.8: (a) Schematic of full competitive adhesion TP protocol. (i) Stamp is
placed into contact with the device situated on the donor chip. (ii) A quick retraction
of the stamp removes the device from donor chip where it is now bonded to the stamp
head. (iii) The stamp/device is brought into contact fully with the receiver chip. (iv)
As the stamp is removed, the receiver/device adhesion overcomes the stamp/device

adhesion causing the device to bond to the receiver chip. (b) Top-view optical images
corresponding to each separate stage of the TP procedure ((i)-(iv)).

It relies on several mechanisms. One is the varying adhesion properties of both
donor and receiver as a function of their interface to the device. The second is the
PDMS stamp’s kinetically controlled viscoelasticity, with the procedure as follows,
and depicted in figure 1.8. Firstly the stamp, containing no pyramidal structures,
is placed into contact with the device. The van der Walls interactions cause the
stamp to conform and fully collapse onto the surface producing an intimate bond
between both interfaces. A high release velocity of the stamp-to-surface promotes a
strong adhesion which overcomes the substrate/device adhesion to release the device
from the surface. If the device is suspended, this stage can be further controlled by
varying the support anchor dimensions as to reduce the forces necessary to break

and release the device. The second stage is the release procedure, and relies on the
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device/substrate interface. If the device/substrate interface adhesion is preferential
to the device/stamp interface, a sufficiently slow release of the stamp will allow the
device to separate and release onto the substrate surface. One crucial factor is the
PDMS adhesion stength. It is required that the stamp/device adhesion strength
lies between both the device adhesion to donor (lower adhesion) and receiver (higher
adhesion), controlled by varying the ratio of PDMS to curing agent during the stamp
fabrication.

In this work, the competitive adhesion technique is used for the ultra-thin silicon
membrane devices detailed in chapters 2 and 3, supported by their high surface
quality and conformal nature which produces an extremely high adhesion to the

receiving surface. The PDMS curing ratio used is 6:1.

1.5 Photonic devices

Throughout this thesis, the most commonly used photonic device is known as an
optical waveguide. These come in many forms, from straight waveguides, ring res-
onators, and WGM disk resonators and are used for a range of passive and active PIC
components, such as optical interconnects, (de)multiplexers, modulators, and optical
filters. With device geometries at the sub-micron scale, the requirement for a high
precision integration scheme is key for the efficient incorporation within PICs. As
such, this makes them perfect tools for the characterisation of the newly developed

high accuracy transfer printing method.

1.5.1 Optical waveguides

Optical waveguides are used for the on-chip confinement and transmission of light

across a given distance, ranging from pm-scale in integrated photonic systems to
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km-scale in long-distance fibre optics. They are generally composed of two materi-
als, a high refractive index core region and a lower refractive index cladding with
light propagating within the core in the longitudinal (z) direction. Many different
waveguide architectures exist, and throughout the work we will focus on chip-scale

waveguide structures as shown in figure 1.9.

2 Ridge waveguide Rib waveguide

e [ core
Ncladding

Figure 1.9: Schematic illustration of different optical waveguide types; (a) ridge
waveguide; (b) rib waveguide. Core layers refractive index (ng..) is larger than
cladding refractive index (n¢qdding) Within both designs.

The two geometries in figure 1.9 are channel waveguides. In channel waveguides
light is confined within the transverse (x,y) directions with a corresponding refractive
index profile given as n(x,y). For the ridge waveguide, the high refractive index core
is situated on top of the lower refractive index cladding layer and the three remaining
sides are air clad in order to produce a high optical confinement. The rib waveguide
contains a high refractive index slab region separating the core and substrate, with
light confined partially between both regions. The ridge design is used for the all-
pass resonator bus waveguides throughout this work, whilst the rib waveguide design
enables the production of the shallow-etch silicon suspended membrane devices as
further detailed in chapter 3.

The lateral confinement of guided waves within the waveguide structures exist in

the form of guided modes or ”standing waves”, which have a transverse field pattern
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whose amplitude and polarisation profiles remain constant along the propagation
direction [51]. The only criteria allowed to vary in propagating modes are the overall
phase, as well as any loss or gain of the total optical power which are properties
related to the propagation constant. When considering a two-dimensional refractive
index profile n(x,y), the electromagentic field components of the guided modes are

found in the form:

EU ($a y; Z? t) = SU(ZL', y)e(iﬁuz—iwt)7 (14)

Hv<x7yaz7t) = Hv(x7y)6(iﬁvz_iwt)7 (15>

where v is the waveguide mode index, &,(z,y) and H,(x,y) are the relevant field
profiles, and (, is the waveguide mode propagation constant. If the propagation
constant is far from the cut-off state (8, ~ kony) the light is guided, where kg is the
free-space propagation constant (kg = w / ¢) and n is the cladding refractive index.

Marcatili’s method is an approximate analytic method which desribes the be-
haviour of light propagating in a rectangular channel waveguide. It is used to derive
the propagation constants and effective (modal) refractive index of guided fields of
rectangular channel wavegudies based on the separation of the spatial variables (x,y)
[52]. The model treats the waveguide core as having a rectangular cross-sectional
geometry of refractive index n; with height a; and width a,,, whilst the surrounding
region is split into transverse quadrants with refractive indices ny 345 as depicted in

figure 1.10.
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Figure 1.10: Cross-section of a rectangular waveguide illustrating the core (blue)
and cladding refractive index regions. The high refractive index is given by n;, low
refractive indices for each cladding region as ns345 and a,, a;, are the waveguide
width and height.

The model requires the appropriate boundary conditions between the core and
cladding region, as stated:
(i) The tangential components of both the electric field E and magnetic field H must
be continuous across the core cladding interface.
(ii) The normal components of the electric displacement D and the magnetic induc-

tion B must be continuous across the core cladding interface.

The derivation of the longitudinal propagation constant k, and the effective re-

fractive index are given as:

ko = (ka? — k2 — k27, (1.6)
kA
neff = o s (17)

where k, and k, are the transverse propagation constants in the z and y plane,
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which are stated below:

As+ A5\
k, = pr <1 + g) ’ (1.8)
Qo Ty
—1
2A 2A
k;y:ql<1+”2 24 4) : (1.9)
ap, N1 ap

with p and ¢ indicating the number of extrema of the sinusoidal field components

within the waveguide core, and the values of the field amplitude of each region As 3 4 5:

A

2(n?% —n23452%)

(1.10)

A2,3,4,5 =

N

The guided modes are subject to electromagnetic field orientations known as
their polarisation states, with waveguide modes subject to polarisation in two direc-
tions, transverse electric (TE) and transverse magnetic (TM). The TE polarisation
is characterised by its electric field being perpendicular to the plane of incidence and
magnetic field lying in the incident plane. The opposite is true for TM with the mag-
netic field perpendicular to the plane of incidence and the electric field lying along
the incident plane. Control over the waveguide polarisation state is important for
a range of applications, such as coherent receiver technologies [53] and polarisation
multiplexing [54]. The fundamental polarised modes can be described by TEq, and
TMyo and correspond to the waveguide mode with the lowest critical frequency, with
figure 1.11 containing simulated mode profiles of both TEy and TMgq states for a

silicon waveguide with cross-sectional dimension of 220x500 nm at 1550 nm.
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Figure 1.11: Fundamental mode profiles for a silicon waveguide with a cross-section
of 220x500 nm at 1550nm input wavelength. (a) Fundamental TEq; (b) fundamental
TMjyg.

Optical waveguides can either be multi-mode or single-mode, controlled by the
waveguide cross-sectional dimensions and material composition of the core and cladding.
Multi-mode refers to a structure with a relatively large core diameter allowing prop-
agation of many modes at any one time. They are typically used for short-haul
communications as they can transmit a large amount of information, however over
larger distances can have high losses through mode cross-talk and dispersion effects
[55]. Single-mode waveguides have much smaller core dimensions. They only support
the propagation of one individual guided mode due to their compact size, removing
losses from modal cross-talk. They are generally favoured for integrated photon-
ics where they are valuable for applications such as chip-to-chip or on-chip optical
data links across generally longer distances than their multi-mode counterpart [56].
Throughout the work, SOI single-mode waveguides with TEq, are the most com-
monly studied. They are made up of a core of Si with refractive index of n=3.45
and a cladding of silica of refractive index n=1.44, both at A=1550 nm. For strip
waveguides, a top cladding is either composed of silica, a resist with similar refractive

index, or an air cladding. Due to the high refractive index contrast, the standard
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cross-sectional dimensions exhibited for Si waveguides are 500nm width and 220nm

height.

1.5.2 Resonators

Optical resonators are important components in integrated optics, primarily due to
their compact design capabilities and high versatility. They are used for spectral
filtering, with applications ranging from wavelength (de)multiplexers within WDM
systems [12] and network-on-chip matrix switches for photonic interconnection net-
works [57]. Further applications such as sensor systems take advantage of their
high sensitivity to environmental changes within a system [58], whilst their strong
resonant enhancement capabilities make them highly applicable in low-power chip-
scale nonlinear systems [59]. This section will briefly cover the background theory
of micro-resonators, focusing on standard all-pass micro-ring and disk resonators

coupled to bus waveguides.

Properties of all-pass resonators

A resonator is a device or system which exhibits natural oscillations at specific reso-
nant frequencies, producing higher amplitudes than non-resonant frequencies. These
oscillations can be in the form of mechanical (acoustic) or electromagnetic (optical),
with the primary use being the generation or selection of these specific frequencies
from a signal. An optical resonator is formed when a waveguide is looped, forming
a closed waveguiding geometry. When the resonator is put in close proximity (or
contact) with a second bus waveguide, the two components interact in such a way to
produce a coupling mechanisms enabling the routing of light on /off the resonator. An

optical resonator can satisfy any looped waveguide geometry, with standard all-pass
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ring resonator and disk resonator geometries shown in figure 1.12.
‘\

Input Pass

®)

Figure 1.12: Illustration detailing (a) an all-pass ring resonator with the single-
pass amplitude transmission a, the cross-coupling coefficient k£ and the self-coupling
coefficient r labelled; (b) an all-pass disk resonator.

When EM waves are coupled into the resonator from the bus waveguide, they
travel continuously around the cavity until they are either coupled back into the bus
waveguide or diminished through internal/external loss mechanisms. When they are
at a specific wavelength such that they fit an integer number of times inside the cavity
optical length they are in resonance with the cavity, the waves constructively interfere
causing an increase in the field intensity, otherwise it is off-resonance which causes
subsequent destructive interference which reduces the power within the cavity. The
transmission intensity of the bus waveguide when on-resonance sees a transmission

drop as the light is confined fully in the resonant cavity, detailed in figure 1.13. The
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resonant wavelength \,., of a resonator is calculated by:

NerrL
/\7‘65 = e/

m=1,23.. (1.11)

L is the cavity round-trip length and n.s is the effective refractive index, with
L x n.sf corresponding to the optical path length of the resonant cavity structure.
The final parameter is the integer number of wavelengths which make up the cavity
length and are given by m.

For a continuous wave operation, the basic output spectral properties of an all-
pass resonator can be written as the ratio of the transmitted field (E,qss) to the

incident field (E;nput) [60]:

, —re
FEpass I (1.12)

Einput 1 —rae¢’

¢=pFL is the round-trip phase shift of the circulating mode, a the single-pass
amplitude transmission, and 7 the self-coupling coefficient. The above equation
corresponds to the ratio of light which passes through the bus waveguide - without
interacting with the resonant cavity - to the light which enters the cavity due to the
coupling conditions of the system, and measures the output electric field intensity of
the resonator. Further to this, the ratio of the transmitted intensity to the incident
intensity - otherwise known as the buildup factor or transmission intensity - is given
by the squared modulus of equation and provides the output power of the resonator

system 1.12 [61]:

T Tpass % — 2racosd + r?

- . 1.13
Linput 1 — 2arcos¢ + (ra)? ( )

The two power splitting ratios of the system are the self-coupling coefficient r
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and the cross-coupling coefficient %, and satisfy r? + k% = 1, such that no losses are
produced within the coupler region. The all-pass transmission intensity equation 1.13
is used within this work to theoretically fit and characterise any produced resonator
devices.

The coupling factor falls within three regimes, under-coupled, critically coupled
and over-coupled. For the situation when r=a and ¢=0, the on-resonance intensity
of the transmitted light drops to zero such that it has a larger extinction. This case
is known as critical coupling, where the coupled power is equal to the power loss
within the cavity. The two other coupling regimes can be distinguished by the same
relationship, such that over-coupling of the waveguide/resonator is achieved for r >
a and under-coupled for r < a. Critically coupled resonator devices exhibit highly
sensitive variation in transmitted power based on small changes in the coupling
coefficient into the resonant cavity, this makes them typically suited for switches

and modulators [62].

Figures of merit

A resonators performance level is characterised using specific figures of merit relating
to the shape of the devices optical output, with this section detailing the range of
criteria which are commonly used which are shown in figure 1.13.

The full width at half maximum (FWHM) is the name given to the width of
the resonance dip at half of its maximum intensity drop value, used to measured
the resonance width. The derivation of the FWHM for an all-pass ring resonator is

given by:

(1-— m))\res2

mngLy/ra
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with L being the cavity lengths, and n, the group refractive index. A resonators
free spectral range (FSR) is given by:
)\2

9

It is a measure of the separation between two adjacent resonances produced by
a resonator, and is strongly linked to the resonant cavity length. Both FWHM and

FSR are defined by the group refractive index n, rather than n.y:

dneyy
d\ -’

Ng I?”Leff—)\o (1.16)

with n, also given by the ratio of vacuum velocity of light to the group velocity within
the medium (n, = i), with v, a measure of the velocity at which the envelope
of a propagating pulse travels. The importance of n, relates to the measure of a
devices dispersion which can significantly influence the resonant conditions. As it is
a measure of the variation in n. ;s over a wavelength range, a change in n.; primarily
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Figure 1.13: Theoretical transmission spectrum of a waveguide coupled to an all-
pass single-mode ring resonator with resonant wavelength depicted by a drop in
the output transmission intensity. The spectral features displayed include the free
spectral range, full width half maximum and the resonance extinction.
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There are two main parameters used for the characterisation of resonator per-
formance, the finesse (F) and the quality factor (Q-factor) with both utilising the
described figures of merit. Each are measurements of the resonance sharpness, how-
ever the finesse measures the sharpness as a function of the resonance separation and
the Q-factor as a measure of the central frequency component. For each parameter, a
larger calculated value corresponds to a resonator device with a higher performance

level. The relationship between the resonators FSR and FWHM defines the finesse:

FSR

= FWHM

(1.17)

Whilst the Q-factor provides a measure of the resonant wavelength with regards

to the resonance FWHM:

/\res

Q=

(1.18)

A ring resonators Q-factor can be characterised by two distinct configurations,
loaded and unloaded (intrinsic). The unloaded Q-factor is an independent measure
of the resonators internal properties, accounting solely for internal loss mechanisms,
whilst the loaded Q-factor is a measure of the full system, including such factors as
the coupling loss introduced by the bus waveguide. Overall, the losses experienced by
a resonator can be broken down into propagation loss, losses in the coupler section,

and bend losses and are summarised by:

AdB = ApropagationL + 2Acoupler + 4Abend7 (119>

with A,ropagation the propagation loss per unit length and expressed in (dB/cm),

Acoupler the coupler loss and Apenq the bend loss. The unloaded Q-factor will only

30



measure the propagation and bend losses produced within the resonator cavity, whilst
the loaded Q-factor measured everything. This work will focus solely on the loaded
Q-factor value as it provides a better representation of the resonant device and its
contribution within a larger system.

In the case of an all-pass ring resonator, the loaded and unloaded Q-factors can

be expressed by the following [63]:

_ mngLy/ra
Qr = O:]T)A (1.20)
Qui = 2% (1.21)

T 1+ VT,

where Qur 1 are the unloaded and loaded Q-factors, L is the ring length and T
is the normalised transmitted power at the resonance wavelength. For the unloaded
Q-factor, the + and - signs correspond to the under- and over-coupled regimes,
respectively. Equation 1.20 is used for the calculation of the Q-factor for all resonator
devices produced throughout this work.

Overall, the resonator theory within this section gives an understanding of the
spectral properties of both ring and disk resonator devices and their subsequent
measurement criteria. However, the implementation of disk resonators introduces

the concept of whispering gallery modes (WGM).

Whispering gallery modes

The definition of a whispering gallery mode was first introduced by Lord Rayleigh
who studied the phenomenon of the whispering gallery, the circular gallery running

around the interior of the dome within St. Pauls cathedral in London. It got this
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name because a whisper against its wall at any point around the circular dome
is noticeably audible at the opposite end of the dome when a listener puts their
ear up against the wall. This was due to the refocusing effect of the sound as it
travelled around the curved surface, combined with the constructive interference of
the signal at given intervals around the gallery [64]. Following this, it was proven that
such surface propagating modes can exist for electromagnetic waves within looped
cavities, and since then optical WGM resonator devices have been used for a wide
range of research spanning applications from nonlinear optics [65], as on-chip filters

and switches in optical communications [66], and even as microlasers [67].
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Figure 1.14: Transition of a normal looped waveguide mode into a whispering
gallery mode by a variation in the waveguide width, simulated with a bend radius
of 20 um. Plots contain the normalised field intensity as a function of the lateral
position from the resonator edge (0 um offset) for waveguide widths of (a) 500 nm;
(b) 1 pm; (c) 2 pm; (d) 5 um. The blue region represents the waveguide cross-
sectional width, with WGMs exhibited for width of 2 ym and upwards. The inset
contains the corresponding simulated mode profiles using a FDE mode solver.

The propagation of supported WGM in optical resonators comes into effect as
the width of the looped waveguide region is increased. The increased width changes
the supported mode profile which eventually leads to the structure becoming multi-
modal. However, if the core width is increased beyond a certain limit, a regime is
reached where the bend modes become guided solely by the outer periphery surface
with the inside surface interaction becoming irrelevant. This guiding mechanism is
what is known as whispering gallery modes [68], depicted within 1.14. WGM are

exhibited within disk resonators, however they can also be present in both spherical
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and toroidal shaped resonators with the ability to produce extremely high Q-factors

and low mode volumes [69].

. Disk cavity
Si

Silica Mode 2

(a) (b) ()
Figure 1.15: Simulated mode profiles for the fundamental and higher order WGMs
confined to a disk resonator, depicted by a disk resonator cross-section and top-view
of the field profile as the light travels around the cavity. Each resonator has an

azimuthal mode number of m=15, and a radial mode number of (a) N=1; (b) N=2;
(c) N=3.

In the same fashion as the fundamental outer periphery mode, higher order
WGMs can propagate within the cavity with shorter propagating circumference,
as shown in figure 1.15. For a growing mode number, the propagating wave expe-
riences a shift of the profile intensity maxima inwards into the cavity, an increase
in the exterior field intensity, and a wider radial profile causing an increase in the
mode volume. An advantage in utilising the higher order WGMs comes from the
reduction in the edge localisation, reducing the sidewall interaction which can lead
to the lowering of scattered loss, allowing a reduction in the fabrication tolerances.
Past research has shown that the higher order WGMs can also provide increased

sensitivity suitable for specific biosensing applications [70].
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The photonic device section provides insight into the understanding and char-
acterisation of resonator devices, focusing on the theory behind all-pass resonators
incorporating both ring and disk resonator geometries. The performance measure-
ments of resonator devices is utilised throughout the work by Q-factor calculations
where the produced devices are compared to existing monolithic and state-of-the-art

research.

1.6 Thesis outline

This work will be focused on the development of an integration method, utilising
the technique of TP, as a means to produce LS-PIC technologies. The main focus
will be on the development of a nanoscale alignment procedure to use alongside TP
allowing the efficient vertical integration of waveguiding components such as optical
waveguides and resonators across multiple material platforms.

The thesis will be split into several chapters. Chapter 2 will focus on the devel-
opment and implementation of a high alignment accuracy technique used alongside
a custom-built TP system for precision integration of hybrid passive photonics com-
ponents. This includes both systematic alignment accuracy measurements as well as
statistical analysis of device integration of the implemented alignment method.

Chapter 3 will focus on the vertical assembly of silicon ultra-thin membranes with
nanoscale accurate placement accuracies. Si membranes containing ring resonators
are micro-assembled with bus waveguides on a receiver SOI platform with controlled
lateral coupling gaps. The accuracy will be demonstrated through SEM image mea-
surement of the placement accuracy and the varying resonant coupling conditions
of each device with respect to the coupling offset. This is followed by a section de-

scribing the work into 3-D micro-assembly of stacked Si membranes, including the
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production of a stacked membrane DBR composed of a silicon and silica interlayer
structure of nanoscale thicknesses. The assembly technique demonstrates high lateral
and rotational placement accuracy across multiple layers, with the DBR exhibiting
reflectance across the visible spectrum comparable to theoretical simulations.
Chapter 4 details the micro-assembly of hybrid micro-disk resonators, with 11I-V
micro-disks TP to a Si bus waveguides on a non-native SOI platform. The controlled
lateral placement of the disks demonstrate the ability to selectively couple to different
mode families within the WGM resonators. Further to this, the hybrid device’s non-
linear capabilites are measured through FWM experiments, exhibiting high FWM
efficiencies at low input powers. After this, conclusions drawn from the presented

work are given, alongside descriptions of future possible research directions.
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Chapter 2

Nanoscale absolute alignment for

transfer printing

2.1 Introduction

Transfer printing (TP) is a promising micro-assembly technique for chip-scale inter-
gated optics, with research spanning a wide range of material platforms and device
technologies. Several demonstrations include integrated micro-LEDs [71], flexible
integrated circuitry [72], and the manipulation of nanowire lasers [73]. However,
the back-end integration of waveguide PIC technologies has not yet been fully capi-
talised. One main reason for this is the need for nanoscale precision integration when
considering the efficient coupling of multiple waveguiding layers, with the state-of-
the-art absolute placement accuracy of transfer printing limited at +1.5 pum (30).
Different techniques exist to reduce the alignment tolerances, such as back-end pro-
cessing [45] or the design of tapered couplers as a means to decrease the necessary
alignment tolerances [46]. However, to fully capitalise on transfer printing as a re-
liable method for the micro-assembly of waveguide PICs requires nanoscale device
placement accuracy.

A high precision cross-correlation alignment technique implemented within a TP
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system is presented within this chapter. The technique enables the alignment res-
olution to be reduced to below that of the current optical imaging limit, enabling
chip-to-chip absolute alignment. The chapter is split into four different sections. The
first section is an overview of cross-correlation alignment, with the characterisation of
an optimised alignment mark geometry for increased autocorrelation resolution. Af-
ter this, the implementation of correlation alignment into the TP system is explained,
with subsequent testing of the absolute systematic alignment accuracy achievable.
A chip-to-chip alignment procedure is explained, followed by the statistical analysis
and measurement of the absolute device TP placement accuracy of silicon membrane
devices between two SOI substrates. The final section details the implementation
of alternative cross-correlation alignment techniques for different device types, in-
cluding the cross-correlation alignment of free-standing disk structures and the high
accuracy TP of nanowires lasers (NWs) for the large-scale controlled manipulation

of NWs.

2.2 Cross-correlation

This section explains the technique of cross-correlation alignment, followed by the
characterisation of optimised alignment marks helping improve on the obtainable
resolution.

With the continual decrease in photonic component feature sizes, the demand
for increased resolution limits in lithography is extremely high. Particular interest
is paid to the alignment technology, as this plays a large part in the restricted res-
olution capabilities of the systems. As such, the development of a high precision
alignment technique for transfer printing can be heavily influenced by the devel-

opment of past optical and electron-beam lithography techniques. Many methods

38



exist, such as Moiré-based interferometry. This involves the superposition of two
periodic structures producing Moiré fringes, with the lateral misalignent measured
as a function of the phase relationship. This method has achieved alignment accu-
racies at the nanoscale [74]. Another method uses physical means to force structure
alignment, similar to flip chip bonding. Using micro-mechanical passive alignment,
pitted structures slot multiple wafers into place, side-stepping the optical resolution
of the imaging system [75]. Resolution using this method has been shown to be
below 200 nm as well as having a good interlayer bond quality.

In electron-beam lithography (EBL), it is possible to pattern nanoscale (sub-10
nm) features. This can exploited with nano-scale precision alignment across multiple
lithographic steps helping to produce extremely compact and complex photonic sys-
tems. One particular alignment method adopts correlation, with research employing
a cross-correlation algorithm as a repeatable, non-destructive manner to produce
absolute alignment accuracies below a nanometre [76, 77]. The goal of the following
work is to adapt cross-correlation as a solution to achieve optically resolved nano-

scale positional alignment with our custom-built TP system.

2.2.1 Overview

Cross-Correlation is a signal processing technique measuring the similarity between
two identical signals as a function of displacement between each [78]. The cross-
correlation scale ranges from -1 to 1 with identical signals producing a correlation
value of 1, which allows the relative positional measurement of two signals. This
technique is versatile and has been implemented within technologies such as single
particle analysis [79], and fingerprint matching [80]. It is interpreted by equation

2.1, in which A and B correspond to two signals. Signal A varies either by a time-lag
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or positional displacement with respect to a non-varying (stationary) signal B. The
cross-correlation value can be interpreted as an offset in an x and y displacement from
the initial position (i,j), where pa p and o4 p are the mean and standard deviation

of their respective signals A and B:

CO’I“?"(A, B)[I’, y] _ Zizl ZJZI(A(Z7']) - :U’A)(B(Z + .I',j + y) - :U’B) ‘ (21)

0AORB

The measurement accuracy is obtained from the resolution of the object displace-
ment. As such the alignment of two signals can be achieved over extremely small
length scales, which is what makes this a desirable technique.

Cross-correlation alignment as a function of positional displacement is used within

this research, and graphically shown for two objects A (grey) and B (red) in figure

2.1.
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Figure 2.1: (a) Schematic of cross-correlation as a function of object displacement.
(b) Cross-correlation strength as a function of object displacement.

When A and B are initially overlapped they have a correlation strength (%) mea-
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suring the similarity at that position within a fixed imaging region, with the initial
overlap position 0x,0y=0. The movement of object A adds a relative displacement
between the two objects, with the object similarity varying as a function of the dis-
placement. This is measured as a change in the cross-correlation strength (%). At a
specific displacement, the correlation will reach a peak when the objects achieve their
maximum point of similarity. This is illustrated by a plot in figure 2.1b where the
maximum correlation strength has been measured for both horizontal and vertical
displacements, depicted over a displacement range of several pum.

The particular alignment marks used for cross-correlation can significantly im-
prove or detract from the cross-correlation sensitivity and therefore the resolution
limit of the technique. As such, work has been carried out to determine the design

achieving highest sensitivity.

2.2.2 Alignment mark

In this section various different alignment mark geometries will be introduced, some
used for typical lithography processes whilst others which have been optimised solely

for cross-correlation. This is followed by the theoretical comparisons of each design.

Simple designs

A variety of different marker geometries have been used in both lithography and
wafer alignment processes [81]. These range from simplified shapes to more complex
geometric designs, with the most widely used based upon simple geometric shapes

composed primarily of rectangles and squares, with several examples shown in figure

2.2.
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Figure 2.2: Illustrations of a range of simple geometric alignment mark designs.
(a) Cross; (b) multi-layered cross design (black - layer 1; grey - layer 2); (c) periodic
lines (USAF resolution chart).

The advantage of such designs come from the ease of replication for high-yield
production of defect free markers, with the typical use for edge-detection overlay
alignment. The usage of high contrast materials and an optimised fabrication pro-
cess will improve the alignment capabilities, captilising on the simple design. Figure
2.2a depicts a cross structure composed of two orthogonal rectangles of identical
width and height with overlapping centres. An overlay of multiple crosses provides
edge profile information for both x and y directions, limited by the resolution limit of
the microscope and camera system. Slightly more sophisticated designs can improve
on the alignment resolution. Figure 2.2b is an alignment marker composed of two
sections situated on two different lithography layers. For example, the pattern of
squares may be written in a first lithography stage. The cross pattern is incorpo-
rated in the mask for the second lithography stage. Alignment of the second stage
mask to the already realised first layer features is achieved by aligning these two
patterns in the lithography system, typically using an optical microscope. This type
of complementary pattern is commonly used for multi-layered alignment processes
in photolithography. The overlay of the simple designs creates a third more complex

alignment mark. One strategy to improve the alignment resolution is the increase in
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number of edges, such as the design shown in figure 2.2c. The increased number of

lines will improve on the overall positional information which can be extracted.

Complex designs

More sophisticated marker geometries can be implemented to further improve align-
ment resolution, this has been previously achieved for cross-correlation alignment
within EBL systems [76, 82]. Several design conditions help optimise the corre-
lation sensitivity of the alignment mark. Firstly, the alignment mark requires a
sharply peaked autocorrelation signal [83], indicated by a broad spectral density.
This is achieved by having a large frequency range implemented within the signal.
With regards to a two-dimensional pattern, to fully incorporate this requires a non-
centrosymmetric pattern, which is aperiodic in nature.

There are a number of alignment mark designs exhibiting this aperiodic charac-
teristic, several are shown in figure 2.3. Figure 2.3a is a design based upon a Barker
sequence [84], a finite sequence of integers each having a value of +1 or 0. Its ideal
autocorrelation properties are depicted by its relatively uniform distribution of infor-
mation. Further to this, it’s easily fabricated by standard lithography processes. As
both the x/y-axis positional information are separate, a Barker sequence alignment
mark is required using multiple rotated sequences. Figure 2.3b details a fractal pat-
tern known as a Sierpinski carpet, which includes a self-similar design of squares at
increasingly smaller scales. An advantage of this being that the design can be used
over multiple magnifications, therefore useful over different resolution scaled imaging

systems.

43



(@) (b) (©)

Figure 2.3: Illustations of different complex alignment mark designs. (a) Barker
sequence; (b) sierpinski carpet fractal pattern; (c) tapered grid design.

Another design is a tapered grid, as shown in figure 2.3c. It is formed by the
repetition of lines with a varying pitch across the full area. The simplified geometry,
similar to the designs in section 2.2.2; helps improve on the fabrication yield in
particular when the linewidths are kept at micron-scale. Further to this, a greater

number of lines increases the amount of extracted positional information.

Alignment mark comparisons

The comparison of different marker designs will determine the optimised marker to
be employed for cross-correlation alignment. However, prior to the comparison some
specific design conditions for helping improve the sensitivity are discussed. Firstly,
the design should be made up of easy to produce micron scale simple geometric struc-
tures. This is to minimise on the fabrication errors which can cause variations from
marker to marker. Further to this, it enables highly resolved and well-defined ob-
jects within optical resolution limited systems. Secondly, the alignment marks must
be aperiodic in nature to maximise their autocorrelation sensitivity. The method
of comparison involves measuring the cross-correlation sensitivity as a function of
lateral misalignment and magnification offsets. Therefore, the cross-correlation of

theoretical versions of each marker design is calculated with variations in one of the
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two markers’ lateral position within the FOV as well as its overall magnification.
The steeper the gradient drop in the correlation strength with respect to any posi-
tional offset signifies the marker sensitivity. Figure 2.4 includes a range of alignment
mark designs user for theoretical cross-correlation comparison tests, in which they’re
autocorrelated across a lateral displacement offset (£2 pm) and magnification vari-
ation (£10 %). The effectiveness of the marker is assessed using the gradient of
the cross-correlation as a function of offset. The higher the gradient, the easier it
is to define the maximum correlation point, and hence the absolute position of the
marker. In addition, any secondary maxima in the cross-correlation are detrimental

to the effectiveness of the marker design.
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Figure 2.4: Range of alignment marker designs used for theoretical comparisons.
(a) Barker 11 (rotated); (b) barker 13; (c¢) USAF resolution target; (d) sierpinski
carpet; (e) tapered grid design; (f) periodic lines.
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The autocorrelation sensitivity is shown to vary between the different alignment
marker designs. This is detailed in figure 2.5 which plots the lateral and magnification

offsets separately, including the cross-correlation percentage values at the maximum
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lateral and magnification offsets. Each alignment markers lateral cross-correlation
is identical for both x and y translation axes, except for the USAF resolution target

which varies between each axes.
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Figure 2.5: Each alignment mark design’s comparative cross-correlation gradient
drop as a function of (a) lateral offset; (b) magnification offset.

Two alignment marks have considerably higher autocorrelation sensitivity, the
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Alignment mark cross-correlation strength
Cross-correlation strength value (%)
Marker design For a 2 um lateral | For a 10 % magnifi-
offset cation offset

Periodic lines 34.1 55.4

USAF res. chart 44.2 44.1

Sierpinski 80.4 42.7

Barker 11 56.0 47.3

Barker 13 49.2 46.5

Tapered grid 38.0 8.6

Table 2.1: Measured cross-correlation for alignment markers after a measured
displacement offset for both lateral and magnification variations. Smaller cross-
correlation values at the maximum offset and magnification positions correspond to
sensitive marker designs.

tapered grid and periodic lines alignment markers, with respective cross-correlation
values measured at the full lateral offset of 38.0 % and ~34.1 %. The magnification
cross-correlation value for the tapered grid shows a greater drop than the periodic line
design detailing a higher aperiodicity in the design, with respective cross-correlation
values of ~8.6 % and ~55.4 %. The performance of the marker can be further tested
by increasing the lateral offset in order to measured any possible repetitions in the
cross-correlation designs, which correspond to unwanted cross-correlation peaks. The
theoretical plots are shown in figure 2.6 measuring the cross-correlation as a func-
tion of a further lateral offset of +3.5 pm. The periodic line marker design delivers
an increased cross-correlation value past the linewidth lateral displacement, whilst
this is much less severe in the tapered grid which continues to drop in correlation
strength. The tapered grid alignment marker design enables the ability to measure
the variation in cross-correlation across a wide range of lateral and magnified off-
sets, with higher sensitivity than any other marker design. Further to this, as it is
composed solely of micron-scale lines it allows a high yield fabrication with minimal

defects. Given this performance, the tapered grid marker is used in the rest of the
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work presented here.
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Figure 2.6: Comparison of the tapered grid and periodic line alignment mark
design aperiodicity. This is achieved by expanding the lateral offset range in order
to measure the pattern repetition within each design.

A fabricated grid alignment mark is shown in figure 2.7 which is used for all high
accuracy transfer printing work throughout the thesis. It contains repeated lines
with linewidths of 2 ym with a full marker area of 152 um?. The material platform
is SOI, with the marker lines produced by fully etching the silicon core layer as
to expose the silica cladding as to promote the line contrast. The pitch gradually

increases from 4 pym to 22 pm in steps of 2 pm.
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Figure 2.7: Top-view optical micrograph of tapered grid alignment mark fabricated
within SOI chip.

2.3 TP system-to-chip alignment

This section details the operation of cross-correlation within the TP system. It
will focus on the procedure required to align a single on-chip alignment mark to
an absolute position relative to the system coordinate map. Techniques in achiev-
ing the relative displacement between both markers are discussed, followed by the
development of the software used for processing the output correlation data and

implementing alongside the TP method.

2.3.1 Absolute alignment

When it comes to alignment protocols, it is important to know the difference between
relative and absolute alignment. An object’s relative alignment corresponds to its
position with respect to another object. Previous TP research has demonstrated
relative structure alignment reaching nanoscale accuracies [41]. However, relative
alignment requires the initial knowledge of an object’s position in order to align with
respect to it. This initial positional information is known as its absolute position. An

object’s absolute position does not take into account any other object. The absolute
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alignment used in current TP (edge detection) is limited by factors including the
optical resolution of the system, and fabrication defects in the utilised markers. The
implementation of cross-correlation alignment could significantly reduce this limit,
enabling TP with extremely high absolute alignment accuracies.

To utilise cross-correlation for TP, the process must provide the absolute position
of an on-chip alignment mark (A) with regards to the coordinate map of the system.
Therefore, the second alignment mark (B) must have a coordinate position known
by the TP system. This is achieved by using a virtual alignment mark, which has a
pre-determined position within the imaging FOV. Figure 2.8 shows both a top-view
image of an on-chip alignment mark and an identical virtual mark with a known
position within the same imaging window FOV. The virtual alignment mark image
is created through MatLab image processing, therefore its position is known to the
accuracy of the pixel resolution. By using the cross-correlation alignment method
to measure both markers positional overlap, the relative displacement provides an
absolute position of the on-chip marker to the TP systems FOV and therefore the

translation stage coordinate map.
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Figure 2.8: (a) Optical micrograph of fabricated alignment mark, captured from
TP system’s optical imaging system FOV. (b) Virtual alignment mark with known
position within system FOV with which the fabricated marker image within (a) is
cross-correlation against.

2.3.2 Marker alignment procedure

The cross-correlation is measured via a displacement offset. As such, prior to this a
standard visual inspection of the marker alignment is carried out with an accuracy
of ~500 nm. This is implemented within the full range of translation required to

carry out the cross-correlation procedure.

Standard overlay alignment A standard optical overlay alignment between the
on-chip marker and virtual marker position determines the initial overlap position
(0x,0y). The step accuracy is limited by the system resolution. As this is the case,
the displacement offset used for cross-correlation must always be greater than a

minimum £1 pm.

Cross-correlation alignment Once the overlay alignment is achieved, the marker-
to-marker relative displacement is implemented. The direct measurement of the
cross-correlation is achieved by measuring the similarity between the known pat-

tern (virtual mark) against an integrated intensity image of the on-chip marker for
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each individual displacement step. By tracking the displacement across nanoscale
incremental movements, the variation in the marker cross-correlation strength can
be plotted as a function of its displacement. Multiple plots over both horizontal
and vertical axes are shown in figure 2.9. The positions of maximum similarity in
the markers are detailed by the peak positions of correlation strength. The mea-
sured peak position is relative to the initial overlay alignment, therefore provides

information on the absolute position of the alignment mark at the resolution of the

incremental step size.
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Figure 2.9: Plot of alignment mark images correlated against the virtual marker.

Cross-correlation is measured as a function of lateral offset relative to the absolute
position of the virtual marker detailing (a) cross-correlation in x-axis; (b) cross-
correlation in y-axis.

By curve fitting the experimental data, the resolution can be further reduced
by calculating the point of best fit without being constrained by the limited step
sizes of the measurement technique. This is achieved by providing a fitting curve
with the maximum possible overlap of the experimental data. This best fit from the
calculated data trend enables a predicted maximum cross-correlation with a higher
degree of accuracy than the experimental data output. There are multiple curve

fitting algorithms which can be applied depending on the resolution and therefore
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shape of the varying cross-correlation curve. These are a nonlinear least squares
Gaussian fit, as shown in figure 2.9, or by linear fitting the two sides of the curve and
calculating the intersect point corresponding to the maximum. The second method
suits a sharper peaked correlation. However, when the cross-correlation curve starts
to resemble a more Gaussian model, the Gaussian curve fit provides a more flexible

fitting mechanism, suitable for lower resolution images.

2.3.3 Marker displacement techniques

Now that the cross-correlation method has been explained, mechanisms to provide
the on-chip and virtual alignment mark relative displacements are investigated. The
relative marker displacement can be achieved by different methods. Two are ex-
plained and used throughout this research: mechanical cross-correlation, which mea-
sures the cross-correlation alignment as a function of the systems translation stage
lateral movements; and digital cross-correlation, which measures the cross-correlation
alignment with regards to pixel offsets of the virtual alignment mark within the imag-

ing windows FOV.

Mechanical cross-correlation As the sample is fixed to the TP systems trans-
lation stage, the displacement offset of the on-chip alignment mark can be achieved
by controlled nanoscale incremental movements of the translation stage. The trans-
lation stage within the set-up has a lateral encoder resolution of 5 nm as well as a
repeatability of 25 nm. As such, the sample can be accurately positioned below the
systems optical resolution limit. By choosing lateral steps of 100nm, we minimize
the measurement resolution size whilst reducing any positional errors from the trans-

lation stage repeatability error. The full process is described by a flowchart in figure

53



2.10. By using the stage, the alignment mark (A) is laterally translated around the
virtual mark (b) which has a pre-registered position of dx,0y = 0. Each stage in-
cremental movement is recorded by taking a top-view image of the alignment marks
position within the imaging window. By cross-correlating each individual image to
the stationary virtual alignment mark image the cross-correlation as a function of

lateral translation is plotted.
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Figure 2.10: Flow chart describing the cross-correlation alignment procedure. This
process utilises relative displacements of the translation stage in order to measure
the variation in cross-correlation strength between an on-chip alignment mark and
virtual mark.

Digital cross-correlation A second method follows the same principle, however
using the high-resolution pixel size as a means to measure the variation in cross-
correlation as a function of displacement.

This is achieved by recording the position of the on-chip alignment mark within
the systems imaging FOV after the initial overlay alignment. By adding pixel offsets
to the virtual alignment mark, its position within its imaging window is moved. As
such, the variation in cross-correlation between the stationary alignment mark (A)
as a function of the displaced virtual alignment mark (B) as a function of the pixel

offset is measured, with the technique demonstrated in figure 2.11.
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Correlation (%)

Pixel movement

Figure 2.11: Variation in cross-correlation strength between an alignment mark
(top; grey) and identical virtual mark (bottom; black) as a function of pixel offset.

This method requires an accurate measurement of the corresponding pixel size
within the TP optical imaging system. This is achieved by calibrating the pixel
size to an object of known dimensions. Figure 2.12 shows an optical micrograph
and corresponding intensity line plot of a tapered grid marker. As the fabrication
method used was EBL, the line pitch is known to an accuracy of several nm. By
measuring the number of pixels from the centre-to-centre positions of each line and
comparing against the pitch, we can determine very accurately the size of each pixel.
The alignment mark rotation was corrected relative to the imaging system prior to
the images being captured, such that rotational variations in the line separation
does not give different measurements of the pixel size. The pixel size was measured
multiple times per marker image for both x and y directions across the full scale
of the marker, as well as for multiple magnifications of 80, 90, and 100 % optical

magnification within the imaging system of the TP machine.
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Figure 2.12: (a) Top-view optical micrograph of an alignment mark with a known
linewidth of 2 pym and varying line pitch. (b) Line profile across alignment mark
which plots RGB pixel intensity as a function of pixel number. The pixel number
corresponds to each pixels position from left to right of image.

Table 2.2 details the different pixel sizes calculated as well as the standard devia-
tions for the multiple optical magnifications of the system. It is also shown that the
error in the pixel resolution is reduced as we increase the magnification, such that the

higher magnifications will achieve a greater accuracy cross-correlation measurement.

Magnification and corresponding pixel size (nm)
Optical magnification (%) || Average pixel size + Std
Dev.
80 157 £ 2
90 131 +£1
100 109 £ 1

Table 2.2: Pixel size as a function of the optical magnification of the TP imaging
system.

2.3.4 Software

The cross-correlation technique is programmed and implemented into the TP system
using Matlab software, developed by the thesis author. A GUI interface is split up
into several sub-GUI with the full interface detailed in figure 2.13.

The first sub-GUI (red dashed region) contains the image processing procedure
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of the top-view FOV images containing the alignment marks. The process uses a
Matlab image threshold function converting the bitmap image of the marker into a
black and white representation. A threshold level is determined by the user which
splits the pixel colour scale into either black or white. Following this, any dirt or
unwanted features can be removed by an object size threshold. The user determines
the size of the unwanted features as a function of the number of pixels they're

composed of.
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Figure 2.13: Screenshot of the Matlab GUI split into different zones; red: image
processing tab, orange: sample rotation calculation, blue: virtual disk creation and
green: cross-correlation tab.

A sub-GUI (orange dashed region) calculates the sample rotation. This is achieved
by determining the lateral positional offsets of two identical fabricated on-chip align-
ment marks of a known distance with respect to the translated distance. This pro-

cedure is further detailed in section 2.4.1 where it is used as a measurement method
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of the systems alignment accuracy. The equation for calculating the sample rotation

is given by (# = arctan xfgx) where 6 is the samples rotation angle, Ax and Ay are
the measured lateral displacement offsets from the expected alignment position in

the no rotation case, and z is the lateral translation of the stage to move between

each marker as shown in figure 2.14.
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Figure 2.14: Diagram of sample rotation relative to stage rotation, containing
parameter sets for calculating the sample-to-stage rotational offset.

The blue dashed region of figure 2.13 contains a sub-GUI used for the process of
aligning micro-disk objects free-standing on their native substrates with the align-
ment marks. This is explained in section 2.6.1 however uses the same image process-
ing method as the standard multi-chip alignment mark protocol. The final sub-GUI
(green dashed region) controls the cross-correlation procedure, where the virtual
mark is uploaded and the displacement scan length is chosen when using the digital

cross-correlation method.

2.4 System alignment accuracy

This section details the experimental measurement of the system alignment capa-
bility. Two complementary methods are studied. First, the accuracy of detecting
a pre-defined position within the TP system is assessed by the alignment of two

identical markers. The markers are fabricated within the same lithographic step on
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a single sample and have a known separation to the accuracy of the EBL fabrication
error. By translating the sample between each marker by our known separation we
can calculate their positional offset - as a function of the system-to-stage rotational
misalignment - using the cross-correlation alignment procedure. The comparison
of multiple positional offset measurements calculates the absolute error within the
alignment procedure. Second, the accuracy of depositing two physical structures
with a target separation on a single sample is assessed. The two structures are
created by physically marking lines into a soft photoresist layer using a micro-tip
array, where the position of each structure is determined by using cross-correlation
alignment with respect to a single marker. The positional accuracy is measured us-
ing standard AFM technology with the calculated error in the separation a direct

measurement of the system’s absolute alignment accuracy.

2.4.1 Positional alignment accuracy

The measurement utilised a SOI sample containing EBL fabricated grid alignment
markers spaced by a distance of 2 mm, with one shown in figure 2.15a. Any separation
error is a factor in the fabrication, estimated at the nanoscale, an order of magnitude
below the predicted measurement accuracy. The aim is to calculate the positional
offset of two alignment marks after each are translated to the centre-point of the
camera FOV by the known separation. The measured misalignment offset will be a
combination of both the error of the alignment technique and a lateral offset due to
the sample-to-stage relative rotation. Repetition of the measurement procedure will
disentangle both offsets, as any residual deviations across multiple scans is dependent

on the error in the cross-correlation alignment.
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Figure 2.15: (a) Optical micrograph of a fabricated alignment marker. (b)
Schematic illustration of a sample containing two identical on-chip alignment marks
with a known separation of 2mm with a relative rotational offset between the sample
and stage.

The marker-to-marker positional offset calculations for repeated measurements
is shown in table 2.3. An overall alignment accuracy of 56+37.5 nm for the x-axis

and 45+29 nm for the y-axis is achieved.

Positional error using cross-correlation alignment method.
Meas. number Error: x-axis (nm) | Error: y-axis (nm)
1 90 10
2 10 70
3 80 10
4 90 67
) 11 70
Average error + Std dev || 56+38 45429

Table 2.3: Calculated alignment error values for both axes. Alignment error offset
has been separated from rotational offset by multiple measurements.

2.4.2 Structure deposition accuracy

Prior to the modification of the dip-pen nanolithography system for TP its function
was to enable the deposition of controlled amounts of materials onto surfaces by
use of silicon nitride probe tip arrays [47]. By using these probe tip arrays in the

modified set-up it is possible to produce physical indentation lines on a sample with
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the same positional accuracy as the TP pick-and-place procedure. This technique

enables the direct measurement of objects aligned by cross-correlation.

Figure 2.16: Schematic illustration of probe tips physically patterning controlled
indents into the photoresist layer. The indent positions are relative to an alignment
mark absolute position within the sample.

A schematic of the process is shown in figure 2.16. Alignment marks are patterned
into a positive S1805 photoresist layer by direct-write laser lithography with their
absolute position measured by cross-correlation. A physical indentation line is then
formed at a position relative to the alignment mark using the micro-tip array. This
is achieved by first making contact between the photoresist layer and the probe tips
before physically dragging the tip through the resist in the axis perpendicular to
the target separation. Multiple lines are produced in separate alignment steps with
a target separation of 5 pum. The separation is measured by using atomic force

microscopy (AFM) technology and compared to the expected separation.
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Figure 2.17: (a) and (c) are 3D topographic images obtained by AFM scan mea-
surement of micro-tip indentations with controlled separation; (b) and (d) are re-
spective line profiles of the two relatively aligned indentations.

3D AFM topographic scans of the two indent lines are shown in figure 2.17.
Figure 2.17a details two lines which penetrate the photoresist to a depth of roughly
300 nm. The respective line profile of the 3D plot is shown in 2.17b in which the
trough height is calculated as a function of the lateral separation. The same process
is achieved for a second probe tip with a reduced penetration depth, figure 2.17¢c
and d. Due to the separation being measured from the minimum height in the scan
the difference in probe tips will not affect the measurement accuracy. The lateral
resolution of the AFM is ~30 nm, limited by the AFM probe tip shape. However,
the measurement resolution is further reduced by curve fitting the measured data.
Multiple measurements spanning the full length of the lines take into account any

rotational offset or fluctuations from unexpected shifting of the probe tip during its
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movement through the photoresist. The average positional error over multiple tests

is calculated as 45nm with a standard deviation of +40 nm.

AFM alignment error calculations: Target separation is 5 um
Scan 1: Measurement || Positional error (nm)
number

1 20

2 0

3 20

Scan 2: Measurement || Positional error (nm)
number

1 68

2 110

3 50

Average error + Std dev || 45 + 40

Table 2.4: Experimentally measured positional offset, measured as the difference
between the experimental separation and target separation of 5 pm.

Both measurement techniques are promising in that they show sub-100 nm align-
ment accuracies. The next stage will be measuring the implementation of the align-

ment procedure with the actual TP of devices between multiple chips.

2.5 Chip-to-chip alignment

In micro-fabrication the alignment marks are typically written in the same step as
the first level patterned devices, this provides an absolute coordinate map of each
on-chip device with a known position relative to the alignment marks. Therefore, by
calculating the absolute position of an on-chip alignment mark as a function of the TP
system, effectively we know the relative coordinate positions of all on-chip devices
with an alignment accuracy determined jointly by the lithography resolution and
the alignment procedure. This procedure can be utilised for multi-chip procedures.
By aligning each chips marker to the same virtual alignment mark, their absolute

positions are calculated relative to each other to the accuracy of the measurement
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technique. Therefore, the positions of all devices across both chips are calculated

within the same system coordinate map.

Chip 1 - Donor iizEEi Chip 2 - Receiver
uliises
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(@) (b)

Figure 2.18: (a) Illustration of a donor chip containing alignment marks and sus-
pended membrane devices with relative on-chip. (b) Receiver chip containing identi-
cal alignment marks and relative positioned devices. Membrane devices are bonded
to receiver chip relative to the absolute alignment mark position.

This is shown in figure 2.18 where the positions of two devices on separated
chips, device (1) and device (2), are known by z, + A z19,y, + A y12 where
ZTn,Yn corresponds to the shared alignment mark system coordinate point. In order
to compensate for the variations in rotation across both donor and receiver chips,
a three-point cross-correlation alignment is measured using three alignment marks
placed across the two chips with known lateral separations. Their absolute rotations
(0) are calculated to determine the relative rotational offset (A ) to the TP system,
which is minimized using the TP systems rotation stage. By implementing this
technique alongside TP, devices can be accurately moved between different substrates
with a positional accuracy of the cross-correlation procedure. The following section

details the systematic analysis of the achievable alignment accuracy of chip-to-chip

TP.
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2.5.1 Device transfer printing

The TP of a large array of membrane devices to a receiver substrate is discussed,
followed by statistical analysis of the obtainable alignment accuracy. The membranes
are individually printed, with both lateral axes and the rotational accuracy measured

per device to obtain an overall accuracy.

Vernier alignment measurement

To precisely measure the lateral and rotational accuracy, a vernier calibration scale
is applied, depicted in figure 2.19. The advantage of using a vernier scale comes
from the ability to magnify small variations in the displacement through the beat
frequency of two vernier gratings with slightly different periodicities. The obtainable
resolution comes from the variation in the line pitch, such that if the top vernier pitch
is P/=1 pm and the bottom vernier pitch is P;=1.1 pum the vernier resolution, known
as the vernier constant, is 0.1 pm. A displacement offset is calculated by observing
which lines are co-incident between the top and bottom scales. The vernier scales
used for this work are composed of lines with linewidths of 500 nm, P; and P, are
1 pm and 1.1 pgm, and N; and Ny are 12 and 11, respectively. This gives an overall
vernier constant of 100 nm resolution. Both lateral and rotation misalignments are

measured by using the vernier design shown in figure 2.19b.
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Figure 2.19: (a) Schematic illustration of a vernier scale detailing the pitch differ-
ences P, and P,, and the number of lines N; and N, for the main scale (blue) and
vernier scale (green). (b) Vernier calibration scale for lateral and rotational offset
measurements, composed of four vernier scales at a 90 degree offset to each other.
Scale separation (S) is labelled alongside each scales corresponding letter.

It consists of four scales of identical dimensions each rotated by a 90deg offset.
The lateral and rotation displacement misalignment are interpreted from the vernier

scale using:

Azy — A
Horiz. = w, (2.2)
Ayp — A
Vert. = w, (2.3)
A
Rot. = tan_l%. (2.4)

Az pop and Ays pcop correspond to the measured displacement offsets for
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each vernier scale, labelled in figure 2.19b. The scale separation distance is given
by S, with the separation of vernier scales A and C identical to the separation of
vernier scales B and D. The final parameter set is the overall horizontal and vertical
misalignments, AH and AV, which are a measure of the difference between the
individual measured displacements for both separate axes (AH = A,4 + A,c and

AH = AYD + AYB)-

Membrane devices

Figure 2.20: Optical microscope images of (a) a suspended Si membrane containing
main scale divisions; (b) receiver substrate with corresponding vernier scale divisions.

The micro-assembled devices used for the alignment experiment are ultra-thin (220
nm) silicon membranes. Vernier scale marking are patterned into the devices by
shallow-etching (to a depth of 70 nm) alongside an alignment mark and support
structures at the corners reinforcing the device anchors. The anchors suspend the
membrane above the substrate and taper from 9 ym at the substrate to 1 um con-
tacting the membrane. A full description of the fabrication procedure is given in

chapter 3.
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Figure 2.21: (a) Transfer printed single membrane device aligned to receiver vernier
scale. (b) Array of printed membrane devices on receiver chip. (c) Angled SEM image
of a printed device. (d) Magnified SEM image detailing single aligned vernier scale
of printed device.

Figure 2.20 contains images of both a single silicon membrane suspended on the
native SOI platform and the corresponding vernier scale markings on the receiving
SOI substrate. The receiver is fully etched to the silica layer with the vernier marks
patterned into the remaining silicon top layer. Overall there were 20 devices indi-
vidually TP onto the receiver chip. A single membrane device as well as a section of
the finished array are shown in optical micrographs in figures 2.21a,b post printing.
Further to this, there are SEM angled images captured of a single membrane detail-
ing the ultra-thin nature of the membrane device and the etched vernier markings

on both the shallow-etched membrane and fully etched receiver in figures 2.21¢ and

d.
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Results and analysis

The characterisation of the alignment accuracy involved the production of top-view
SEM images of the four vernier scales on each edge of the membrane devices, these

are shown for one device in figure 2.22.

Receiver

Sug2 0.0kV 8.1mm x7.00k SE(UL)

Figure 2.22: Magnified SEM images of the vernier scales on each edge of the
membrane and receiver for characterisation of the alignment accuracy; (a) left; (b)
top; (c) bottom; (d) right

Figure 2.22 shows the magnified images of the aligned vernier scales on the mem-
brane and receiver, where the horizontal misalignment is measured by (b) and (c)
and the vertical misalignment is measured by (a) and (d). The calculated offsets for
all four are combined when measuring the overall rotational misalignment, equation
2.4. The exposure dose variation, produced by SEM charging from the silica insu-
lating substrate, reduces the reliability of line edge measurements. However, the line
spacing is unaffected by such problems. Therefore the measurements utilise the pitch

variation over the two vernier scales to measure any misalignment. Figure 2.22b &
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¢ contains dashed lines situated at the edges of both membrane and receiver scales,
indicating the positions used during the cross-correlation alignment process. By pro-
ducing an intensity profile across both the main and vernier scales, the equivalent

centre-points of the vernier lines were calculated.
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Figure 2.23: Intensity profiles calculating pitch and corresponding misalignment
for both (a) shallow-etched membrane vernier marks; (b) receiver vernier marks.

Figure 2.23 shows the intensity profiles of the corresponding verniers with the
calculated edges and centre points. An accurate measurement of each scale’s posi-
tional misalignment (A x4 pcp) was produced by calculating the accumulated top
and bottom scale lateral displacements, with the corresponding lines having an ex-
pected misalignment dependant on the variation in the pitch (AX;, Y; = AP Zi\il
N;). AX; and AY; are the manufactured vernier scale displacement offsets provided
by a perfect alignment, with AP the difference in the two vernier scale pitches given
by AP = P2 - P1. Comparing the vernier misalignment as a function of the expected

misalignment calculates the membrane’s displacement offset:

0X;,Y; — Zz]\il 0T, Yi
N ?

Az,y = (2.5)

where N is the total number of vernier lines and 4, ,; the calculated vernier
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misalignment. Using the above method has produced a set of lateral and rotation

misalignment measurements for each of the 20 printed devices, detailed in figure

2.24.
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Figure 2.24: (a) Lateral misalignment measurement for the printed membranes
detailing the 100 nm boundary (blue dashed lines) and 500 nm boundary (red dashed
line). (b) Rotational misalignment of all devices.

The red dashed area in figure 2.24a contains the experimental data below the
4500 nm lateral misalignment limit whilst the green dashed area contains the below
4+100 nm lateral misalignment data. The rotational misalignment in figure 2.24b
details the rotational error for each device, with the rotation centred around the zero
rotation error point. The lateral and rotation alignment offset average error analysis
is given in table 2.5 with a maximum lateral offset measured at +385 nm (30), the
best achieved alignment accuracy for the TP method to date when compared against
the current state-of-the-art (£1.5 pm (30)) [85, 46]. The significant improvement
of this method presented here over the current state-of-the art in the literature is
due to the use of a cross-correlation alignment scheme rather than edge detection
overlay schemes. Edge detection schemes suffer from two main limitations. Firstly,
the accuracy of the marker position registration is limited by the optical resolution

of the microscope and computer aided edge detection algorithms, typically in the few
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hundreds of nanometres region. Secondly, the markers themselves must be fabricated
by lithography, so any errors in their geometry, and in particular their edge positions,
will have a negative effect on the achievable position registration accuracy. The
technique detailed in this thesis overcomes these issues by using the cross-correlation
technique on carefully designed, non-repeating, asymmetric registration marks. This
removes the requirement for accurate detection of lithographically defined edges,
instead using a distributed pitch registration. Furthermore, the cross-correlation
relies on the accuracy of the translation stage to detect the correlation function
peak, again removing the dependence on the microscope resolution and allowing

positional accuracy beyond this limit.

Averaged alignment offsets
Axis Average error Std dev 30
Horizontal (£nm) 38 83 248
Vertical (£nm) 20 128 385
Rotational (£mrad) 0 2 5

Table 2.5: Lateral and rotational alignment calculations.

2.6 Alternative cross-correlation alignment meth-

ods
2.6.1 Free-standing micro-disk alignment

The high accuracy alignment method depicted so far has been aligning multiple sam-
ples with positions relative to identical alignment marks situated on both donor and
receiver. However, free-standing structures on substrates containing no alignment
marks requires an alternative method for producing high precision positional align-
ment across multiple samples. This section details the alignment procedure for the

high accuracy alignment of free-standing micro-disk structures to alignment marks
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fabricated on non-native chips.

Chip 1- Donor Chip 2 - Receiver
(¢n,yn)
(xa+AX, yn +Ay)
(%n,yn) : O
(a) (b)

Figure 2.25: Schematic illustration of the micro-disk alignment method shown (a)
donor substrate with free-standing micro-disks; (b) receiver containing alignment
marks and relative waveguiding devices.

The method involves determining the centre-point of a micro-disk within the
imaging system’s FOV window, based upon its pixel position (x,y), shown in figure
2.26a. Following this, an alignment marker’s position is determined within the same
FOV, with the pixel position of the bottom left corner of the marker measured
as (a,b), figure 2.26b. The alignment marker image is altered by translating the
full marker design until the bottom left corner position aligns up to the same pixel
position of the disk centre-point. This new virtual marker image (2.26b, vi) can then
be used to align further alignment markers within the receiver chip to the position
of the micro-disk, based upon the disk’s absolute position within the TP coordinate
system. A detailed description of each stage of the full process is explained in further

detail.
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Figure 2.26: (a) Image processing technique for identifying micro-disk centre po-
sition within FOV in which (i) is a microscope image of disks and substrate, (ii) the
binary mask of disks within FOV and (iii) binary mask of the individually selected
disk with calculated centroid position. (b) Re-positioning of virtual alignment mark
such that absolute position coincides with the selected micro-disk centre-point, with
(iv) a microscope image of the alignment mark, (v) binary mask of the virtual align-
ment mark and (vi) the binary image of the virtual alignment mark after it has been

translated within FOV with the left corner pixel position corresponds to the centroid
of the disk.

i) and iv) Capture images of the micro-disks and alignment marker on their native
substrates within the systems FOV. With regards to the randomly distributed nature
of the micro-disks during the fabrication process, multiple micro-disks are captured
with random placements within the imaging window.

ii) All stray objects and background colour are removed using a simple MatLab
threshold function, based upon the grayscale intensity level of the image. By setting
a level just below the intensity of the micro-disks all other objects can be set to black
whilst anything above this level (micro-disks) are set to white. Stray objects, such
as dirt or etch lines, are removed by setting a minimum object pixel size. The same

process is utilised for the alignment marker, v).
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iii) A Matlab function is utilised which finds circles using a circular Hough transform
image processing technique. This function is used to detect circles in images and
calculate their central position (a,b) and radius (r), using the equation (z, — a)* +
(yn — b)* = 2 where (2,,,y,) are a number of points (n=1,2,...i) positioned along the
outer perimeter of the detected circle. Multiple circles of radius r and centre positions
(zn,yn) are formed along the perimeter of an original circle formed within the main
image. All the intersection points of each perimeter circle are determined, with the
maximum number of intersection points corresponding to the centre position of the
original circle (a,b) [86].

vi) The final stage is the movement of the alignment marker within the imaging FOV.
This is achieved by calculating the coordinate difference (vx,vy) of the alignment
marker corner and micro-disk centre, by vx = x-a and vy = y-b. A new image is
formed with the alignment marker translated by this coordinate difference, such that
the corner pixel position is now (x,y).

The alignment method explained has been used for the micro-assembly of AlGaAs
micro-disks resonators to Si waveguides situated on a non-native SOI platform. As
part of this work, an AlGaAs micro-disk is laterally aligned to a waveguide with a
placement accuracy below 100 nm (13744 nm with a target separation of 100 nm).
The described alignment accuracy enables the production of an evanescent coupled
hybrid AlGaAs-SOI micro-disk resonator [87]. A full analysis of this work is provided

in chapter 4.
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2.6.2 High precision alignment for selective nanowire inte-

gration

NW lasers are highly promising candidates for active components within nanopho-
tonic systems for their sub-micron geometries. This has been realised by the ability
to integrate across a wide range of material platforms, made possible by transfer
printing [88]. In order to provide optimum lasing conditions, a high material quality
and tight dimensional tolerances are required. However, the presence of slight fabri-
cation inhomogeneities across a full wafer can cause large variations in the individual
NW optical properties, this can be an issue for the integration of single NW lasers to
integrated photonic systems where applications require the highest possible quality
devices. An optical characterisation technique has been previously established which
can statistically analyse each individual NWs quality and position across a full sam-
ple [89]. By implementing alongside high precision transfer printing individual NW
integration can be achieved. The authors contribution to this section includes the on-
chip alignment mark fabrication, and corresponding alignment procedure enabling

high accuracy chip-to-chip TP of the NW lasers to pre-registered positions.
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Figure 2.27: (a) Schematic illustration of donor with alignment marks absolute
positions relative to NW lasers. (b) Schematic illustration of receiver containing the
transfer printed NW lasers with relatively aligned positions corresponding to the
alignment marks.

Using imaging and low power photoluminescence charcterisation of individual
NWs across a full sample, their positional information can be catalogued in relation
to fabricated alignment marks. Based on each NWs dimensions and lasing parame-
ters, optimised NWs can be selected and transfer printed to a second substrate where
they are released with high precision accuracy to corresponding alignment marks,
this is detailed by a schematic representation in figure 2.27.

Figure 2.28a shows top-view optical images of the substrate containing a large
number of randomly positioned NW lasers. The inset contains an alignment mark
which is fabricated on the same substrate. The NWs are distributed randomly across
the substrate prior to optical characterisation, demonstrating the importance of the
alignment technique in order to select and find the specific NWs of interest. As
well as recording their relative position, the optical characterisation provides further
details such as their orientation, threshold and peak laser wavelength. A selected
group of NWs, selected based upon their similar optical properties, are detailed in

table 2.6.
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Figure 2.28: (a) Optical micrograph of NWs randomly spread across substrate
(inset contains a fabricated alignment mark). (b) Schematic of full sample with
measured NW positions relative to a formation of nine alignment marks. Red spots
correspond to the measured positions of every recorded NW laser distributed across
sample with numbered squares the alignment mark positions.

The selected group were moved along with four other groups to the receiving
substrate chip, where they were printed in relation to a pre-fabricated alignment
mark, shown in figure 2.29. As the orientation is known, the rotational control

within the TP system can control the final orientation of the NWs.

(@) (b)

Figure 2.29: (a) Optical micrograph of pre-selected NW lasers selectively transfer
printed. The sample contains five arrays of five NWs each; (b) Magnified image of a
single NW laser array with the corresponding NW recorded numbers.
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NW parameters

NW | Relative pos: | Orientation | Lasing A | Threshold
7 X,y (pm) (deg) (nm) (ud/ecm?)
45 -1.5,-2.9 320 771.1 428
61 -1.8,-2.8 7 759.8 428
73 -1.8,-2.8 310 771.1 428
212 -1.9, -2.6 41 780.2 395
118 -1.3, -3.1 82 792.3 362

Table 2.6: Selected NW lasers with recorded positions alongside their measured
wavelength and lasing thresholds.

By combining this method with the cross-correlation alignment procedure, we
have been able to selectively picked NWs with chosen properties and moved them to
non-native substrates with extremely high positional placement. This section gives
an overview on the alignment procedure used in order to transfer print pre-selected
NWs across multiple chips, alongside the analysis and characterisation of the NWs
pre- and post-printing. The section focuses mostly on the alignment procedure,

however a continuation of the collaborative work is provided within appendix B.

2.7 Conclusions

This chapter discusses the implementation of a cross-correlation alignment proce-
dure for the high accuracy chip-to-chip movement and integration of devices using
the transfer printing method. It contains an explanation on the cross-correlation
method used throughout the work. This includes discussing the procedures in place
to fully implement within the TP system for the chip-to-chip transfer printing of
pre-fabricated suspended membrane devices, as well as alternative device geometries
from free-standing micro-disks to NW lasers. Further to this, the comparison of
multiple alignment mark designs is carried out to find the most compatible design

for the alignment method in question.

79



The TP system accuracy is measured using the cross-correlation alignment method
with alignment accuracy of sub-100 nm achieved. Following this, the systematic de-
vice placement accuracy was measured, with a lateral placement accuracy of £380
nm demonstrated, and rotational accuracy of +4.8 mrad. The achieved placement
accuracies are currently the highest achieved alignment accuracy by TP to date,
and include the first recorded measurements and analysis on the device rotational
alignment using transfer printing. The high placement accuracy helps introduce the
technique of transfer printing to the efficient integration of passive photonic compo-
nents, with the following chapter discussing research into the vertical micro-assembly

of fully fabricated and single-mode silicon micro-ring resonators.
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Chapter 3

Transfer printing of ultra-thin

membrane silicon photonic devices

3.1 Introduction

SOI has been demonstrated as a key photonic platform over the past decades with
the continuous development of efficient passive and active optoelectronic components
such as waveguides [90], modulators and detectors [91, 92]. Following this, the mono-
lithic integration of these devices has helped pave the way for highly functional Si
PICs, with monolithic Si optical transmitters and receivers already demonstrating
long-distance and high-speed optical communications [93]. However, as the perfor-
mance requirements of PICs increase, limitations appear in the monolithic fabrication
approach. The manufacturing of SOI LS-PICs requires a considerably high number
of processing steps, this increases both production time as well as the relative cost.
Further to this, silicon currently does not offer the full suite of photonic components,
as an efficient silicon light source still remains a difficult challenge [24]. The introduc-
tion of nanoscale TP can overcome such issues, enabling the efficient integration of
fully fabricated passive and active photonic components across many material plat-

forms all onto a single chip. Further to this, it adds the potential of 3D Si systems
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without requiring multi-layered wafer bonding methods.

The following chapter describes the vertical micro-assembly of ultra-thin Si mem-
brane devices by high alignment accuracy TP. The initial sections detail the devel-
opment and fabrication of ultra-thin transferable Si membranes containing ultra-
compact waveguide rib resonators. This is then followed by the integration of the
membrane resonators to non-native passive SOI receiver substrates forming all-pass
ring resonators. The calculation of the absolute placement accuracy of the method is
achieved by measuring the varying lateral coupling offset across multiple assembled
devices. To conclude, the research into producing 3D SOI devices by TP is demon-
strated, with the production of a multi-layered silicon and silica interface DBR stack

with reflectance in the visible spectrum.

3.2 Device design and fabrication

The production of single-mode waveguides within the SOI platform requires device
architectures with sub-micron dimensions. This is due to the high refractive in-
dex contrast between the silicon and silica, pushing the passive structure geometries
to sub-micron levels. The advantage of such small components is that it allows
the manufacturing of high packing density chip-scale architectures, however it also
puts significant pressure on the fabrication, with transmission losses scaling with
the square of the roughness amplitude [94]. For all Si components in this thesis, all
patterning is achieved by electron-beam lithography (EBL), helping reduce sidewall
roughness for low propagation and bend losses whilst keeping high alignment across
the multi-layered lithography stages. When considering scalability for mass manu-
facturing, deep-UV lithography (DUV) can be an alternative option helping provide

the necessary low side-wall roughness.
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The SOI wafers used throughout this thesis are produced by Soitec who develop
the wafers by a Unibond process, providing a very accurate thickness of each core
layer with low interface roughness. The stack is comprised of a 220 nm thick silicon
core layer which is bonded above a 2 pum thick buried oxide on top of a Si wafer.
The device fabrication is carried out by a collaborating group within the James Watt

Nanofabrication Centre at the University of Glasgow.

3.2.1 SOI waveguides

The SOI receiver chips are composed of a standard SOI layer stack and contain
fully etched Si ridge waveguides acting as bus ports, with the fabrication procedure
detailed in figure 3.1. A hydrogen silsequioxane (HSQ) resist layer is deposited on
top of the SOI wafer by spincoating. This is followed by EBL exposure to define
the patterns into the HSQ layer, with a hard bake and development stage leaving
only the HSQ pattern mask. The pattern is fully transferred into the silicon core
layer by an ICP reactive-ion etch process, using an SFgs/CyFg chemistry with an
etch rate of 150 nm/min, with an etch-rate selectivity greater than three between
the silicon core and HSQ mask layer [95]. No further post-processing is performed
with the waveguide structures open to the environment with only a thin top cladding
of HSQ), otherwise a silica buffer layer is deposited over the surface to protect from

both environmental factors and physical damage.

83



electron beam expos.

HSQ resist
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Figure 3.1: (a)-(d) Schematic of Si bus waveguide fabrication procedure; (¢) SEM
image of Si waveguide cross-section containing residual HSQ mask cladding.

Injection of light into the waveguides requires the use of tapered optical fibres,
however typical fibre geometries reach several ym in diameter. When compared to
the cross-sectional size of waveguides a large modal mismatch is formed which can
translate to high coupling losses. To compensate for the size difference requires the
use of mode couplers, gradually reducing the mode diameter before the light reaches
the waveguide to minimise the modal size mismatch and reduce subsequent coupler
loss. For this work, end-facet inverse tapered couplers are fabricated at both in-
put /output regions using SU-8 photoresist prior to the full device cleave, illustrated
in figure 3.2. Direct coupling between fibres and single mode silicon waveguides ex-
hibit low geometric modal overlap, leading to coupling losses in the tens of dB range.
The introduction of polymer inverse taper structures on the chip can improve TE
mode coupling significantly, with losses as low as &1 dB per facet [96]. The polymer
waveguide has dimensions in the micron range and a refractive index of ~1.6, provid-
ing a much better modal overlap with the injection fibre mode. As shown in figure

3.2, a tapered silicon waveguide is embedded in the polymer structure. Due to the
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high refractive index of the silicon, the optical mode will transfer between the poly-
mer mode and the silicon waveguide as its dimensions exceed the cut-off point. The

tapered geometry ensures adiabatic mode transformation, limiting coupling losses. .

4pm
Si WG
Fibre Whip = 20nm
Tl | e ——————— - -~
input
500nm

(a)

SU-8 polymer waveguide
height = 3um

Silica substrate

NS

Fibre input

(b)

Figure 3.2: (a) Top-view schematic of an inverse taper, detailing the silicon waveg-
uide width tapering from a tip width of ~20 nm to its full width of 500 nm, and
the constant polymer waveguide width of 4 ym. The fibre input couples to the facet
positioned to the left of the taper structure. (b) 3D illustration of the inverse taper
region fabricated at each facet of the chip. The silicon waveguide’s full tapering
length is 300 pm.

The above section describes the fabrication of silicon waveguide structures. These
are implemented as the bus waveguides of the all-pass resonator devices produced
throughout this work. The same fabrication techniques are utilised for the suspended

silicon membrane devices.

3.2.2 Ultra-thin Si membranes

The TP method relies on the ability to detach small coupons of material from their

native wafer and transfer them to a receiver substrate. TP in the SOI platform
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requires the development of releasable Si material membranes, containing the fully-
fabricated devices of interest which can be reliably detached and manipulated in
a high yield manner. Fabrication of the releasable Si membranes implements past
techniques for producing transfer printable LEDs [41], with a schematic illustration

shown in figures 3.3 a-c.

Buried oxide Buried oxide

(b)

(c)

Figure 3.3: Schematic illustration of suspended membrane fabrication. (a) SOI
wafer prior to any processing composed of silicon core layer of 220 nm thickness, a
buried oxide layer of 2 um thickness, and a silicon substrate. (b) Full ICP-RIE etch
of trench surrounding membrane, leaving sole anchors to suspended the membrane
structure. (c) HF vapour etch of buried oxide cladding suspending the membrane
structure ready for release.

The initial stage is the production of a trench region surrounding the membrane
attached by tapered anchored supports. A PMMA layer is deposited on top of the
SOI wafer which is subsequently patterned by EBL. The trench and anchors are
defined by a full ICP reactive-ion etch in order to open a via to the silica below,
produced by the same recipe and process as described in section 3.2.1. Next is the
suspension of the ultra-thin silicon membrane devices. Full suspension requires the
removal of the buried oxide (BOX) layer which separates the silicon core layer and

silicon substrate. A Hydroflouric (HF) acid etch, with its high silica-Si selectivity
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provides the full removal of the silica cladding with minimal etch roughness intro-

duced to the Si waveguiding layer.

(b)

Figure 3.4: (a) SEM image of a suspended membrane fully collapsed and bonded
to the Si substrate. (b) Successfully fabricated suspended silicon membrane attached
by support anchors overhanging the substrate.

The thickness of the ultra-thin Si core layer results in highly flexible and delicate
membrane structures when under-etched, therefore care has to be taking to avoid
collapse when undergoing the fabrication. As a typical HF etch requires the immer-
sion in liquid it can be an aggressive process, which would lower the overall device
yield by membrane collapse onto the substrate surface, as shown in figure 3.4a. To
improve the yield, a HF vapour release etch (VHF) is utilised. This is a technique
commonly used for device suspension in micro electro mechanical systems (MEMs)
[97]. As it is a dry etch, it takes advantage of being able to use a HF gas in it’s pure
chemical form (100 % concentration), such that a lateral etch rate of our 100x100
pm? membranes of ~150 nm/min is achieved. The full under-etch is carried out in
two runs with an overall etch time of 11 hours. An SEM of a finished suspended
membrane is detailed in figure 3.4b. The VFH release is an isotropic etch process,
therefore to fully under-etch whilst leaving suitable support regions for the mem-

brane suspension requires a membrane coupon separation of more than double the
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membrane length, with our wafer design utilising a membrane separation of 400 pm.

3.2.3 Si membrane device design

Prior to the fabrication steps, finite difference eigenmode (FDE) simulations are
used as a means to optimise the Si membrane waveguide geometries for low-loss
single-mode TE propagation. Variables included the waveguide width (w) and slab
thickness (s) whilst keeping the overall waveguide height of 220 nm, detailed in figure

3.5.

()

Figure 3.5: (a) Schematic cross-section of silicon waveguide detailing the width (w)
and slab thickness (s). (b) Simulated TEqyy mode profile for a silicon rib waveguide
detailing the layer composition.

Simulations using Lumerical’s FDE mode solver were implemented in order to
measure the single-mode propagation within shallow-etched Si rib waveguide struc-
tures. The method calculates the spatial profile and frequency dependence of modes
on a cross-sectional mesh of the waveguide, measuring the waveguide effective re-
fractive index. Both the modal cut-off and multimode regimes are defined based
upon the waveguide’s material layers and dimensions. Further to this, by adding an
additional bend loss to the waveguide, tolerances to the achievable waveguide ROC

are calculated.
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Figure 3.6: Plot of simulated mode effective refractive index for shallow-etched rib
waveguides as a function of waveguide width (w) and slab height (s). The presence
of a secondary mode solution (TEg) defines the multi-mode condition of the waveg-
uide, with the lack of a secondary mode indicating the conditions for single-mode
propagation.

Figure 3.6 details the simulated effective index change when varying the waveg-
uide geometry for the first and second order TE propagating modes. Multiple slab
thickness of s=50, 100, and 150 nm are measured for an increasing waveguide width
of 300 nm<w<1000 nm. Each of the three different slab heights enter multi-mode
propagation at different waveguide widths, with the increased slab height produc-
ing single-mode propagation until w=800 nm. As the slab height decreases, the
single-mode condition requires a decreased waveguide width.

Following this, simulations are carried out to determine the propagation loss of a
waveguide with a slab height s=150 nm and full membrane height of 220 nm, shown
in figure 3.6. The plot details that for decreasing waveguide width, the propagation
loss will increase significantly which is directly related to mode cut-off to the surround

slab region. A propagation loss of >1 dB/cm is desirable for producing resonator

waveguides, with a limit to the waveguide width of w=450 nm. The final simulation
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details the bend loss calculation for a ridge waveguide of parameters w=>500 nm and
s=150 nm and an overall membrane height of 220 nm. The tighter the curve, the
more the mode profile shifts to the outer edge of the bend, interacting with the
surrounding medium causing mode leakage and increased scattering loss [60]. The
simulated results indicate that this issue arises for ring radii of <10 pm, with radii
15 pm and above demonstrating an average bend loss of ~0.9 dB/cm. The ridge
waveguide geometry chosen for the following work consists of a waveguide width of
w=500 nm and slab height of s=150 nm, whilst ring radii of ROC = 15, 20, 25, and

30 pm are utilised in producing low loss and compact membrane ridge waveguide

structures.
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Figure 3.7: (a) Propagation loss measured as a function of width for a slab height
of s=150 nm and full membrane height of 220 nm. The red dotted line highlights 1
dB/cm propagation loss limit. (b) Bend loss as a function of ROC for w=500 nm,
s=150 nm and membrane height of 220 nm. The green shaded area highlights the
ROC range used for the following experiments.

Si membrane device fabrication

This section details the fabrication procedure for the Si membrane devices. The
production of the suspended Si membrane waveguides combines the techniques pre-

viously demonstrated for both fabrication techniques outlined in sections 3.2.1 and

90



3.2.2. Prior to fabrication of the surrounding trench, Si rib waveguides and a support-
ing frame are shallow-etched inside the membrane region using the standard lithogra-
phy and RIE etching processes demonstrated before. The etch depth is calculated by
removing the slab thickness from the membrane full height with a shallow-etch depth
of 70 nm introduced. An illustration of the shallow-etched waveguide fabrication is

shown in figure 3.8b.

(a) (b)
(c) (d)

Figure 3.8: Schematic illustration of full membrane resonator fabrication proto-
col detailing the (a) SOI wafer prior to processing; (b) shallow-etch of membrane
waveguide; (c) full Si etch of trench and support anchors; (d) membrane under-etch
of buried oxide for device suspension.

After the shallow-etch, a trench is formed surrounding the complete structure
by the full etch of the Si layer, leaving only the anchored supports holding the
membrane to the remainder of the core layer. This is followed by the VHF under-
etch to remove the buried oxide layer fully suspending and finishing the Si membrane
device fabrication. The suspension steps are illustrated in figure 3.8c-d.

A top-view SEM image of a fully fabricated single membrane containing Si ring
resonators is shown in figure 3.9 attached to the remaining Si core layer by two
anchors situated at opposite ends of the structure. The support region at the full

220 nm Si core thickness surrounds the waveguide structure as a means to improve

91



on the membrane rigidity, detailed by the lighter regions of the membrane. Figure
3.9b is an SEM image of an array of Si membranes on a SOI wafer. Multiple arrays
are fabricated on a single wafer with each containing different waveguide geometries

enabling both highly compact and variable device integration.

Figure 3.9: (a) SEM image of suspended membrane containing multiple shallow-
etched ring resonator devices. (b) SEM image of a suspended membrane array.

3.3 Optical transmission measurement set-up

For the characterisation of the micro-assembled micro-ring resonators, the measure-
ment set-up shown in figure 3.10 is utilised. Light from a tunable continuous wave
(CW) laser, Agilent 81640A, with a wavelength range of 1510-1640 nm was coupled
onto the Si chip via optical polarization control optics, isolator, and a tapered optical
fibre. The light was captured from the output facet by an objective lens and focused
onto the face of a photodetector and fed to an oscilloscope. An IR camera is used

for fibre-to-facet active alignment for optimum light coupling on-chip.
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Figure 3.10: Schematic illustration of the experimental set-up for capturing the
transmission spectra of the all-pass resonator devices.

The spectral transmission response of the device is measured by triggering sweep-
ing the tunable laser across the desired wavelength range and recording the photode-
tector intensity signal as a function of time. The oscilloscope measurement is trig-
gered by the laser source which is then swept at a constant rate, e.g. 20 nm s~*. The
captured temporal intensity trace can be converted to an intensity spectrum through
the laser sweep speed and the oscilloscope sampling rate. For a sweep speed of 20
nm s~! and an oscilloscope sampling rate of 20,000 Sa/s, the resultant measurement
resolution is 1 pm. This provides an output measured intensity of the waveguide

device as a function of the input laser wavelength.

3.4 Micro-assembly of SOI ring resonators

The absolute placement accuracy achievable by the high alignment TP method en-
ables the micro-assembly of Si membrane micro-ring resonators with precise control
over lateral coupling gap (z) between the bus waveguides and membrane micro-ring
resonator cavities. A detailed description of the alignment procedure is given in chap-
ter 2. Figure 3.11 shows a top-view SEM image of the finished vertically coupled
all-pass micro-ring resonator device. It is composed of a straight Si bus waveguide
fabricated on the SOI receiver substrate for the evanescent coupling/de-coupling of

light into the resonator cavity. The Si ultra-thin membrane is bonded onto the re-
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ceiver substrate by using the established TP method, and laterally aligned (z) for
optimised coupling between each waveguiding layer. A higher magnification top-view
image of the resonator, given in figure 3.11b, details the multi-waveguide coupling
region with the controlled z lateral alignment. The displacement is measured be-
tween the centre of both waveguide structures with the device having a targeted
lateral displacement of 400 nm. The vertical separation is determined by the resid-
ual HSQ layer which is y=100 nm. Figure 3.11c shows the gradual conformation
of the silicon ultra-thin membrane around the bus waveguide. The flexibility of the
membrane structure enables a strong bond between the SOI receiver substrate and
the membrane, enabling the vertical assembly of structures without any mechanical

supports or use of adhesion layers.

Figure 3.11: (a) SEM image of membrane resonator bonded to a SOI bus waveg-
uide. (b) Magnified SEM image of the all-pass resonators vertical coupler region with
a controlled lateral alignment offset z; (¢) SEM image of the membrane conforming
to underlying bus waveguide. The membrane thickness is 150 nm.

A measurement of the deformation of the membrane waveguide as it conforms
over the receiver is calculated, including the calculated ROC. This allows the simu-

lation of any additional vertical bend losses the device may inherit from the receiver
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not being planar. For this calculation we assume a symmetrical s-bend cross-section

of the curved membrane, as demonstrated in figure 3.12a, and using the equations:

D? 4 C?
ROC =R - D, (3.2)

where R is the radius of the full circle of the imaginary circle completing the
curve with C and D being the length and height of the region of interest, respec-
tively. The small aspect ratio of the bus waveguide height (320 nm) which includes
the 220 nm Si waveguide and 100 nm HSQ capping layer compared to the lateral
distance between both contact points of =5 um gives a calculated ROC of ~20 pm.
This is achieved assuming a symmetrical s-bend deformation of the membrane with

waveguide curvature in both upward and downward directions.
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Figure 3.12: (a) Schematic illustration of the membrane deformation as it con-

forms to the underlying waveguide structure. (b) Simulated plot of ROC in vertical
direction as a function of loss for both upward and downward curvatures.

A bend loss for both upward and downward bend orientations was calculated in

the range of 107* dB/cm for ROC greater than 5 ym, the low-loss comes from the
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high refractive index contrast experienced between the Si and air/silica media. The
relationship between ROC and loss is shown in figure 3.12b. As such, the added
loss through waveguide deformation is negligible when compared to the transmis-
sion losses of the resonator structure and therefore will not detract from the overall

performance of the membrane micro-ring resonator.
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Figure 3.13: Measured transmission spectrum of the vertically coupled single-mode
Si ring resonator produced by transfer printing.

The normalised transmission resonance spectrum of the assembled 25 pm-radius
all-pass ring resonator is shown in figure 3.13, for a wavelength range of 1510-1630
nm. The resonator FSR is measured from the spectrum as ~4 nm. By using equation
1.15, with a simulated group refractive index ng= 3.66 a FSR of 4.2 nm at A= 1550 nm
is calculated, showing a clear match between the theoretical and experimental values.
Following this, each individual resonance within the spectrum is theoretically fitted
using a least-squares fit of the transmission intensity transmission function, equation
1.13. The cross-coupling coefficient (r) and single-pass amplitude transmission (a)
during the fit are left as free parameters, with the best fit values used to calculate

the device loaded Q-factor, using equation 1.20. The experimental average loaded Q-
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factor value is measured as Q~2,500, with similar values achieved when calculating
directly from the resonance FWHM values, equation 1.18. An individually fitted

resonance dip is shown in figure 3.14.
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Figure 3.14: Theoretical fitting of a single resonance from the ring resonator nor-
malised transmission spectra, with measured cross-coupling coefficient and Q-factor
defined.

A state-of-the-art monolithically fabricated silicon ring resonator of similar ge-
ometry to the printed devices produces a loaded Q-factor for critical coupling at the
value of 57,000 [98], an order of magnitude greater than our measured values. The
reduction in quality when compared with similar monolithic Si devices can attribute
to an increase in scattering losses. This effect was due to the silica undercladding of
the membrane devices not being fully removed during the HF vapour etch, leading
to a thin nonuniform silica surface on the membrane underside reducing the over-
all bond quality between the membrane and receiving substrate. By enhancing the
contrast of the top-view image as well as by flipping a membrane to image the un-
derside directly the roughness is demonstrated, figure 3.15. The roughness stops half

way into the membrane under-etch with the same amount on the supporting silicon
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region, shown in figure 3.15b. This is due to the first of two required VHF etch steps
only partially removing the silica. By optimising the VHF etch process and moving
to a single etch procedure, future fabrication processes have more efficiently removed

the silica underneath.

@ (b

Figure 3.15: (a) Top-view micrograph of the assembled all-pass resonator with
underside roughness highlighted by a red dotted region. (b) Optical micrograph of
the membrane underside showing the silica roughness.

3.5 Nanoscale placement accuracy

The positional accuracy of our TP procedure is measured by the micro-assembly of
the membrane ring resonator structures with control over the lateral alignment be-
tween the printed membrane waveguide and underlying Si bus waveguide. Variation
of the lateral displacement results in a change in the overall coupling coefficient and
loaded Q-factor of the final assembled Si ring resonator. For the highest accuracy
measurement of z we use high magnification top-view SEM images of the coupler
region. The SEM pixel resolution is in the range of 10 nm therefore below the

expected resolution of the alignment procedure.
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Figure 3.16: (a) SEM image and (b) associated line sections of the coupler region
of a micro-assembled ring resonator. The edges of the membrane waveguide produce
high intensity spikes, whilst the underlying waveguide produces a slowly varying
increase in the overall intensity.

Due to the ultra-thin membrane, electrons can reach the underlying waveguide
allowing the imaging of both the coupler sections of the membrane and receiver
waveguides, as illustrated by the SEM image in figure 3.16a. Lateral positioning
of the membrane waveguide with respect to the FOV is measured by taking a line
profile across the image at the lowest point of the curved waveguide, figure 3.16a.
The high scattering of electrons during the imaging enables the waveguide edge
features to be easily resolved, with the waveguide centre taken as the average spatial
position between the two edge points, as shown in figure 3.16b. However, the lack
of resolution on the underlying bus waveguide edge profile inhibits the ability to
accurately measure it’s lateral positional information.

The difference in intensity profile of the bus waveguide is a factor of the electron
scattering through the membrane material during the imaging process. To minimise
the effects of noise in the image, the bus waveguide envelope was calculated as an
average of a number of line sections at either side of the coupling point. In order
to ensure that the scattering through the membrane has a negligible effect on the

measured central position, an image was taken at the point where the bus waveguide
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emerges from the membrane such that the waveguide edge positions can be measured
with greater accuracy, figure 3.17a. The central positions are measured using the edge
detection method in the exposed region and by calculating the central position of
the envelope in the membrane covered region, with both methods producing a result
with the centre point within the pixel resolution of the image. This comparison is

shown in figure 3.17b.
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Figure 3.17: (a) SEM image and (b) associated line sections of the underlying bus
waveguide at the membrane edge. The dotted lines represent the recorded sections
used to produce the intensity line profiles.

Finally, by overlapping the two waveguide central points and taking the difference
between the measured positions of the membrane and bus waveguides, z can be
calculated. This plot is demonstrated in figure 3.18. The final measured lateral

offsets are provided in table 3.1.
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Figure 3.18: Plot of the overlapped associated line sections of the coupler region
of the transfer printed membrane ring resonator device.
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Figure 3.19: SEM images showing the waveguide lateral offset variation across
multiple devices, including target x values. Included are the corresponding trans-
mission spectra of each resonator device sweeping a wavelength range of A= 1540
nm to 1560 nm.
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Table 3.1: Comparison of micro-assembled SOI ring resonators

Expected z (nm) Meas. z (nm) Coupling coeff. Q-factor
0 95 - -
300 330 75 % 2000
400 230 50 % 2500
200 710 34 % 4100

Average error + Std dev  1004+70 nm

Figure 3.19 shows top-view SEM images of the coupler region for the four micro-
assembled devices as well as their respective optical transmission spectra over a
20 nm wavelength range centred at A=1550 nm. The multiple top-view images of
the coupler regions demonstrate the variation in the lateral offset of the membrane
micro-resonators. The lateral offset z of each device are 0 nm, 300 nm, 400 nm,
500 nm with a fixed vertical coupling gap of ~100 nm, applied by the use of an
intermediate HSQ spacer layer as specified earlier in the chapter. By using the SEM
image intensity profile method, an average positional alignment offset error over all
devices is calculated at 100470 nm, with each offset provided in table 3.1. The first
three devices exhibit a placement accuracy better than 150 nm. Misalignments can
be attributed to relative motion between the stamp and membrane devices during
the printing process. The increased lateral waveguide offset is more evident in the
device with a target separation of 500 nm with an absolute placement accuracy of
210 nm, however this exhibited accuracy is still better than the measured accuracies
of current state-of-the-art TP methods. The measured transmission spectra for each
device details the variation on the optical coupling as a function of the lateral offset
between the membrane ring and bus waveguide. As z is increased resulting in a
large coupling gap and therefore reduced coupling coefficient, the resonance linewidth

exhibits under-coupling with a narrowed linewidth and decreased extinction. For the
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case of the lateral offset x=0 nm, the resonance does not represent a well defined
ring resonator. As the lateral alignment reaches =0 nm with a HSQ spacer layer of
~100 nm, the coupler region operates within a multimode regime producing complex
coupling and loss behaviour as a function of the wavelength. The transition to
a device layout exhibiting evanescent coupling between the waveguide structures
is reached for lateral offsets greater than 200 nm, as shown by the corresponding
single-mode resonances in the larger lateral alignment devices.

The theoretical fitting in order to obtain the loaded Q-factors is implemented
for the devices exhibiting a lateral placement offset of 2>300 nm, with each devices
corresponding Q-factor and coupling coefficient shown in table 3.1. In accordance
with the reduction in linewidth for increasing lateral offset, an increase in the Q-

factor alongside a reduction in the coupling coefficient is demonstrated.

3.6 3D assembly of Si membrane devices

Using the standard monolithic integration for Si photonic systems, the manufacturing
of 3D architectures requires a large number of fabrication steps, which can be costly
and time consuming with each added layer only increasing the fabrication complexity.
As such, the introduction of TP, with it’s ability to vertically assemble individual
components in 3D architectures across many different material platforms can benefit
the production of 3D PIC systems.

In this section we use TP to vertically assemble a selection of multi-layered ultra-
thin membranes in a single stack without the use of intermediate bonding layers,
with the success of the technique demonstrating the possible production of 3D device

geometries.
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3.6.1 Si multi-layered stack

There has been limited implementation of 3D stack assembly using TP. However, the
capability which TP provides for the formation of 3D structures has been shown by
past demonstrators of Si platelet stacking of multiple different platelet geometries,
ranging from microns to sub-micron thickness [4].

The initial multi-layered structure we produce by TP is composed of five inte-
grated Si membranes. The membranes have no patterned structures such that they
are blank, and are made up of an ultra-thin 220 nm thickness Si layer. The aligned
stack structure demonstrates the high rotational and translational control of the
multi-layer TP method as well as great control of the bonding process. The micro-
assembly is achieved on a Si receiver substrate with the direct bonding of each layer
without the requirement of any additional adhesion promoting layers. An SEM of
the fully assembled 3D stack is shown in figure 3.20. The TP protocol utilised is com-
petitive adhesion using a flat PDMS stamp, relying fully on the direct adhesive-free

layer bonding strengths.

(@) (b)

Figure 3.20: (a) Top-view SEM image of a multi-layered Si membrane stack utilis-
ing direct bonding of each layer; (b) Angled SEM image of the stack sidewall detailing
the multiple layer structure.
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3.6.2 Si and silica multi-layered DBR stack

Distributed Bragg reflectors (DBR) are multi-layered structures made up of an alter-
nating arrangement of two or more materials producing a periodic variation in the
structure’s refractive index [99]. Each layer boundary - when satisfying the Bragg
condition - will reflect light at wavelengths four times the optical path length with the
combination of multiple layers producing a high quality reflector through construc-
tive interference. The implementation of DBR structures can be used for photonic
components such as DBR lasers [100] and resonant wavelength cavity micro-LEDs
[101]. The DBR membrane structures consist of five-layer stacks of membranes.
Each membrane contains two material interfaces, composed of a 220 nm thick silicon
core layer followed by a deposited silica layer, with the geometry illustrated in figure

3.21.

Incident light

Il

Silayer — I - Single Mem.
I

Silicon Substrate

Figure 3.21: Schematic illustration of the Si/SiO, vertically assembled multi-layer
stack structure.

The suspended Si membrane fabrication follows the procedure outlined section
3.2.2. The silica layer is added by plasma-enhanced chemical vapour deposition
(PECVD) growth, with the deposition achieved after membrane suspension on the
native substrate. Similar to the initial Si stack in section 3.6.1, the individual mem-

brane assembly utilises no adhesion promoting layers. SEM images of a vertically
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assembled membrane stack from both top and angled views are shown in figure 3.22.
The device previewed has a silica interlayer thickness of 10 nm. The 10 nm thick
silica layer was deposited as a test layer, making sure that the Si membranes would

not collapse under the added weight and strain.

(b)

Figure 3.22: (a) Top-view SEM image of alternating Si/SiOs membrane stack
assembled by TP. Dark region in top right portion of membrane is contaminant left
from solvent cleaning. (b) Angled SEM image of the 3D membrane stacks sidewall.

Simulations were carried out using the Lumerical FDTD software package to find
a combination of Si and silica which would produce a DBR with high reflectance
within the visible wavelength range. An interlayer combination of Si (220 nm) and sil-
ica (100 nm) alternating layers was proposed, estimating a peak reflectance achieved
for regions of the visible band for five bilayers, figure 3.23. It depicts a reflection band
centred at ~450 nm with a second wide-band over the wavelength range ~550-680

nim.
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Figure 3.23: Simulated DBR reflection plot for 5x membrane layers of alternating
silicon (220 nm) and silica (100 nm), compared against Si only stack structure.
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Figure 3.24: Top-view optical micrographs of Si/SiOs stack captured between
each membrane print: Left to right: one to five membranes, tracking the change in
membrane colour as each layer is added. Plot containing membrane intensity for
each stage of the stack assembly, with the pixel intensity corresponding to the RGB
pixel intensity of the images averaged over the full membrane areas.

Figure 3.24 details the evolution of the TP Si-silica membrane stack through

top-view optical images. After each individual membrane is added, an image was

captured to record the variation in the visible reflectance. The images depicts a
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variation in the overall membrane reflected colour. This is further shown within
the plot, which tracks the varying pixel red, green, and blue (RGB) intensity of the
membranes across the number of stacked membranes. The measured RGB intensity
is averaged over the full membrane area. The introduction of IPA during membrane
printing was used to improve the bond quality through capillary actions, with the

IPA droplets appearing on the substrate.

(2) (b)
Figure 3.25: Top-view optical micrographs of (a) silicon 5x membrane stack (220

nm per membrane); (b) silicon-silica 5x membrane stack (220 nm silicon and 100 nm
silica per membrane).

A direct comparison between the two obtained multi-layered membrane stacks,
each containing five membranes, are detailed in figure 3.25. The block Si mem-
brane stack with no additional interlayer silica is shown in figure 3.25a, and the Si
membrane stack containing the 100 nm deposited layer is shown in figure 3.25b.
The two stacked structures are capture within the same image as to produce iden-
tical imaging conditions. A distinction in the reflectance is exhibited between the
two structures, with further image processing analysis characterising the reflectance
comparisons for each stack structure. Each membrane image is separated into their

RGB components, allowing characterisation of the reflectance change captured by
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the microscope camera. A bar chart plots the RGB intensity distribution between
each membrane stack, with the pixel intensity averaged over the full membrane area,

is provided in figure 3.26.

250 '

mSi
[[Si-Silica

200

—
(9]
o

Intensity (a.u.)
3

[9))]
o

0 1 1
blue green red

Figure 3.26: Barcjart detailing the variation in the RGB pixel intensity between
the silicon only and silicon-silica stack structures, with the pixel intensity averaged
over the full membrane area.

The output is compared against the simulated expected reflectance in figure 3.23,
which predicts a large reflectance within the red wavelength region. The values from
figure 3.26 shows similarities between the experimental and expected reflectance be-
haviour of the DBR stack, with the red wavelength component showing an increased
pixel intensity for the silicon-silica stack corresponding to a higher reflectance in these
wavelength regions. The reduced change in the green and blue wavelength compo-
nents are also expected from the simulations, with a smaller reflectance band in the
blue region whilst a slight reflectance overlap is predicted in the green wavelength
region.

Overall, a 3D DBR stack structure is produced detailing a measurable change
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in the device reflectance within the visible spectrum, with similarities in it’s re-
flectance comparing to target reflectance simulations. The experiments demonstrate
the transfer printing of multi-layered devices by the stacking of fully fabricated sus-
pended membranes, with the technique possibly being a route towards producing

future 3D photonic components.

3.7 Conclusions

In this chapter, the design and fabrication of ultra-thin silicon membranes was in-
troduced. The design and modelling of single-mode silicon waveguide structures
is contained. As well as the full process flow into the production of the receiver
platforms SOI bus waveguides, and the techniques required for the production of
ultra-thin suspended silicon membrane devices ready for transfer printing.

The chapter contains a description of the techniques used for the micro-assembly
of vertically coupled all-pass SOI ring resonators by high accuracy transfer printing.
With the method achieving single-mode vertically coupled all-pass ring resonators
with Q-factors reaching ~4,000. The nanoscale placement accuracy using our high
precision TP method is measured by varying the lateral alignment offset between the
membrane ring resonators and receiving bus waveguide, with an average placement
accuracy as low as 100470 nm calculated. The high placement accuracies achieved
clearly show the ability of TP as a future technology for the future integration of
passive photonic components across multiple non-native platforms.

As well as this, the three-dimensional micro-assembly of silicon membranes by TP
is shown with controlled rotational and lateral alignment. The addition of a silica
deposited interlayer produces multi-layered Si/SiO, DBR stacks with the demon-

stration of selective reflectivity. This demonstrates the possibility of using transfer
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printing for the production of 3D photonic devices.
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Chapter 4

Hybrid integration of WGM

resonators by transfer printing

4.1 Introduction

WGM resonators are widely employed components in photonic systems. The reso-
nant enhancement of light-matter interactions and environmental sensitivity enables
applications ranging from nonlinear processes such as second-harmonic generation
(SHG) and four-wave mixing [102, 65], to nano-scale high speed sensors [103], and
the production of active photonic components such as micro-disk lasers [104]. Two
material platforms utilised in producing chip-scale WGM resonators are of particular
interest, these are silicon and aluminium gallium arsenide (AlGaAs). Silicon is com-
patible with CMOS manufacturing used by the electronics industry and has a high

3

x® material nonlinearity. AlGaAs also has a large x® coefficient, and unlike Si,

(2) nonlinearity. Further to this, both materials are transpar-

also exhibits a large y
ent in the NIR telecommunication band, such that they can be used for significant
technology developments within this wavelength range.

The production of efficient nonlinear components in monolithically fabricated

SOI has several fundamental material issues, these are its lack of x(® nonlinearity
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combined with its two-photon absorption (TPA) and free-carrier absorption (FCA)
at the 1550 nm wavelength. In order to produce high performance nonlinear compo-
nents within the SOI platform we must heterogeneously integrate with more suitable
material platforms, such as AlGaAs. This chapter focuses on the hybrid integration
of AlGaAs-on-SOI micro-disk resonator devices using the high alignment accuracy
transfer print method as a means to produce efficient nonlinear photonic components
within the SOI platform. We first detail the integration of fully fabricated AlGaAs
micro-disks of varying diameters with SOI waveguides producing high-quality factor
hybrid resonator devices. Design and fabrication methods of the free-standing I1I-V
micro-disk structures are explained, alongside in-depth characterisation of the TP
micro-disk placement accuracy and finished hybrid resonator optical performance.
Hybrid micro-disk resonators are micro-assembled onto SOI waveguides with both
lateral and vertical coupling gap control. The vertical and lateral coupling mecha-
nism are utilised for controllable selective excitation of different mode families within
the disk resonators showing variation in coupling coefficient and Q-factor as a func-
tion of lateral offset between micro-disk and underlying bus waveguide. Further to
this, we demonstrate the nonlinear capabilities of the hybrid resonators by achieving
four-wave mixing (FWM) at low optical on-chip power, with efficiencies rivalling the

state-of-the-art monolithically integrated resonator devices.

4.2 AlGaAs-on-SOI micro-disk resonators
4.2.1 Design

The AlGaAs micro-disk resonators are fabricated from an AlGaAs/GaAs material
stack wafer composed of a GaAs substrate and two Al,Ga;_,As thin layers, shown in

figure 4.1a. The material composition of both AlGaAs layers have a vital role in the
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disk fabrication, as furthered explained in section 4.2.2, with the AlGaAs micro-disk
structures fabricated from the Aly3Gag7As core layer. For the experiments, multiple
diameter disks were fabricated from 5 to 20 ym with the disk height provided by the

core thickness.

(a)

Al0.3Ga0.7As

(b)

Figure 4.1: Schematic of (a) AlGaAs-on-GaAs wafer, detailing each layer thickness.
(b) Post-fabrication micro-disk composed of the Aly3Gag7As core layer on top of the
GaAs substrate.

In micro-resonators, the tight control over mode coupling plays an important
role in the production of high quality resonators, with nanoscale deviations in the
coupling gap as well as mode cross-talk vital to overall device performance. With
respect to this, vertical confinement of the micro-disk resonator modes is required to
suppress complex resonant conditions within the micro-disk structure, limiting the

resonant cavity to a single vertical mode and polarisation. This was accomplished
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by restricting the disk cavity thickness.
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Figure 4.2: Simulated effective index as a function of the disk height for the fun-
damental TE and TM modes, with a height of 270 nm producing single-mode and
low loss TE propagation (green line). Simulation is carried out with a variation of
radii with ROC of 5,10,15,20 pum.

Figure 4.2 details a simulation of the effective refractive index change when the
disk height is varied for both the TE and TM fundamental modes within the disk
cavity. The simulation is carried out by a Lumerical FDE mode solver, as previously
used within section 3.2.3, calculating the mode confinement within a cross-section
of the AlGaAs micro-disk. This is simulated for a micro-disk structure with varying
radii, with ROC=5,10,15,20 pm simulated. The increase in ROC due to the reduction
in mode confinement reduces the overall effective refractive index. As the micro-disk
height is reduced the TM propagation mode has an increased loss, as the modal cut-
off is reached. The disk height of h=270 nm used throughout this work is highlighted
by a green line within the plot. Further to this, the optimised disk has negligible

loss across the full span of higher order WGMs.
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4.2.2 Fabrication

The micro-disks are fabricated from an AlGaAs epitaxially grown material stack on
top of a GaAs substrate. Control over the aluminium content of the Al,Ga;_,As
(z is the composition percentage i.e. =0.3=30 %) enables the production of highly
selective sacrificial layers which can be used to isolate AlGaAs structures from the
GaAs substrate. For this work an Alg3Gag7As layer of 270 nm thickness was grown
on a high aluminium content Aly9Gag 1As sacrificial layer of 0.5 yum, as shown by the
schematic in figure 4.3. Micro-disk structures of 270 nm thickness, with diameters
ranging from 3 pm to 20 pum, were patterned using EBL into a deposited HSQ
resist. A full etch of the Al 3Gag7As is achieved using a SiCly/Ar/Ny RIE process.
Following this, a buffered 10:1 HF acid etch selectively removes the high aluminium
content Alg¢Gag 1As, which releases and distributes the free standing Aly3GagrAs
structures randomly across the GaAs substrate. After an IPA cleaning stage, the

AlGaAs micro-disks are ready to be transfer printed.

EBL pattern exposure

i

RIE (SiCla/Ar/N2). (@)

10:1 Buffered HF wet etch

S

Figure 4.3: Schematic illustration of AlGaAs micro-disk fabrication procedure de-
tailing (a) initial AlGaAs-GaAs wafer composition; (b) HSQ deposition and e-beam
exposure of micro-disk patterns; (c¢) RIE etch of the AlGaAs core layer, with the
micro-disk structures protected by the HSQ resist layer; (d) HF 10:1 wet etch of
AlGaAs sacrificial layer, distributing fully released AlGaAs micro-disks across GaAs
substrate; (e) SEM image of AlGaAs micro-disk on GaAs substrate.

©

The fabricated micro-disks lack the anchored supports provided in previous TP
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device architectures. To support low-loss whispering gallery modes the disk sidewall
roughness must be kept to a minimum, breakage of the anchors would leave surface
defects increasing device scattering losses. As such, the structures were left free-
standing on the GaAs substrate, however by using high adhesion PDMS stamps the
micro-disks can be controllably released from the substrate in a similar fashion to
the typical TP method. All of the AlGaAs disk fabrication is achieved within the

James Watt Nanofabrication Centre at the University of Glasgow.

4.2.3 High accuracy transfer printing of laterally coupled

disk resonators

This section details the first attempt at micro-assembling a hybrid AlGaAs-on-SOI
micro-disk resonator by TP. This was achieved by bonding an AlGaAs micro-disk
onto the SOI receiver with a controlled lateral coupling gap to a Si bus waveguide,
as shown by schematic in figure 4.4. The high alignment accuracy TP method for

micro-disk structures is detailed in chapter 2.

X
HSQ L
— :
. . AlGaAs |
Si02 :
-'x
(a) (b)

Figure 4.4: (a) Cross-section schematic of the laterally coupled AlGaAs micro-disk
with a Si waveguide on the SOI platform. The lateral gap (z) is an edge-to-edge
measurement calculated from the closest edges of both waveguide and micro-disk.
(b) Top-view schematic of same structure detailing the lateral offset between the
waveguide and micro-disk.

The target lateral coupling gap between bus waveguide and disk is =100 nm,
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with the close proximity enabling evanescent coupling into the fundamental whisper-
ing gallery mode of the disk resonator cavity. A HSQ layer of 100 nm is present solely
on top of the waveguide with the substrate exposed surrounding the waveguide. This
allows adjacent printing to the bus waveguide onto the silica cladding surface with

full control over resonator coupling determined by lateral offset (z).

2 1 1 1 1 1
(b) 1 — S0l bus waveguide
Y — SOl / lI-V hybrid PIC

g
521
8737 |
% 4 i " Ny =2
c .51 “lc=003
S 1 *lag=63d8
i B P .

74 P®1Ext=52dB

_8 ) ; 159 I161III : 151.1 I1612 .

1525 1550 1575 1600 1625
Wavelength (nm)

Figure 4.5: (a) Top-view SEM image of laterally coupled AlGaAs-on-SOI micro-
disk resonator with a controlled lateral coupling gap =100 nm. (b) Normalised
transmission spectra of the Si bus waveguide prior to and post-assembly of the hy-
brid AlGaAs-SOI disk resonator. (Inset: Single resonance with extracted Q-factor,
coupling coefficient, and distributed waveguide loss.)

Figure 4.5a shows an SEM image of the hybrid disk resonator of 10 pm diam-
eter integrated by high alignment accuracy TP. Figure 4.5b details the subsequent
optical transmission spectrum of the Si waveguide prior to and after the integration
of the coupled AlGaAs micro-disk cavity, normalised to the Si waveguide maximum
transmission. A free spectral range of ~25 nm corresponds to the fundamental
whispering gallery mode of the micro-disk resonator. By fitting the 1610 nm wave-
length resonance to an all-pass resonator model, the Q-factor and coupling coefficient
are extracted from the data, as shown in the inset of figure 4.5b. The device has

a measured Q-factor of 7 x 103, coupling coefficient of 3 % and exhibits an ap-

118



proximate ~6 dB resonance extinction level. Further to this, a finesse of 111 was
calculated at \,..s=1610 nm. The low extinction and high losses can be attributed
to localised notch defects on the outer disk region, lowering the achievable Q-factor.
This notches are produced by discretisation during the EBL patterning. As light
propagates through the disk cavity, it will scatter off the sidewall defects increasing
the losses within the resonator and therefore is detrimental to the overall performance

of the device.

Positional alignment accuracy measurement

The target lateral coupling distance (z) of the assembled micro-disk resonator was
measured detailing the placement accuracy of the TP method. In the same fashion
as the measurement technique demonstrated in chapter 3, an intensity line profile of
the hybrid devices coupling region is extracted from a top-view SEM image, detailed
in figure 4.6a. Calculation of z is achieved by the intensity contrast, imaging the
contrasting edge profiles of the micro-disk relative to the bus waveguide. With
respect to the sloped sidewall of the disk, a differentiation of the data signal over
the scan range helps emphasise the change in pixel intensity for a more accurate
measured representation of the lateral coupling gap. The data points included in the
x calculation are detected as the minimum and maximum of the absolute value of
the differentiated signal which corresponds to the FWHM of the separation distance,
as shown in figure 4.6b. The SEM measurement error is as low as £2.8 nm which is

dominated by the pixel resolution of the imaging system.
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Figure 4.6: (a) Magnified SEM image with line profile showing the extracted pro-
file intensity region. (b) Pixel intensity as a function of the lateral distance of the
line profile. Intensity variations within the pixel intensity captures the Si waveguide,
micro-disk and lateral gap positions. The absolute differentiated pixel intensity em-
phasises the edge regions.

A large variation in x across the coupler region was present due to the small ROC
of the micro-disk cavity. As such, the coupling gap was measured over a region-of-

interest (ROI) covering the coupling region, with the results plotted in figure 4.7

showing a variation in the coupling gap over the full region.
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Figure 4.7: Coupling gap distance within a ROI surrounding the coupling region.
(Inset: ROI region and position of the minimum gap location.)

The minimum measured coupling gap between the two structures was z= 137

nm + 4 nm closely matching with the targeted gap distance of 100 nm, with the
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error corresponding to the SEM measurement technique. The SEM image alongside
the lateral coupling distance measurements in figure 4.6 show a variation in the
micro-disk outer rim where the separation varies with a non-uniform curve. This
is attributed to localised notch defects as previously mentioned. The continued
work uses newly fabricated micro-disk structures where the notching defect has been
removed, this will effectively reduce any losses from surface scattering and increase

the hybrid resonator device overall performance.

4.2.4 High-Q factor vertically coupled disk resonators

As well as reducing the notch defects in the disk sidewalls, several variations to
the hybrid disk layout were used to optimise its performance. An HSQ cladding
layer is deposited over the silicon waveguides on the SOI receiver by spin-coating.
This produces a planar surface for TP, increasing the adhesion properties whilst

simultaneously defining a controlled vertical coupling separation.
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Figure 4.8: (a) Cross-sectional schematic of the vertically coupled AlGaAs micro-
disk an Si waveguide enabling the controlled lateral and vertical coupling by transfer
printing. The lateral gap (z) is an edge-to-edge measurement whilst the vertical gap
(y) is calculated from the top of the waveguide to the bottom of the micro-disk. (b)
Top-view schematic detailing the micro-disk overlapping the waveguide detailing the
corresponding lateral offset.

The vertical coupling scheme between the WGM resonator has several advan-

121



tages over the lateral counterpart, such as denser device integration, higher device
flexibility with control over both vertical and lateral coupling, as well as allowing se-
lective excitation of different mode families within the micro-disk cavity which can’t
be achieved through typical lateral coupling mechanisms. A schematic of the as-
sembly layout is shown in figure 4.8. The vertically coupled hybid AlGaAs-SOI disk
resonator is shown by a top-view optical micrograph and corresponding transmission
spectrum in figure 4.9. The disk resonator is 15 pum in diameter and has a lateral

coupling distance between the disk and bus waveguide of 1 pm.
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Figure 4.9: (a) Optical micrograph of a transfer printed hybrid AlGaAs micro-disk
resonator on a Si waveguide with a lateral coupling offset of 1um; (b) Normalised
transmission spectra exhibiting multiple mode resonances across the full wavelength

sweep range.

The lateral overlap of the disk resonator to the bus waveguide demonstrates
the evanescent coupling to multiple mode families as indicated by the high number
of resonances within each periodically spaced group throughout the transmission
spectrum. The device exhibits an average loaded Q-factor of ~25 x 10 across
all mode families with a fundamental mode FSR~18 nm and exhibited resonant

extinctions reaching ~-12/13 dB.
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Selective mode excitation

Micro-disk resonators are highly multimode, with different mode families excited as
light travels into the inner regions of the cavity. Yet, to precisely control mode ex-
citations requires high precision control of both the lateral and vertical separation.
Previous techniques have been demonstrated [105], however complex fabrication pro-
tocols are required. The implementation of high alignment accuracy TP bypasses
the multi-level fabrication processes by micro-assembling fully fabricated micro-disk
resonators with high positional placement accuracy in both vertical and lateral di-

rections.
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Figure 4.10: AlGaAs disk cross-section with simulated mode profiles. The variation
in lateral offset enables the controlled coupling of the waveguide to different modes
within the disk cavity, with higher order modes extending further into the disk cavity
showing the (a) fundamental TEy mode, (b) TEy mode and (¢) TEgp mode. (d)
Plot of mode confinement as a function of waveguide lateral z for different modes.
The vertical offset y is kept at a constant 100 nm. Scale bar is identical for all
simulation cross-sections.
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In order to map the variation of the mode excitation as a function of lateral
displacement, multiple AlGaAs micro-disk resonators are transfer printed on top of
single-mode Si straight waveguides to produce vertically coupled hybrid resonators.
By varying the waveguide lateral position with respect to the disk cavity, the amount
of modal overlap between the bus waveguide and disk varies causing a change in the
mode coupling percentage. Simulated mode profiles of the multiple TE modes present
in the disk cavity are shown in figure 4.10 a-c. As well as this, a measurement of the
change in mode confinement within the waveguide as it is laterally shifted further

into the disk cavity is plotted in figure 4.10d.
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Figure 4.11: Optical microscope images of the hybrid resonator devices with vary-
ing  from 0 pum to 1 pum in steps of 250 nm (top to bottom, respectively) and
accompanying normalised transmission spectra. Resonances dips within a single
wavelength bunch are labelled with their corresponding radial mode numbers.

Figure 4.11 shows the multiple vertically coupled III-V/SOI hybrid resonators
with controlled vertical and lateral coupling. They are detailed by top-view optical
micrographs along with their accompanying optical transmission spectra. The lateral

coupling distance of the waveguide edge to the micro-disk edge was increased from
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0 to 1 pm with steps of 250 nm over five different devices. The movement of the
waveguide further under the micro-disk couples light with different mode families
within the cavity structures, as demonstrated by the variation in the resonant mode

excitation as a function of the lateral displacement offset.
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Figure 4.12: Cropped transmission spectra (1540 to 1560 nm) showing the resonant
mode excitation shift from the fundamental (q=1) mode (red dashed box) to a higher
order (q=3) mode (blue dashed box) by increasing the micro-disk to waveguide lateral
offset .

This shift in mode coupling is shown more clearly in figure 4.12, which contains
a magnified section of the transmission spectra, situated around a centre wavelength
of A &= 1550 nm. An increase in the lateral offset (z), when positioned further into

the disk, caused a reduction in the coupling for the fundamental mode as detailed

within the red dashed area. At the same time, once the lateral gap is large enough
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the light is shown coupling into a secondary mode (blue dashed area).

The introduction of periodic scattering centres along the circumference of the
devices during the EBL writing can lead to split resonances. This is attributed to the
intra-cavity backscattering causing initially degenerate clockwise and anticlockwise
propagating modes to couple and produce two standing wave solutions, [106]. The
devices exhibit split resonances throughout their transmission spectra. In order to
analytically measure the Q-factors, the theoretical fit of a single lobe is characterised,
as shown in figure 4.13.

The measured loaded Q-factor and coupling coefficient values averaged from res-
onances throughout each of the the full spectra are shown in table 4.1. Several of the
exhibited split resonances have been unable to provide clear and accurate measure-
ment criteria and are left blank in the table. The results show a clear variation in the
coupling of the fundamental mode with respect to the controlled coupling distance
having a direct relation to the Q-factor, with a sudden jump in the coupled light to

the higher order mode detailed once z reaches 1 pum.
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Figure 4.13: Spectra of split resonance with multiple lobes (inset contains a theo-
retical fitting curve to the left section of resonance).

The introduction of vertically coupled resonators have demonstrated the ability
to reach loaded Q-factor values averaging at Q~25,000 and reaching numbers of
Q~38,300 with extinctions of ~15 dB. Comparisons with the side-coupled AlGaAs-
SOI resonator devices in the previous section, an improved device performance is
achieved. The improvement can be related to the better sidewall fabrication re-
ducing scattered losses, with the vertical coupling enabling the coupling into higher
order modes within the disk cavity. When compared to the state-of-the-art mono-
lithic AlGaAs resonators, values range from Q~7,500 for AlGaAs-on-GaAs [107] to
Q~2100,000 for AlGaAs-on-Insulator [108]. Lower loaded Q-factor results compared
with the AlGaAs-on-Insulator can be attributed to fabrication induced surface rough-

ness, further evidenced by the split resonances.
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Table 4.1: Selective mode coupling: Q-factor and coupling coefficients

4.3 Micro-assembled AlGaAs-SOI resonators for

z (nm) || Fundamental | Higher order
Q K Q K
0 21,300 | 0.0108
250 || 27,900 | 0.0089
500 29,300 | 0.0084
750 38,300 | 0.0081
1000 30,000 | 0.0075

nonlinear four-wave mixing

Nonlinear optics has greatly benefited from the progress in chip-scale integrated pho-
tonic systems. The introduction of highly compact devices, when compared against
the typical fibre-scale architectures, enables dramatically increased non-linear re-
sponses through high optical modal confinement. This in turn produces much greater
light-matter interactions over reduced distances. When it comes to deciding on a
material platform there are many available, with each material’s specific properties

beneficial for a range of applications. Table 4.2 details the comparison of a list of

popular nonlinear materials.

Table 4.2: Material nonlinear properties

Comparison of materials for nonlinear PIC technology

Material platform | Ref. index ng (m? W= | Re(y) (m~' | CMOS
w1t

AlGaAs [59] 3.3 2.6 x 10717 1630 No

Silicon [109] 3.45 6.5 x 1075 | 320 Yes

Hydex [110, 111] 1.7 1.2 x 107 0.22 Yes

SiN [112] 2.1 1.6 x 10718 | 16 Yes

InGaP [113] 3.1 6.0 x 10718 | 475 No

Four-wave mixing (FWM) is a nonlinear optical parametric process utilised for a
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range of applications such as all-optical switching [114], signal generation [115] and
wavelength conversion [116]. By taking advantage of resonant enhancement through
the implementation of micro-resonators, increasingly high FWM nonlinear efficiency
can be produced at low input powers.

Silicon’s CMOS-compatibility and ability to produce highly compact resonator
components makes it a desirable platform for nonlinear applications. However, it
suffers from a high two-photon absorption (TPA) at 1550 nm which leads to free-
carrier absorption (FCA) losses, in which the incoming photon energy is absorbed
by free carriers produced by TPA, limiting the possible conversion efficiency of the
nonlinear interaction process [117]. Unlike silicon, AlGaAs with its high nonlinear
coefficient and lack of FCA losses can exhibit a much greater nonlinear conversion
FWM efficiency. By transfer printing fully fabricated AlGaAs resonator structures
into a pre-processed SOI passive system, we can produce a CMOS-compatible in-
tegrated photonic platform exhibiting the high nonlinearities of AlGaAs without
the material nonlinear issues of silicon. This section demonstrates the application
of our micro-assembled AlGaAs-on-SOI micro-disk resonators for nonlinear FWM.
We report on the nonlinear optical characterisation of the hybrid resonator devices
through efficient FWM at low optical on-chip power over multiple micro-disk device

geometries.

4.3.1 Four-wave mixing overview

FWM is a x® nonlinear optical parametric process. It occurs when three photons
from two input sources, signal and pump, propagate within a nonlinear material.
The interaction and subsequent scattering leads to the generation of a fourth idler

photon with a frequency difference related to the input frequencies [118], depicted
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in figure 4.14.
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Figure 4.14: (a) Non-degenerate FWM and (b) degenerate FWM frequency dia-
grams.

Both degenerate and non-degenerate FWM can occur, as shown in figure 4.14a
and b. In non-degenerate FWM, three frequency components were two are high
intensity pump (v,; and v,2) and a third signal (v,) all combine to provide a fourth
component known as the idler (v,) with a frequency difference defined in equation 4.1.
In degenerate FWM, two pump photons have coinciding frequencies, as in equation

4.2, with both combining alongside the signal to provide the output idler peak

Vi = Up + Vo — Vs, (4.1)

Vi = 2Up — Us. (4.2)

The continued work focuses on degenerate FWM processes, with a single high
intensity input pump and signal beam generating an output idler beam.

The nonlinear FWM effect is highly dependent on the phase matching of the sys-
tem. If a generated wave maintains a fixed phase relation with the material systems
nonlinear polarisation, it is able to extract energy most efficiently from the interact-

ing waves. Phase matching in FWM applies when the wave vector relationship of
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the interacting waves equals zero, detailed by [118]:
Ak = 2k, — ky — k; = 0, (4.3)

where k, ¢ are the interacting pump and signal wavevector components. When they
are in phase, as shown in equation 4.3, the field emitted by each corresponding dipole
adds coherently in the same direction, increasing the total radiated power. If phase
matching is not satisfied, known as a phase mismatch (Ak£0), the emitted fields
partially cancel each other depending on the phase difference, which can lead to a
considerable decrease in the efficiency of the nonlinear processes.

The effects of dispersion in a waveguide system can impact on the achievable
efficiency. Dispersion causes a variation in the refractive index as a function of the
input frequency, and as a result perfect phase matching of collinear interacting beams

must satisfy the condition:

np(20p) M0y

=0, (4.4)

c c

where n, ; are the refractive indices for the relevant pump and signal frequencies.
With the refractive index varying monotonically with frequency, the ability to per-
form perfect phase matching becomes increasingly difficult. However, by reducing
the amount of dispersion, or minimising the frequency difference between interacting
waves, phase matching can be increased to maximise the overall achievable nonlinear
efficiency.

Optical parametric gain is the phenomenon when the output is amplified by the
input pump beam during the nonlinear FWM process. The condition for parametric

gain is detailed below:

Gmax = €$Cp(7pfz',j,kl), (45)
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where v denotes the nonlinear parameter, P is the on-chip pump power, n, the
nonlinear refractive index, A.ss defines the area a waveguide mode covers in the
transverse dimension [119], f;;x is the overlap integral of the pump, signal, and
idler wavelength modes and [ is the interaction length [120]. Regarding the FWM
efficiency measurement, this is the case when the output idler beam power is greater

than the input signal power subject to a positive nonlinear efficiency.

4.3.2 AlGaAs and silicon FWM comparison

SOI integrated photonic systems have been used for a variety of nonlinear applica-
tions. However, the obtainable SOI FWM conversion efficiency is limited by high
two-photon absorption (TPA) and free-carrier lifetime. An alternative candidate
has been realised in AlGaAs. The III-V alloy material has a high refractive index
(n=3.24) enabling the fabrication of highly compact devices geometries comparitive
to silicon, whilst it also has the ability to tailor the bandgap helping mitigate the
TPA and free carrier lifetime for the realisation of high FWM efficiencies [121, 59].

To compare both silicon and AlGaAs solely on their nonlinear properties, we cal-
culate their FWM efficiency based on the theoretical simulation and analysis of two
identical ring resonators. Each resonator model has identical geometry with a radius
15 pm, cross-sectional area (220 nm x 500 nm), as well as a cross-coupling coefficient
value of k=0.018, and distributed propagation losses of 3.5 dBem™!. This enables

the comparison of the material nonlinear coefficient () and nonlinear refractive in-

133



dex (ng). Lumerical FDE mode simulations calculate the waveguide dispersion (d)
and effective mode area of the devices, with the mode area used for the calculation
of the v value of both materials utilising equation 4.3.1. The ny values are provided
in table 4.2. The simulated values of effective mode area are 0.133 pum? for silicon
and 0.172 pm? for AlGaAs calculating a v value of 198 W~! m~! and 610 W1
m~!, respectively. Dispersion values were calculated as dg; = 1500 ps/nm - km and
daigaas = 2300 ps/nm - km.

The FWM efficiency (n) is defined by the ratio between the generated idler and

input signal powers:

. Pidler

Psignal

= \’prumpLeffPFngFi, (4.7)

1 — exp(—aL + jAKL)|?

L2, =17 —alL
csp = Lexp(—al) al — JAKL ’

(4.8)

where Piger and Pyigna are the idler and signal powers respectively, L and Legy
are the cavity geometric and effective lengths, « is the average field propagation loss
coefficient incorporating both the two-photon and free carrier non-linear losses, and
the phase mismatch is given by Ak. F,,; is the square of the field enhancement

factors for the pump, signal and idler, measured by:

-
Fosi= 27 4.9
P ‘1 — texp(—%E) + jk ,S,iLl (4.9)

where r and t are the cross-coupling and transmission coefficients of the resonator-
bus waveguide coupler. The final parameters of interest are each material’s nonlinear

loss, being the TPA and FCA material values. The nonlinear TPA for silicon and
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AlGaAs are 0.7 cm/GW and 0.1 cm/GW, whilst the free carrier absorption values are
500 ps and 40 ps, respectively [122, 109, 123]. Figure 4.15 plots the FWM efficiency
- as calculated from equation 4.7 - for both Si and AlGaAs resonators, with the
Si efficiency level calculated both with and without TPA revealing the effects of

nonlinear loss within the system.
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Figure 4.15: Theoretical plot of silicon versus ALGaAs FWM efficiency as a func-
tion of on-chip power. Silicon’s efficiency level is calculated with and without TPA
losses to show the effect of nonlinear absorption losses on the nonlinear response of

such devices. A centre wavelength of 1550 nm was used for the measurements with
FSR~6.1 nm.

The AlGaAs is shown to have a much higher FWM efficiency level compared to
both silicon resonator systems, primarily due to the high nonlinear refractive index
(ng) and therefore high nonlinear coefficient of the AlGaAs material platform. Whilst
the efficiency of the silicon suffering from TPA saturates at the higher pump powers.
The comparison details the advantages of providing a hybrid resonator system for

nonlinear applications.
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4.3.3 Experimental set-up and measurement

The experimental setup shown in figure 4.16 is used in order to carry out the FWM
experiments. A continuous-wave (CW) laser source outputs both the pump and
signal beam. The pump beam is fed into an erbium doped fibre amplifier (EDFA)
passing through an attenuator and polarisation controls into the input fibres. Both
pump and signal are tuned to TE-polarisation before being combined by a 90:10
fibre coupler. A small fraction of the pump beam is fed to a power meter for real-
time power measurements with the majority coupled on-chip, interacting with the
resonator device. The output light is collected by a tapered fibre which is connected
to an optical spectrum analyser (OSA) for power measurements of the pump, signal

and idler beams.

EDFA Att. Pol. rotator
- Pol. '
FlvalapigC N Ny
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Figure 4.16: Schematic of the measurement set-up for FWM. EDFA: Erbium doped
fibre amplifier, PM: Power meter, OSA: Optical spectrum analyser.

The measurement of the FWM is given by the signal-to-idler conversion efficiency
(%), and is split into several steps. The pump beam (P,,m,) and signal beam
(Psignat) output powers are measured individually from each other, with the wave-
length tuned away from any disk resonance to provide the full optical power prop-
agating through the waveguide. Both pump and signal outputs are shown in figure

4.17a off-resonance to the disk. The residual noise floor in the spectra is a factor

of the amplified spontaneous emission (ASE) from the EDFA. Following this, both
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pump and signal wavelengths are red-shifted to wavelengths on-resonance, figure
4.17b. The spectra demonstrates a drop in power with respect to the off-resonance
as light is coupled into the resonator. Interaction of the pump and signal within the
resonator causes the production of a third peak known as the idler with an output
power (Pger). The wavelength of the idler is given by A; = 2\, - Ay where J; is the

idler wavelength, )\, is the pump wavelength, and A is the signal wavelength.
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Figure 4.17: FWM spectra showing (a) off-resonance pump and signal beam output
peaks and off-resonance silicon waveguide generated idler peak; (b) on-resonance
pump and signal beam peaks accompanied by output AlGaAs resonator generated
idler peak.

4.3.4 Silicon waveguide non-resonant four-wave mixing

Figure 4.17a details the output transmission of the hybrid resonator when both pump
and signal transmission are off-resonance to the micro-disk resonator. This is the case
when no light is coupled into the resonator, instead propagating directly through the
silicon waveguide. However, it is shown that off-resonance there is still the generation
of an idler peak at ~1516 nm with a FWM efficiency of -48.3 dB at P,=0.3 mW,
produced from the nonlinear FWM of the silicon waveguide. The predicted FWM

efficiency level for a silicon strip waveguide with a cavity length of 1 mm is measured
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as -45 dB at P,=0.3 mW, calculated using the non-resonant conditions of equation
4.7. The experimental data depicts an overlap to the expected efficiency level. By
red-shifting both pump and signal beams to an on-resonance wavelength the light
now couples directly into the AlGaAs resonator cavity, this on-resonance condition
is shown in figure 4.17b. With the pump and signal beams interacting within the
resonator cavity, the FWM generated idler peak increases by an efficiency level of
6.3 dB as shown in figure 4.17b. The increased output idler peak power introduces
the benefits of implementing a hybrid resonator system. By further increasing the
input pump power, the efficiency of the hybrid AlGaAs-SOI resonator can be further
increased without the additional material issues regarding silicon’s TPA and FCA

losses, which is demonstrated in the continued sections.

4.3.5 FWDM using micro-assembled AlGaAs-on-SOI micro-

disk resonators

The FMW experiment was carried out on two different device geometries, a hybrid
micro-disk resonator of 15 pm diameter and another of 10 ym diameter. To directly
measure the variation in efficiency as a function of effective mode area (A.ss), one
device is coupled to the fundamental mode whilst the other is coupled to a higher or-
der mode with a much larger A.¢;. The comparitive FWM efficiencies area measured

as a function of on-chip optical pump power for both devices.

15m micro-disk

A 15 pm diameter micro-disk resonator was micro-assembled to a silicon bus waveg-
uide on a SOI platform with a lateral offset of z~2 pm, with the bus waveguide

coupling to the micro-disks higher order TE modes.
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Figure 4.18: (a) Optical micrograph of hybrid resonator with lateral offset of z = 2
pm. (b) Resonant spectra of multiple mode-families, labelled are the resonant peaks
used for pump and signal beam tuning.

An image of the micro-assembled resonator structure is shown in figure 4.18
alongside a resonant transmission spectra. The two successive mode resonances
used during the FWM experiment for both the pump and signal beam tuning are
highlighted, with resonant wavelengths of A,, ~1558 nm and A,; ~1574 nm. The
measured Q-factor of A,, is ~22,000 and A5 is ~23,000 with a FSR~16 nm. A
measure of the nonlinearity of the device is given by the nonlinear coefficient (7).
To determine ~y requires the effective mode area (A.ss) as expressed by the equation
v = 2mny/A Aesr [124]. The effective mode area of the mode within the disk is
calculated by taking an intensity integral from a simulated TE mode profile using
lumerical,shown in figure 4.19. The higher order TE mode primarily overlapping the

waveguide coupler region had a measured A, of ~0.61 pm?
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Figure 4.19: Mode simulation showing a partial cross-section of an airclad AlGaAs
micro-disk on top of a silica substrate, with a radius of curvature of 7.5 ym. The
outer left hand edge of the micro-disk is shown in the image containing the simulated
higher order mode profile.

The experimental results of the FWM achieved a maximum efficiency level of
n=-25.54 dB at an on-chip optical pump power of 4mW, with the variation in FWM
efficiency as a function of on-chip optical pump power shown in figure 4.20a.

The experimental data is compared to a theoretical prediction of FWM efficiency.
The theoretical FWM efficiency is calculated using equation 4.7, under the following
conditions. The gamma parameter is calculated using the literature value for ny and
a value for the modal effective area extracted from the mode simulation. Values for
the field enhancement factors and effective length are calculated from the measured
resonator losses, coupling coefficient and dispersion. The theoretical curve matches
the experimental FWM data. Figure 4.20b demonstrates a quadratically increasing
efficiency level, indicating a reduced saturation with respect to the AlGaAs material
platform utilised. For the hybrid resonator we obtained a nonlinear coefficient of

~v=133 (Wm)~".
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Figure 4.20: (a) FWM efficiency as a function of on-chip pump power, blue dots
are the experimental data and theoretical curve is given by the red line; (b) FWM
efficiency idler to signal ratio as a function of on-chip optical power with non-linear
coefficient and effective mode area calculated and provided within the inset.

The reduced efficiency is due to the large excited mode area, owing to the excited
mode situated further into the disk regarding the lateral waveguide placement. The
larger area reduces the average electric field intensity within the resonator, limiting
the non-linear interaction strength within the device. To fully take advantage of the
micro-disk structure the light has to be coupled to the fundamental mode situated

at the outer region of the cavity. This reduces the effective mode area increasing the

field intensity within the resonator structure.

10pm micro-disk

The next device used to carry out FWM experiments is a 10 um diameter hybrid
AlGaAs-SOI micro-disk resonator. The bus waveguide is coupled to the fundamental
mode for reduced modal area for increased power density within the device. As well
as this, a smaller disk diameter further reduces the mode area by reducing the ROC.

Figure 4.21a details a top-view optical micrograph of a 10 um diameter AlGaAs
micro-disk resonator integrated with a SOI bus waveguide. The micro-disk and

waveguide have a controlled lateral offset of za~750 nm, with the waveguide coupling
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to the fundamental mode of the resonator. A truncated resonant spectra of the
hybrid resonator is shown in figure 4.21b detailing the mode resonances used for the
FWM experiment, the full spectra is shown in figure 4.11. The two successive mode
resonances used during the FWM experiment for both the pump and signal beam
tuning are highlighted, with resonant wavelengths of A,, ~1556 nm and A,; ~1579
nm. The measured Q-factor of A, is ~22,500 and A, is ~26,500 with the device

having a FSR~23 nm.
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Figure 4.21: a) Optical micrograph of hybrid resonator device with a lateral offset
of z = 750 nm, coupled primarily to the fundamental TEy mode within the cavity;
(b) Resonant spectra labelling the resonant peaks for which the pump and signal
beam are tuned for the FWM experiment.

A simulated mode profile is utilised to determine the A.s; of the resonant excited
mode within the micro-cavity, this is shown in figure 4.22. With regards to the higher
order mode in the previous section, the fundamental mode closer to the edge of the
micro-disk exhibits a much reduced modal area of A.;;=0.25 pm?. The reduced
mode area increases the nonlinear interaction strength within the structure causing

an increase in the nonlinear coefficient (7).
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Figure 4.22: Mode simulation showing a partial cross-section of an airclad AlGaAs
micro-disk on top of a silica substrate, with a radius of curvature of 5 um. The out-
ward left hand edge of the micro-disk is shown in the image containing the simulated
fundamental mode profile.

Figure 4.23 details the FWM efficiency as a function of the optical on-chip pump
power. A maximum experimentally measured nonlinear efficiency of n=-25 dB was
achieved at a pump power of 2.5 mW, with the device’s nonlinear coefficient value
calculated as y=325 (Wm) ™! using the simulated A.;; value. The theoretical curve
details an accurate comparison to the experimental FWM efficiency measurements.
The experimental results demonstrate an increasing trend in efficiency with regards
to the low TPA of AlGaAs, with higher efficiencies capable at increased pump pow-
ers. The maximum measurable optical pump power didn’t reach the same level as
for the previous 15 pum higher order resonator, section 4.3.5. As the high intensity
pump beam pushes the resonance to longer wavelengths the cavity state becomes
much more sensitive to fluctuations in the coupled power. This instability can cause
the resonance to spontaneously jump back to its initial cold-cavity state, with the
resonant wavelength de-tuning from the pump beam stopping all nonlinear FWM
processes. The effect is more prominent in higher-Q) resonators due to the larger
resonant wavelength shift exhibited. When this is combined with environmental

fluctuations in the fibre-to-facet alignment giving rise to sudden changes in the cou-
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pled power, the cavity instability can become too large for reliable measurements at
the higher power regime. One possible solution would be the tuning of the resonance
to help limit this effect, this has been shown in previous work by thermal tuning of

the resonance wavelength [125].
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Figure 4.23: (a) FWM efficiency as a function of on-chip pump power for the 5 um
radius hybrid resonator, blue dots are the experimental data and theoretical curve
is given by the red line; (b) FWM efficiency idler to signal ratio as a function of
on-chip optical power, with the calculated non-linear coefficient and effective mode
area provided within the inset.

The FWM efficiency is reduced from the predicted level in figure 4.15 for AlGaAs
resonators of similar geometries. The main reason for this is due to high dispersion
effects experienced by the resonator device. When considering the exhibited FSR,
the idler generation falls largely outside the respected resonance limiting the inten-
sity enhancement factor experienced and therefore the conversion efficiency. The
state-of-the-art for AlGaAs-on-insulator micro-resonator contains a measured FWM
efficiency at -12 dB for 7 mW on-chip optical powers [59]. From the fitted curve,
the efficiency level at a comparable optical pump power is calculated as -17.7 dB.
As such, the produced integrated AlGaAs-SOI TP micro-resonators can be seen as

a potential for nonlinear photonic applications, strongly influenced by the flexibil-
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ity and simplicity of the CMOS-compatible integration method. To achieve greater
efficiencies would require the switching to single-mode low dispersion AlGaAs res-
onators. The reduced effective mode area would allow much greater efficiencies to
be achieved. The obtainable FWM efficiency levels have been previously shown in

the comparison plot in figure 4.15, with FWM efficiency reaching the gain regime.

4.4 Conclusions

This chapter describes the work into the design and fabrication of free standing
AlGaAs micro-disk cavities. This includes the modelling of vertically confined micro-
disk cavities as a means to suppress the complex resonant conditions which can
inhibit disk resonator devices. A discussion into the fabrication techniques is detailed
into the production of free-standing AlGaAs micro-disk cavities ready for transfer
printing.

Both lateral and vertical integration of the fully fabricated disk structures to Si
bus waveguides on the SOI platform is explained, with the production of hybrid
WGM resonators demonstrated in a fully back-end process, including analysis on
the lateral placement accuracy of micro-disk resonators by transfer printing. Ver-
tically coupled hybrid AlGaAs-on-SOI WGM resonators with Q-factors as high as
~25,000 are demonstrated, with the selective coupling of light into multiple mode
families within the disk cavities enabled by the precise control over the lateral and
vertical separations during the integration of the AlGaAs micro-disk cavities to the
underlying silicon bus waveguides.

Following this, the characterisation of the hybrid resonator device nonlinearity
is achieved by four-wave mixing experiments, with a measured nonlinear coefficient

of v=325 (Wm)~!. Nonlinear FWM efficiency levels reaching -25 dB at a low on-
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chip optical power of 2.5 mW are produced on SOI, without exhibiting the typical
saturation loss experienced by silicon at A ~1550 nm due silicon’s high TPA and
FCA. The results demonstrates the capability of transfer printing as a promising
method for the production of a full suite of nonlinear processes within the SOI

platform by the integration of hybrid passive resonator devices.
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Chapter 5

Conclusions and future research

This section summarises each chapter’s relevant research achievements. Further to
this, a brief description of the future research goals of each individual chapter’s
specific focus are detailed. The motivation behind the research was the development
of TP as a method for producing complex and highly functional large-scale PIC
technologies, with the focus on establishing a nanoscale alignment method with
the ability to integrate compact, guided wave components from multiple material
platforms in a parallel and scalable fashion. The motivation of the thesis, respective
outcomes from the research, and future research goals described in this section are

crucial in working towards this aim.

5.1 Nanoscale absolute alignment for transfer print-
ing

Chapter 2 details the development and implementation of a cross-correlation align-

ment procedure with the goal of nanoscale precision absolute alignment of devices

by TP. An alignment method was developed for chip-to-chip integration of sus-

pended membrane devices, free-standing micro-disk resonators, and NW lasers with

the specific goal of the last being the large-scale selective alignment of NWs based
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upon their specific optical and geometric properties. The chapter details first the
cross-correlation alignment method, followed by the systematic absolute alignment
accuracy once implemented within the TP system. This is then followed by the sta-
tistical alignment measurement for chip-to-chip TP of Si membranes across multiple
substrates. For the systematic alignment, an average absolute accuracy of 50+40 nm
was demonstrated. Following this, the statistical alignment accuracy of TP devices
across multiple samples was measured with a lateral absolute accuracy of 380 nm
(30) and rotational accuracy of £4.8 mrad (3c0). This is to our knowledge the highest

demonstrated alignment accuracy for TP to date and the first measured rotational

accuracy.
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Figure 5.1: (a) Schematic illustration of a micro-disk containing the required mea-
surements for a statistical analysis. (b) Optical microscope image of fabricated
alignment mark and etched lateral lines used for the micro-disk statistical align-
ment project; (¢) Magnified image of lateral lines detailing the relative alignment
coordinates corresponding to the schematic in (a).

With regards to the cross-correlation alignment analysis, the same level of rigour
has not been fully developed for the explained device alignment methods presented,
particularly the cross-correlation absolute alignment of free-standing micro-disk struc-
tures. A receiver substrate containing alignment grid markers and lateral etched lines
in both vertical and horizontal directions has already been produced, as detailed in

figure 5.1. The goal is to use the alignment method to integrate micro-disks to an
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absolute position on this receiver substrate with positions relative to the lateral lines.
The expected and experimental lateral offsets (Ax, Ay) will be measured by similar
techniques used for the statistical chip-to-chip alignment in chapter 2. This can also
be achieved for the absolute alignment accuracy of NW lasers using TP, with similar
techniques used to provide the lateral and rotational accuracy.

The final project would be the measurement of parallel TP of membrane devices.
This would follow the exact measurement protocol of the membrane chip-to-chip
alignment, however the TP of an array of membranes all in a single operation would
be achieved. The absolute alignment of parallel TP across mm-scale, even to cm and
wafer scale would be highly beneficial to the overall goal of providing a scalable and

highly parallel integration technique suitable for large-scale PIC technologies.

5.2 Transfer printing of ultra-thin membrane sili-

con photonic devices

Chapter 3 details the development and micro-assembly of ultra-thin suspended Si
membrane resonators with a receiver SOI substrate, with a goal of producing verti-
cally assembled all-pass micro-resonator devices.

Ultra-thin (150 nm) Si membranes containing shallow-etched ridge resonators
were fabricated using e-beam lithography. These are subsequently suspended above
their native SOI substrates enabling the release and transfer to different substrates
by TP. By utilising the nanoscale alignment TP method, the micro-assembly of all-
pass micro-resonators onto a receiver SOI platform with loaded Q-factors reaching
4,000 was achieved. This was limited by notch defects in the e-beam patterning
stage of the micro-disk fabrication process and causing increased scattering losses.

Future work removed this defect, with the introduction of a planar HSQ cladding
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layer increasing the bond strength whilst simultaneously providing more flexibility
with regards to the device coupling gap. By varying the lateral coupling offset be-
tween the membrane micro-resonator and bus waveguide, the resonator coupling
and subsequent Q-factor was controlled. Following this, measurement of average
absolute placement accuracy was calculated as low as 100£70 nm across multiple
assembled devices. The final section describes work into the micro-assembly of mul-
tiple stacked membrane layers by TP. The production of a silicon-silica DBR five
layer stack composed of individually printed membranes with thickness’s of 220 nm -
100 nm was demonstrated, with the device visible wavelength reflectance comparable
to simulated reflectance measurements.

There are several future research paths possible pertaining to this chapters main
focus, with emphasis placed on the production of 3D architectures currently re-
quiring complex monolithic fabrication techniques. Firsly, the technique could be
advantageous in the field of orbital angular momentum (OAM) photonic devices,
where Si micro-resonators have in the past been used for the production of compact

and efficient OAM emitters [126].

p f-ff;’ E’ = -f“f.,-,-;' v
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(a) (b)
Figure 5.2: Illustrations of integrated (de)multiplexer OAM devices composed
of (a) Q-shaped waveguides containing sidewall gratings; (b) Concentric micro-
resonators vertically coupled to straight waveguides sections. From [5]

The idea of concentric OAM emitters as a means to produce a (de)multiplexer
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array has been put forward before, with some ideas detailed in figure 5.2. By com-
bining this technology with Si membrane TP, concentric OAM resonators can be
fully fabricated on a single membrane where they can then be integrated with bus
waveguides. However, the two approaches have their own limitations, such that the
)-shaped waveguide architecture performance level would be reduced regarding the
incomplete ring hindering the achievable mode purity. The concentric micro-ring is
more attractive, however requires a multi-level fabrication process involving wafer
bonding steps. By implementing the concentric OAM micro-ring resonator configura-
tion alongside the membrane vertical assembly approach from this chapter bypasses
the need for complex multi-layered fabrication steps, making the production of these
devices more adept for medium to larger scaled manufacturing.

Another possible research direction would be the integration of highly compact
concentric micro-resonator cross-grid arrays, for applications in high-data rate matrix
switches used within interconnection networks [57]. The micro-assembly established
within the chapter would enable high density arrays of micro-resonators vertically
integrated over multiple layers. This approach would increase achievable data-rates

per integrated chip-space.

5.3 Hybrid integration of WGM resonators by trans-

fer printing

The final chapter describes research into the development of free-standing AlGaAs
micro-disk resonators and subsequent TP to non-native SOI substrates by high ac-
curacy cross-correlation alignment.

Vertically coupled hybrid AlGaAs-on-SOI WGM resonators with average loaded

Q-factors measured at ~25,000 were demonstrated. The values presented com-
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pare against current state-of-the-art monolithic Si micro-resonators. Further to this,
the selective excitation of multiple mode families within the WGM resonators was
demonstrated, depicted by variations in coupling percentage and Q-factor of reso-
nant modes across five micro-assembled devices with coupling gaps varying from 0
nm to 1 pum in steps of 250 nm. The nonlinear capability of the hybrid resonators was
analysed by FWM experiments with the objective of demonstrating FWM without
the nonlinear saturation losses of TPA and FCA currently limiting fully monolithic
SOI equivalent devices. Nonlinear efficiency levels reaching -25 dB at low on-chip
optical powers of 2.5 mW were achieved using the hybrid AlGaAs-SOI micro-disk
resonators, with plots of efficiency as a function of pump power demonstrating the
reduction in TPA/FCA loss as expected from the AlGaAs resonators.

The achieved FWM efficiency was limited by both a large effective mode area
and high dispersion from multi-mode propagation within the micro-disk resonators.
Future research into producing higher FWM efficiencies would require switching
to single-mode low dispersion AlGaAs resonators, as detailed in chapter 4, where
efficiency levels are predicted to reach the gain regime under which optical para-
metric amplification can occur. The development of single-mode AlGaAs micro-ring
resonators can be achieved by similar fabrication protocols as the Si membrane res-
onators, in which shallow-etched ridge resonators are fabricated into the core AlGaAs
layer of the growth wafer. This would produce a transferable membrane containing

AlGaAs micro-resonators which can be integrated within a fully processed SOI chip.
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Figure 5.3: Side-view and top-view schematic illustrations of a proposed shallow-
etch AlGaAs micro-ring resonator device.

~ 500¢

S

X~

£

S 0

= .

&

5

7 -500+ = 20um
8 — = 15um
2 = 10um
- -1000

1450 1500 1550 1600 1650
Wavelength (nm)

Figure 5.4: Dispersion analysis plot showing dispersion as a function of wavelength
for varying waveguide widths (450 nm to 650 nm) and varying micro-resonator ROC
(10 pm to 25 pm).

Figure 5.3 shows a schematic of the single-mode AlGaAs suspended membrane
resonator device, detailing the cross-section of the shallow-etch region as well as
a top-view of the membrane structure. The dispersion analysis for this resonator
geometry is plotted in figure 5.4, for an AlGaAs shallow-etched resonator with a
width w of 500 nm. The modal dispersion curves intersect the zero dispersion line
around 1550 nm over a range of ROC between 10 ym and 25 pum. By setting a gap
z between the waveguide and support region of ~1 um and a slab height S of ~100
nm for an overall height of 230 nm, mode leakage into the support region can be

reduced for minimal losses. The simulation also shows ROCs possible at 10 um to

153



25 pm for extremely compact devices.

The final possible future project is the TP of ultra-high Q-factor silica micro-
disks and toroid resonators into PIC systems. Among WGM resonator designs, silica
microtoroids have exhibited some of the highest Q-factors to date as a result of their
extremely low optical losses from visible all the way to near-IR making them very
suitable for nonlinear applications [127], together with silica’s biocompatible nature,
they have high demand within biodetection experiments [103]. However, an issue
is the standard optical injection method which uses tapered fibres to couple these
devices to the outside world, which results in unstable experimental conditions. The
use of TP can integrate free-standing silica micro-resonators within a pre-processed
SOI substrate, substantially increasing the application range. SEM images of a silica
micro-disk suspended on top of a silicon plinth are shown in figure 5.5, in order to
integrate with non-native platforms requires the successful release of the micro-disk

from the plinth.

®)

Figure 5.5: (a) Top-view SEM image of silica micro-disk within native substrate.
(b) Side-view image of micro-disk detailing the attached silicon plinth region pro-
duced during an under-etch of the structure.

We have shown the ability to TP these devices from their native substrate to
a receiver chip, demonstrated by a silica microtoroid resonator bonded to a raised

resist plinth on the receiver substrate, figure 5.6b. In order to release from the native
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substrate, the silicon suspension pillar is broken by a quick retraction of the stamp.
However, this process leaves remnants of the silicon plinth attached to the underside
of the micro-disk. This issue can be overcome by a technique known as flip chip
transfer printing. This process utilised the transfer of a device, mid-printing, to a
second stamp which enables the bonding of the device to the receiver top-side down.
A schematic of the flip chip TP method alongside a micro-disk bonded to a receiver

chip using the explained procedure are both shown in figure 5.6.

- PDMS stamp .
(i) ii)
N\
7 t
Micro-disk
Donor plinth Plinth is broken
during release

(iii) (iv)
_________ 3
A ¥ ___ "7 2
_________ 1

Transferto second stamp Receiver plinth

(a) (b)

Figure 5.6: (a) Schematic of flip chip TP procedure of a micro-disk from a donor
to receiver chip. (i) PDMS stamp is brought into contact with micro-disk (ii) Quick
retraction causes underlying plinth to break, releasing micro-disk (iii) The micro-
disk is transferred to a second PDMS stamp (flipping of device) (iv) Micro-disk is
bonded to receiver chip with silicon plinth defect situated at top-side of micro-disk.
(b) Optical images of silica micro-disk bonded to receiver, with images spanning
multiple z-foci (1) Interface between resonator and second plinth situated on donor
(2) Edge region of micro-disk device (3) Silicon plinth attached to micro-disk during
release from donor chip.
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5.4 Future direction of thesis research

The previous sections detail possible future work specific to each chapter’s main
motivation and research outcomes. However, the combination of the developed tech-
niques and research can provide a collective future goal with regards to the overall
vision of the thesis.

The main motivation is the integration of a complex PIC requiring many different
material platforms in order to provide a host of unique optical properties. One exam-
ple would be a tunable low-loss optical quantum circuit, demonstrating the on-chip
generation and efficient routing of quantum-correlated photon pairs for quantum in-
formation processing [128] and sensing applications [129]. The introduction of single-
photon quantum emitters as elements within PICs can enable significant scaling of
quantum information processing (QIP) systems. This is only further complemented
through the increased optical interactions experienced by the compact guiding com-
ponents, as well as the investigation of many different physical processes available
to chip-based nanophotonic structures such as Kerr and single-photon nonlinearities
[130]. Until recently this would have required table-top systems, however it has since
been demonstrated at the chip-scale, marking the potential of future quantum tech-
nology systems [131]. By utilising the advantages of the newly developed nanoscale
accuracy TP method, the integration of multiple material devices in an extremely
compact and parallel fashion can be used to produce an array of multi-A tunable
laser sources at increasingly high bandwidths, which when integrated with high x®
sections can herald a spontaneous parametric down conversion (SPDC) single-photon
source through the production of photon pairs. Following this, the addition of optical

filtering systems and actively tunable and WDM components improves on function-
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ality through the realisation of tunable routing of the quantum sources. This highly
parallel and compact integration of the multiple material platform and devices would
benefit from the flexibility of the TP method.

Overall, the thesis has helped provide possible solutions and technology required
in order to produce large-scale PIC technologies. The additional flexibility of the high
accuracy TP method exhibited opens up a wide range of possible research directions

with an increased scope of future applications.
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Appendix A

Transfer Printing of NW lasers

The work in this appendix involves the research into the high accuracy manipulation
of NWs by the transfer printing method. First, the integration of NW lasers to a
mechanically flexible waveguide system is detailed, with information into the device
development and including analysis into the effects of the device lasing as a function
of mechanical deformations of the waveguides. Following this, the analysis into the
large-scale selection and manipulation of NWs based upon unique optical properties
is provided. This section is a continuation of the work in chapter 2, providing further
information on the characterisation and statistical analysis of the NWs prior to and

after transfer printing.

A.1 Integration of NW lasers with flexible poly-

meric waveguide devices

Nanowire lasers have been integrated with mechanically flexible waveguide devices
by high positional accuracy TP. The direct NW-waveguide coupling is achieved, both
by end-fire coupling into the waveguide facet and with the NW laser printed directly
on top of the waveguide. This section details the integration of NWs to waveguides

fabricated onto mechanical substrates demonstrating robust coupling between the on-
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chip laser source and deformed waveguiding structures. The author’s contribution
to this section is the fabrication of the flexible polymer SU-8 waveguide substrate

and the deformation analysis.

A.1.1 Device fabrication and measurement

The polymer waveguides are fabricated using a standard direct-write laser lithogra-
phy method. SU-8 photoresist is spincoated onto a flexible glass substrate (~30 pum
thick) with a film thickness of ~4 pym. Following this, the custom-built maskless
photolithography system, with A=370 nm was used to expose the waveguide pat-
terns which were then developed with an EC-solvent solution. The waveguides are
multimode with diameters of 7 um. The waveguide end facets were cleaved using
a diamond scribe on one edge of the sample, with the other end used for NW inte-
gration. Propagation losses of the single-mode TEq, waveguides were measured at 3

dB/cm at the telecom band (~1550 nm).

Figure A.1: (a) Schematic illustration of the SU-8 waveguide fabrication process.
(b) Schematic of NW lasers integrated to waveguides; (¢) SEM of NW lasers transfer
printed with highly controlled positional alignment, measured at 50£35 nm; (d)
Images of integrated devices and accompanying laser emission from NWs directly
(left) and from waveguide end-facets.

NWs are transfer printed using techniques established in [88] with NWs directly
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printed onto the top surface of the waveguide/substrate and aligned to the normal
of the waveguide. The NW rotation is mechanically controlled by lateral stamp
movements in order to rotationally align with the waveguides for maximum optical
coupling. The images of lasing are obtained through p-photoluminescence (u-PL)
with the optical excitation achieved by using a frequency-doubled Nd:YAG laser op-
erating at 532 nm, measured at an optical pump power of 6.95 yW. Two CMOS
cameras were used to capture the output lasing micrographs, one above the NW
labelled as the vertical setup (VS), and one at the end-facet of the flexible substrate
labelled as the edge detection module (EDM) with subsequent spectral data mea-
sured by a high resolution spectrometer. The integrated devices and examples of the

lasing outputs are shown in figure A.1 with the experimental setup detailed in figure

A2
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Figure A.2: Schematic diagram of the p-PL setup for the characterisation of NW
lasers, with and without the mechanical deformation applied. Setup includes the
vertical Setup (VS) and Edge Detection Modules (EDM). PL  pump laser; WP
waveplate; PBS polarised beam splitter; BD beam dump; NDF neutral density
filter; AW attenuator wheel; and NIRF near infrared filter.

A.1.2 Mechanical waveguide deformation and analysis

The characterisation of lasing properties of the integrated devices are measured as a
function of mechanical deformation through the implementation of a bending mod-
ule. A controlled curve was applied to the flexible substrate with both the top-view
and end-facet lasing measured across a span of different substrate ROCs, as depicted

in figure A.3.
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Figure A.3: (a) Image of mechanically deformed substrate detailing vertical and
lateral imaging setup and probe tip used for sample deformation. (b) Top-view
image of NW coarsely aligned to waveguide facet. (c¢) Top-view lasing emission of
NW. (d) Emission from end-facet of waveguide showin multi-mode light propagation.
(e) Normalized light intensity at the waveguide facet as a function of 1/ROC. Inset
shows captured spectral emission of the NW at 1.6 cm ROC. Scalebars are 15 pym.

Figure A.3a demonstrates the sample deforming achieved using a mechanical
probe tip assembly, as well as the NW investigation method by top-view imaging.
The flexible waveguide sample was mounted with the waveguide end-facet overhang-
ing the edge of a pillar region and fixed in position. The free end of the flexible
glass was deflected in the vertical direction, this is subsequently converted to an
equivalent radius of curvature assuming a constant bend radius of the flexible sub-
strate. The measurement procedure of the waveguide’s conformal ROC is previously
detailed in chapter 3 by equation 3.2. Figure A.3e shows the relationship between
the substrate bending and the normalised output power of the waveguide coupled to
the NW laser. The pump laser was optimised for each measurement point by align-
ment of the objective to the NW, compensating for the vertical misalignment of the
pump focus directly related to the vertical displacement with regards to substrate
deflection. The plot depicts a minimum variation in the pump power of ~5 % down
to a ROC of 1.6 ¢cm, limited by the mechanical fracture of the substrate after reading

its maximum flex capability. The results shows the integration of NWs to passive
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waveguide components, with the ability to produce flexible passive structures robust

to mechanical deformations with the outlined work describe in full detail in [73].

A.2 Large-scale selective manipulation and high

accuracy alignment of NW lasers

This section follows the work described in chapter 2 looking at the characterisation
and statistical analysis of a large number of NW lasers across a sample substrate, fol-
lowed by their selection based on unique properties and high accuracy alignment and
integration to a second receiver substrate. The technique and alignment protocol are
detailed in the chapter, with this section containing the binned NW arrays and their
specific properties. Further to this, the output analysis of their photoluminescence

and lasing characteristics before and after the TP procedure.

A.2.1 NW arrays

Figure A.4 contains top-view u-PL images of the NW array detailed in chapter 2,
with images captured before and after TP to the receiver substrate. The NWs in
question are multi-mode such that the NW excitation changes based upon which area
is exposed to the beam. The PL spectra shows a clear overlap in the PL output. This
overlap is shown again for the lasing spectroscopy, however the multi-mode condition
has caused slight variations in the mode wavelengths. Overall, the overlap between
the newly characterised and original NW data show clearly that the selected devices

are the initially chosen NW lasers demonstrating the success of the procedure.
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Figure A.4: Characterisation of NW laser array showing before and after data of
selected NWs with (left) top-view PL images of NWs; (middle) PL spectra; (right)
lasing spectra.

The same procedure was achieved for five NW arrays, each array containing NWs
with specific u-PL and lasing properties. 24 of the 25 TP NWs lased post-TP, the
failure of the final NW could be due to anything from the TP process, to degradation
of the NW over time. The before and after lasing wavelength plot in figure A.5b
shows a clear correlation with regards to the lasing conditions of the NWs. This is
continued in the lasing threshold correlation plot, with the clear bundling of each
arrays NWs based upon their array specific lasing threshold conditions demonstrated.
Several outliers are detailed in the final plot which could be due to fluctuations in
the thresholding value caused by the NW multi-mode nature, with the variation not

demonstrated in the PL wavelength spectra.
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Figure A.5: (a) Plot detailing the relative positions for each array of five NW lasers

on the receiver substrate. (b) Correlated plot of lasing wavelengths before and after
TP. (c) Correlated plot of lasing threshold before and after TP.
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Appendix B

Transfer Printing of polymer

waveguides on flexible substrates

The thesis work demonstrated the vertical assembly of waveguiding layers by nanoscale
accuracy TP. The flexibility of the technique is further shown by the following work,
detailing the vertical coupling of polyermic waveguide layers through the TP of mm-
scale flexible glass substrates. This section details the technique enabling fabrication
of polymer waveguides on flexible glass substrates by direct-write laser lithography,

followed by the TP method enabling the vertical coupling of polymer components.

B.1 Polymer waveguide design and fabrication

A mode solver was used in order to simulate the geometric cross-section requires
for the production of TE single-mode SU-8 polymer waveguide structures. This
was achieved using a MatLab function with the results shown in figure B.1 at a
wavelength of 1550nm, calculating the modes using a semivectorial finite difference
method with a full description of the technique provided by [132]. The structures are
made up of an SU-8 polymer waveguide of refractive index 1.55, and a cladding of
SiO, with index 1.52. The simulations determine a single-mode propagation occuring

for SU-8 waveguides with a height of 4 ym and a diameter of 2.5 pm.
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Figure B.1: Mode simulation of the fundamental TEy mode for a 2.6x4 um
polymer (SU-8) waveguide.
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Figure B.2: (a) Optical micrograph of tapered grid alignment mark fabricated using
direct-write laser lithography. (b) Straight waveguide on receiver glass substrate
showing cleaved edge of sample. (c¢) Ring resonator fabricated on flexible substrate.

All components follow the same fabrication procedure as the polymer waveguides
within appendix A. The donor substrate containing the polymer bus waveguides is
composed of an ultra-thin flexible SiO5 substrate of ~30 pum thickness for conformal
bonding, whilst the receiver SiOs substrate is 280 pm in order to produce a more rigid
final device platform. The individual waveguide devices situated on each substrate
as well as a fabricated alignment marker are shown in figure B.2, with identical

alignment markers situated on each substrate.
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B.2 Transfer printing procedure
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Figure B.3: Schematic of TP process showing transfer printing of flexible glass
containing polymer structures; (a) flexible glass with SU-8 polymer structures; (b)-
(c) sample if flipped prior to printing with PDMS stamp used to pick-up sample
from TP system sample holder; (d) Flipped sample is bonded to glass substrate as
to integrated the patterned structures.

The first stage in the TP method requires the flipping of the donor flexible substrate,
ensuring direct contact between the non-native waveguide devices producing an MMI
coupler system, as illustrated in figure B.3b. The sample is flipped before being
placed free-standing onto the sample holder in the TP system, the size and weight of
the sample limits slippage during the translation stage displacement for high accuracy
positional alignment. The ultra-thin glass allows viewing of the structures through
the substrate by the optical imaging system, necessary as a means to capture images
of the alignment markers during the alignment procedure. The cross-correlation
alignment protocol, as discussed in chapter 2, is utilised. Once the chip-to-chip

alignment is achieved, the flexible substrate is picked-up using the PDMS stamp. A
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large stamp contact area is required to improve adhesion for controlled manipulation
of the mm-scale flexible device. An IPA solvent layer is deposited onto the receiver
prior to contact. The two substrates are placed into contact, with the capillary force
of the solvent pulling the IPA away from the substrate interface leaving a strong

bond between the two surfaces.

B.3 Vertically assembled devices and characteri-

sation
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Figure B.4: Optical micrographs of vertically assembled polymer waveguide struc-
tures showing (a) coupler region and accompanying facet outputs for drop-port and
drop-port waveguides; (b) transfer printed all-pass ring resonator and associated

singe-mode transmission spectra.
Figure B.4a shows the finished vertically assembled waveguide coupler. Both straight
input and drop-port waveguide structures are situated on the receiver substrate,

whilst the s-bend coupler is on the transferred flexible SiO, substrate. The coupler
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regions are aligned using the cross-correlation alignment TP method, and bonded
directly by capillary forces. Light is injected into the input waveguide on the receiver
substrate using an end-fire transmission rig. A proportion of this light is then coupled
to the drop-port through the coupler region, with both output modes shown in
the relevant images captured by an IR camera situated in focus at the output of
the receiver substrate. The average coupling percentage of light at the drop-port
waveguide output is measured as 7.9+1.3 % across a wavelength range of 1520-1600
nm, detailing a high level of coupling achieved.

Figure B.4b contains an optical micrograph of a micro-assembled all-pass ring
resonator device produced by high alignment TP. The micro-ring cavity is situated
on a transferred flexible substrate and is aligned to a straight bus waveguide situated
on the receiver SiO, substrate, promoting coupling into the resonator. A normalised
transmission spectra in figure B.4c shows a high extinction single-mode resonance
produced from the all-pass polymer resonator. All results are produced by resonators
with a ROC of 100 pm to minimise bend losses, causing a very narrow FSR. For
these type of micro-assembled polymer micro-ring resonators, using transmission
fitting of the resonances we have calculated Q-factors up tp ~7000, with losses per
round-trip of ~1 dB. However, high system losses can be attributed to large optical
scattering situated at the coupling regions and the interface between each substrate,

with distributed losses ranging from ~6 dB/cm to ~25 dB/cm.
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