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Chapter 1

Introduction

1.1 Introduction

Photonic integrated circuits (PICs) are often compared to integrated circuits (ICs),

and for good reason. Several decades after their invention in the late 1940s, ICs revo-

lutionized industry by solving ”the tyranny of numbers” [1]. Before their development,

complex systems required hundreds or thousands of individual vacuum tube compo-

nents, connected by intricate networks of wiring. This system was costly to maintain,

as the interconnects (rather than the replaceable vacuum tubes themselves) became

the primary source of expense for industries. This expensive maintenance would have

resulted in a plateau of innovation and scale, as any benefit gained by more complex

systems would have been counteracted by their operational costs. That was until the

invention of the integrated circuit.

Integration of components onto a single substrate enabled the reliability of electronic

devices to be greatly increased, at the expense of more complex and costly fabrication

and a reduction in repairability. However, this approach was easier to justify to industry.

A large initial investment could be warranted by the prospect of a long operational

lifespan, allowing companies to recover costs over time. Once a system reached the end

of its life and became irreparable, it was simply replaced with the latest model from the

manufacturer—thus perpetuating a cycle of generational improvements. This enabled

quick development of IC technology over the course of decades and as the technology
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continued to advance, the infrastructure to support its manufacture also improved to

match it. This enabled the devices to become cheaper overall, further accelerating this

cycle of development. By the year 2000 the field of ICs had advanced to the point

that Jack Kilby of Texas Instruments was awarded the Nobel Prize in Physics for his

contributions to its invention [2].

PICs emerged in the 1980s as a solution for high-speed data transmission and opti-

cal communication. Just as with electronics, researchers aimed to shrink and integrate

multiple components onto one substrate, such as lasers [3], modulators [4] and detec-

tors [5]. Unlike with ICs, no one material platform became dominant in the photonics

space, with early development being driven by gallium arsenide (GaAs) for manipula-

tion of photons and indium phosphide (InP) for their generation. Now it is common

to see inclusion of silicon (Si) PICs due to its prevalence in electronic foundries and its

compatibility with complementary metal-oxide-semiconductor (CMOS) processes.

As with electronics, PICs have seen benefits when moving to an integrated platform

in terms of size, weight, power and cost (SWaP-C). A typical free-space optical setup

can be measured on the meter-scale whereas a PIC is typically on the centimetre-

scale [6]. By dramatically reducing the size of the system, improvement can be seen in

temperature stability due to the reduction of material mass and variation of thermal

expansions [7, 8]. Improvements in power efficiency are also present, particularly for

non-linear applications due to their reduction of modal volumes.

The reason no particular material dominated the manufacturing of PICs in the same

way silicon did for ICs is because of the diverse set of optical functions needed for their

operation. For ICs, the building block of most components is the transistor, functioning

as an electronic switch allowing low current logic to control high current circuitry. This

one component can be found in nearly every circuit device, from microprocessors [9],

amplifiers [10] and displays [11]. For PICs no such component exists that perform

as diverse a selection of functions as a transistor. As such, a diverse set of material

types are necessary for PICs to compete with their IC equivalents. These materials

can be split into three classifications of operations as shown in Table 1.1, which is a

non-exhaustive sample of such.

9



–
D
R
A
F
T

–
O
ct
ob

er
2,

20
25

–
Chapter 1. Introduction

Category Material

Generation Indium Phosphide [12],
Gallium Arsenide [13],
Gallium Nitride [14]

Routing + Manipulation Silicon [15],
Silicon Nitride [16],
Lithium Niobate [17],

Polymers [18]

Detection Germanium [19],
Indium Gallium Arsenide [20],

Silicon [21]

Table 1.1: Photonic material types and their function.

As seen in the table each material platform has strengths in one or two categories,

but falls short in the other(s), as such no monolithic device can facilitate the breadth

of applications needed for telecommunications [22], quantum computing [23] and sens-

ing [24]. This is further complicated by the operational bandwidths of materials. For

example silicon absorbs light < 1µm in wavelength making it useful for routing at

> 1µm and detection at < 1µm but not both simultaneously. Additional compli-

cations arise when looking at non-linear applications where different materials have

different non-linear coefficients. For example, Lithium Niobate (LiNbO3) has a high

χ(2) non-linearity making it useful for second harmonic generation [25] and in opti-

cal parametric oscillators [26], however it has a lower χ(3) non-linearity compared to

Aluminium Gallium Arsenide (AlGaAs), thus making AlGaAs the preferred choice for

photon-pair generation [27] and super continuum generation [28].

The variation in optical properties required to perform for any given task in photon-

ics necessitates multi-material integration techniques for integrated photonics. This is

why heterogeneous integration techniques have a large focus placed on them in research.

1.2 Overview

The work detailed in this Thesis discuss the development of new transfer print tech-

nologies, and how transfer printing as a technique is suited to tackle several challenges

in the integrated photonics sector. Discussed also in this work are the current road-
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blocks preventing integration of more advanced materials. In this chapter the reader

will be shown the all the context required to understand both the advantages and the

limitations to delve into the level of detail provided in the later chapters.

1.3 Monolithic Photonic Integrated Circuits

Before discussing methods of multi-material integrated PICs, its best to first provide

a description of monolithic circuits, as the underlying functional principles for both

remain the same. For integrated photonic circuits light is confined within waveguide

structures, forcing the electromagnetic fields into discrete transverse modes. These

guiding geometries can be fabricated using various combinations of lithographic pattern-

ing, etching and deposition on semiconductor material, which will be discussed later.

These guiding structures serve as the building block of many PIC devices, from rout-

ing structures, resonators [29], interferometers [30] and on-chip lasers [31] etc. These

transverse modes represent a stable field distribution within the guiding structure and

are determined by a combination of its geometry and refractive index (RI).

The RI of a material, or more specifically the ratio of the refractive index of the

guiding medium to the surrounding cladding layer, given as the refractive index contrast

(RIC) given in Eq. (1.1) determines the level of confinement of a propagating mode.

RIC = RIguide : RIcladding (1.1)

In free-space optics it is common forRIcladding = RIair = 1 due to a lack of an additional

cladding layer around the optics. However, for integrated photonics it is common for

waveguides to be clad in materials with a variety of RIs, as seen in Fig. 1.1. The RIC

of any waveguide gives an indication of how tightly confined a mode can be within a

guiding structure. A high RIC allows for a small waveguide cross-sectional area, which

is advantageous for some non-linear processes as it allows the intensity of mode to be

high whilst using nominally low injection power.

As a mode propagates through the waveguide, coupled mode theory indicates that

a small portion of that field propagates in the area directly surrounding the waveg-
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Figure 1.1: Examples of different waveguide structures

uide [32]. This is referred to as the evanescent tail of the mode, and is sensitive to

perturbations of the surrounding environment. As such, it is responsible for scattering

losses caused by the surface roughness of guiding structures [33], or sharp changes in

RIC of the surrounding area. The evanescent tail is also what allows coupling between

photonic structures.

As the evanescent tail of one guiding structure overlaps the geometry of another

guide, a portion of the propagating mode transfers into the secondary structure. The

amount of light coupled is proportionate to several parameters, such as the geometry

and composition, their separation and the length of the coupling region. By tuning

each of these parameters it is possible to control the amount of light coupled into the

secondary structure, This forms the basis for various devices such as resonators [29]

and couplers [34].

Many hybrid/heterogenous devices rely on evanescent coupling to facilitate connec-

tions between integrated devices as it allows for the coupling of light without the need

for a mating structure between components. This allows hybrid devices to be compact

in footprint as well as providing a level of standardisation between different types of

structures as coupling parameters can be tuned by simply changing the spacing between

the coupled geometries. Decisions like this can be made during the design process of

the fabrication workflow, before the fabrication and packaging stages.

12



–
D
R
A
F
T

–
O
ct
ob

er
2,

20
25

–
Chapter 1. Introduction

Figure 1.2: Schematic illustrations for the different types of crystal defects.
(a) Point defects include doping and vacancies. Line defects include (b) edge dislocation
and (c) screw dislocation. Plane defects include (d) twin, (e) stacking dislocation, and
(f) grain boundaries. [38]

1.4 Chip-Scale Integration

The underlying crystal lattice mismatch between various semiconductor materials is a

major challenge for hybrid integration of PICs as it prevents their combination during

the growth stage via techniques like molecular beam epitaxy (MBE) [35] or metalorganic

vapor phase epitaxy (MOVPE) [36]. The mismatch between lattice constants result in

the generation of crystal dislocations amongst other flaws in the crystal structure [37].

Intermediate growth layers that provide a gradient region between the material layers

can improve this, but result in a large spatial separation between layers as the transition

layer is much thicker than the device layers. An example of this can be seen in Fig. 1.2.

For many PICs, even if the transition layer wasn’t needed, the inability to pattern

lower layers with devices would severely limit the flexibility and density that could be

achieved with PICs. As such many research institutes and industries focus instead on

multi-material combination after the growth stage.
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Hybrid integration techniques 1 are a method of stacking layers of different semi-

conductor material together after the initial growth stage on the wafer to device level.

An example of this is wafer bonding, in which wafer stacks can be fused together with

high temperature and pressure by thermal compression bonding (TCB) [39] or by use

of optical grade adhesives. Both wafers can be fully or partially patterned beforehand,

necessitating the need for wafer-scale alignment techniques [40]. It is not uncommon to

remove the donor wafer’s substrate layer, such that only the device layers are left as an

inverted stack on the receiving wafer. This allows additional patterning to be defined

on this device layer, increasing the complexity achievable compared to a single wafer.

Hybrid integration techniques are an excellent method to enable large-scale integra-

tion of multi material structures, particularly in terms of the capability of supporting

parallel fabrication arrays of circuits by use of dicing techniques at the final step with

no additional investment in fabrication time [41]. However, a downside with full wafer

hybrid integration techniques is that if any further patterning of the wafer stack is

required, then compatibility between the different material layers and their respective

etch chemistries becomes a factor. When more than one material is present, then the

whole wafer needs to be processed multiple times. This can be extremely challenging

to achieve whilst avoiding damage to previously integrated layers/devices. The moti-

vation of multi-material integration is to combine various optical properties onto one

platform, the variety of optical properties come from the composition of the different

semiconductors.

In either case, there are downsides to the workflow of wafer-scale hybrid integra-

tion techniques as the devices are repeatedly exposed to damaging etching steps. Ki-

netic etching processes, require use of sacrificial cladding layers to protect device struc-

tures [42]. Otherwise a global decrease in the surface quality can be seen leading to

higher optical losses. The cladding can then be selectively removed via chemical-etching

processes. Chemical etching can be tailored towards removing only the target material

layers, however if the other layers in the wafer stack contain a similar composition it

1In literature it is common to see Heterogeneous and Hybrid integration used interchangeably. For
this work Hybrid refers to wafer-scale integration techniques, whereas Heterogeneous integration focuses
on the smaller device-scale integration.
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is likely that unwanted etching of these layers will also be seen, albeit at a different

etch rate. This can lead to instances where even though material stacks can feasibly be

integrated together, their patterning processes become overly complex or impossible,

preventing fabrication into a useful device. This problem only becomes more complex

once more than 2 material stacks are required, which can severely limit the complexity

achievable for PICs.

1.5 Device Level Integration

Similar to hybrid integration, heterogenous integration enables merging of semicon-

ductor material by stacking layers on top of one another, however heterogeneous inte-

gration focuses on the transfer of device-scale components rather than entire wafers.

This enables the assembly of multi-materials as a back-end process, in that complete

components can be assembled together as pieces of a complete PIC with no additional

patterning stages required. By assembling only completed components, the damaging

etch processes can be grouped to the relevant material, reducing the overall number of

processes that any circuit component is exposed to.

Some examples of heterogeneous integration are flip-chip printing, where after fab-

rication the component is inverted and adhered to the substrate by means of reflow

soldering [43] or thermal compression bonding enabling the connection of on-chip lasers

or detectors onto silicon substrates [44]. Typically flip-chip techniques are utilised for

components on the millimetre-scale. Another example is through use of self assembly

techniques, by utilising surface tension [45] or capillary action [46] it is possible to

align µ-components onto substrates. Typical applications of self-assembly are in the

construction of quantum dots and nanowire arrays [47] where parallel assembly of com-

ponents can be achieved. This enables transfer of components that would otherwise be

challenging due to their footprint being < 10× 10µm2.
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Figure 1.3: Generalized schematic of the transfer-printing of membrane pho-
tonic devices. (a) Two processes by which suspended membranes may be fabricated,
with tethers either monolithically fabricated in the same layer as the devices, or pat-
terned in a sacrificial resist layer to which the top surface of the membrane adheres
after the under-etch of the substrate. (b) Simplified demonstration of the process of
retrieving from the donor and printing onto the receiver PIC, using an elastomeric
stamp. [51]

1.6 Transfer Printing

A further technique, and the focus of this thesis, is transfer printing. This is a µ-

assembly technique that is capable of integrating a diverse set of materials and compo-

nents on the 100−103 micron length scale. This is achieved by use of a soft elastomeric

stamp, typically made from polydimethylsiloxane (PDMS), to pick and place prefab-

ricated device coupons like µ-LEDs [48], lasers [49] and sensors [50]. This process is

compatible with both a diverse range of membrane devices and substrates. The pick

and place mechanism relies on the reversible adhesion properties of PDMS to enable

preferential transfer to the receiver substrate. This removes the need for the high tem-

peratures seen in processes requiring solder reflow and thermal compression bonding,

making it compatible with flexible devices and complex PICs.

Transfer printing emerged in the early 2000s as a promising technique for het-

erogeneous integration, enabling high precision integration of component coupons of

diverse materials. Initially being developed for flexible electronics and bio-integrated
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devices [52–54], the method quickly gained attention in the photonics field due to its

level of compatibility with different material types and sizes. A significant milestone

in transfer printing’s history was from the work of John Bowers group at University

of California, Santa Barbara (UCSB). They demonstrated successful transfer of high

performance III-V lasers directly onto silicon photonic circuits [55], overcoming the

technical hurdle that was silicon’s poor light-emission properties. At which point inter-

est in the technique spiked with several institutes incorporating it into their fabrication

flows in the following years.

Within the Institute of Photonics (IoP) at the University of Strathclyde (UoS)

several sub categories of transfer printing have been explored. Serial printing is where

the singular devices are transferred in a deterministic manner, this is what is most

commonly thought of when transfer printing is mentioned and represents a significant

portion of the work done within the group. Serial printing allows the most control

over the transfer process by operating on the component-level. This allows users to

pre-characterise devices on the donor chip and downselect the ones to be transferred.

This is particularly useful for donor devices where the spectral characteristics cannot be

controlled during the design process, such as nano-wires and quantum dots. For these

devices the fabrication process results in scattered distributions of donor components

making them incompatible with multi-device transfer techniques.

Parallel transfer printing is the process where periodic arrays of devices can be

picked from the donor substrate in sets of 2 or more and transferred to the receiver

substrate, with their device pitch maintained throughout [56]. This method is typically

faster than serial printing when used on matured material platforms, but provides many

of the same benefits in terms of absolute alignment accuracy. Here the pitch and layout

of donor devices must be complimentary to that of the receiver as it cannot be adapted

during the print process. This method is ideal for when arrays of devices are required,

such as pixel displays [57] and solar cells [58]. Schematics of serial and parallel transfer

printing can be seen in Fig. 1.4.

Lastly, mass transfer techniques help bridge the gap between wafer-scale hybrid

methods and transfer printing by enabling the simultaneous printing of entire arrays
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Figure 1.4: Serial and Parallel Printing. (a-d) Process of pick up and release for
serial printing, as one device is printed at a time the pitch between devices can be
controlled. (e-h) Parallel printing enables printing of more devices at once, with the
pitch of devices remaining fixed within a batch.

of donor devices. Within the IoP this is implemented using a continuous roller system,

where samples are moved under a roller coated with adhesive elastomer. The roller

facilitates continuous device pickup and release, driven by the same linear stage that

the donor and receiver chips are mounted. While alignment accuracy may be sacrificed

due to the lack of through-stamp imaging, this system has demonstrated printing of over

75,000 devices in just 10 seconds [59], offering significant improvement in throughput

compared to serial and parallel techniques.

Both parallel and mass transfer techniques are aimed towards typical industrial

foundry applications where turnaround time and yield are significant factors. This

is great for many devices such as µ-LEDs for high resolution displays [60], flexible-

electronics for smart wearables [61] and µ -lenses for advanced imaging systems [62].

However, the most adaptable of these techniques is serial printing by allowing tailored

printing strategies of devices on a device-to-device basis. This is particularly useful

during process development, as the majority of transfer prints process flows are ”dis-

covered” by empirical testing in the lab.
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Figure 1.5: Roller Printing. (a) Schematic representation of the roll printing setup.
(b) Printing process (left to right), devices are released from a donor onto the roller
print head and then released onto a receiver chip. [59]

1.7 Serial Transfer Printing

As mentioned earlier, serial transfer printing (TP) enables high accuracy printing of

individual devices in a deterministic manner. This enables flexibility in the selection

of devices as their position on the donor substrate is decoupled from their position on

the receiver substrate. This enables devices to be easily characterised before assembly

and sorted e.g. by wavelength or Q-factor, during the assembly stage [63] as well as

variations in the spatial density between donors and printed devices. An example of

this will be discussed in-depth in Chapter 4 of this thesis. This flexibility in device

selection also enables TP demonstrations of novel material platforms where fabrication

issues have limited the yield of donor coupons, and example of which can be seen in

Fig. 1.6.

TP is capable of precision printing where accuracies less than 0.1µm have been

achieved [64], a particular practical demonstration within IoP of this printing accuracy

was demonstrated in work by Dr John McPhillimy [65] where an AlGaAs disk resonator

was printed with increasing overlap to an underlying waveguide, this change in overlap

allowed selective coupling to higher order modes within the disk highlighting how the

performance of a PIC can be controlled at the printing stage. More recent demonstra-

tions have also highlighted the capability of TP based integration onto novel substrates,
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Figure 1.6: Deterministic Sorting of Nanowires. (i) NW lasers on their growth
substrate are released using a large PDMS block, (ii) transferred onto a target quartz
disk, and randomly distributed on the surface. (iii) Device populations are characterized
using an automated scanning microscopy system and binned by threshold. (iv) Selected
NW devices are individually picked using a PDMS µ-stamp and (v) printed onto a
second substrate in regular arrays. (vi) Target devices are recharacterized with the
system. [63]
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for example several articles highlight the integration of photonic devices onto fibres and

waveguide facets [62, 66]. An example of printing a µ-lens structure onto the end of

fibre facet will be discussed in Chapter 3.

The dynamic adhesion characteristics of PDMS is what enables serial TP, in partic-

ular its dependence on velocity [67,68]. When PDMS is brought into contact with the

surface of a device, the stamp can conform around the surface of the structure. This

promotes formation of Van der Waals (VdW) interactions [69] allowing adhesion to the

surface of the stamp. By applying a fast retraction of the stamp, a large force can be

applied to the sacrificial support structure of the coupon causing it to break and release

the device. Detailed discussion on designing coupons for TP can be found in Chapter

Chapter 4. The fracture occurs in a time frame shorter than the relaxation period of

the PDMS allowing the coupon to remain adhered to the stamp. After this, the coupon

can then be bought into contact with the receiver where VdW forces can form with the

underside of the coupon. The slow retraction speeds then allow the stamp to gently

peel off the surface of the coupon resulting in stamp to component adhesion being less

than the component to substrate adhesion.

The mechanical relaxation behavior of PDMS is determined by the density of cross-

linking between its polymer chains. When the bulk material is deformed, the chains

attempt to move, but cross-linked regions restrain this motion, increasing relaxation

times and making the material more elastic. The PDMS used in this work (Sylgard

184, supplied by Sigma-Aldrich) is typically prepared at a 10:1 ratio of base polymer to

curing agent, a mixture that provides reliable curing and favourable mechanical prop-

erties for high-resolution casting. The base polymer consists of long PDMS chains with

vinyl end groups, while the curing agent contains silane cross-linkers and a platinum

catalyst to drive the reaction.

PDMS is generally chemically inert and hydrophobic, which leads to poor adhesion

to most surfaces. However, Van der Waals forces from the methyl groups along the

chains are sufficient to enable transfer printing applications. The ratio of base to curing

agent directly tunes the cross-link density and therefore the rigidity of the material:

increasing the proportion of base yields softer, more compliant PDMS that can better
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conform to the surface of a device, while increasing the proportion of curing agent

produces stiffer, more brittle PDMS that adheres less effectively. Ratios above 15:1

(base:curing agent) result in incomplete curing, while ratios below 5:1 yield a glass-like,

brittle polymer.

It is possible to increase the dynamic range of stamp adhesion of any one stamp

by implementing additional geometries such as pyramid structures at the corner of

the stamps [42]. This enables printing onto more challenging substrates where the

VdW forces of the substrate are not as high due to factors such as surface finish and

composition. The inclusion of pyramid structures enabled flip-chip style integration

of a GaN LED [66]. This was achieved by control of the pyramid geometries of two

stamps, allow stamp-to-stamp transfer of the LED structure before a final printing

stage. Different methods of dynamically changing the adhesion force during printing

exist [70,71]. Typically they will limit some other aspect of the printing process, usually

visibility through the stamp.

PDMS being transparent is one of the key enablers for high accuracy printing, as

many of other integration techniques require the contact stage to be done “blind”. This

means that device alignment then relies on a calibration step and various assumptions

during the integration process. When operating at print tolerances of ≈ 100 nm a

blind process becomes sensitive to any and all sources of error within the system. With

optically clear stamps it is possible to see the printed devices during the entirety of the

printing process enabling verification of alignment at any stage of the process as seen

in Fig. 1.7. This also enables implementation of machine vision based strategies for

high precision integration, as the donor and receiver substrates are visible during the

integration process also [64].

The primary transfer printer setup is shown in Fig. 1.7, and referred to internally

as TP1. Multiple demonstrations of advanced printed strategies have been made on

this machine, in-particular in machine vision assisted printing. TP1 one was created

from a modified NLP2000 Dip Pen Nano-lithography system from Nanoink. Designed

originally to deposit micro droplets of inks and various biomaterials for bio-organic

and microfluidic applications [72]. This system was shared many of the specifications
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Figure 1.7: Through stamp imaging. Photograph from transfer print system imag-
ing through PDMS stamp. Edges of stamp structures appear opaque, as well as pyramid
structures. Any faces that are parallel to imaging plane appear transparent.
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needed for a transfer printer, it is capable of impressive motion precision of ±5nm with

a minimum step size of 100 ± 25nm. The built-in high resolution microscope enables

imaging with a resolution down to 300 nm. The system was kept much the same as

the stock machine, but with the inclusion of a rotation stage for control of the θZ axis.

The µ-pipette system was swapped for a PDMS stamp holders.

1.7.1 Current state-of-the-art

Recent advances in transfer printing have enabled the integration of diverse materials

onto various substrates with high precision. For instance, researchers have successfully

integrated centimetre-long thin-film LiNb devices onto silicon nitride platforms using

micro-transfer printing, achieving propagation losses of approximately 0.9 dB/cm and

transition losses of 1.8 dB per facet [73]. Additionally, programmable micro-transfer

printing systems utilizing sharp phase-changing polymers and µ-heater arrays have

demonstrated dynamic selectivity, facilitating the transfer of materials ranging from

micro-scale coupons to nanometre-thick films [70].

Advancements in transfer printing have also focused on the integration of pre-

characterized devices to ensure optimal performance in heterogeneous systems. For

example, the IoP have developed methods to characterize nanowire laser populations

using automated optical microscopy, followed by high-accuracy transfer printing with

automatic device spatial registration. This process allows for the selection and integra-

tion of nanowire lasers based on their performance metrics, facilitating the assembly of

high-quality photonic systems [63,74].

While numerous “hero” demonstrations have showcased the potential of transfer

printing, there is a growing need for ensemble demonstrations that address scalability

and manufacturability. Future research should focus on developing high-throughput

processes capable of integrating large arrays of devices with consistent performance.

This includes refining techniques to ensure uniformity across transferred devices and

developing robust methods for yield management during large-scale manufacturing [59].

In the industrial sector, transfer printing has been employed for the heterogeneous

integration of µ-scale compound semiconductor devices onto silicon substrates, offer-
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ing a cost-competitive path to commercialization. Micro-transfer printing has been

demonstrated for several compound semiconductor applications, providing practical

methodologies for large-scale integration. Additionally, advancements in transfer print-

ing techniques have facilitated the development of flexible electronics, enabling the fab-

rication of devices on flexible substrates with complex surface morphologies [75,76], for

applications in wearable devices and robotic sensing.

1.8 Limitations of Transfer Printing

To discuss advancements in transfer printing, it is useful to clarify the metrics the

advances are being gauged against. Several metrics are prioritised in research, such as

transfer yield, the number of devices mechanically transferred from the donor substrate

onto the receiver versus the amount “lost”. This is usually measured on large sample

sets where statistical techniques can be used. A common industry standard is a 6σ

process, corresponding to a yield of 99.99966%. Another metric is the printing accuracy,

how small is the print window, the area in which a coupon can be guaranteed to reside

within, and its standard deviation. If a process has a large print window, then that

enables freedom with respect to receiver design and device density. small print windows

tend to be limited to “hero” devices [65] or those that facilitate alignment tolerant

designs. The metric that was focused on in this project was the yield of functioning

devices. This is decoupled from transfer yield and accuracy as it inherently factors

in the device to device variations caused by the fabrication process. In some cases a

functioning device could perform poorly in terms of print accuracy such as Fig. 1.8.

In this figure the coupon was intended to be printed at a 45◦angle with respect to

the waveguide such that the optical mode would only interact with the shallow etched

portion of the coupon and the ring resonator, minimising unwanted perturbations.

During the release process a rotation was introduced, causing a small portion of the

coupon edge to overlap the underlying waveguide. The area overlapping was measured

to be of negligible consequence to the circuit’s optical performance. This combined with

the ring resonator being inherently resilient to rotational misalignment due its circular
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Figure 1.8: LiNb membrane ring on SiN waveguide. (a) Microscope image of a
transfer printed lithium niobate ring resonator overlapping a silicon nitride waveguide
device. Membrane was intended to be rotated to a 45◦ angle to the waveguide to avoid
corners of coupon overlapping the waveguide. (b) Shows magnified view of waveguide
overlapping region.

profile, allowed the device to function as intended despite being out of alignment.

Placement errors typically arise from the conformal properties of the stamp head,

which deforms to match the device structure. While this compliance allows for better

contact, it also limits the accuracy of the printing process when alignment features are

used. The transfer relies on reversible adhesion forces between the stamp and device,

and the operator has no direct way to measure these interacting forces. Experience

can help mitigate errors through consistent printing strategies. As will be discussed

in Chapter 2, the inclusion of high precision stages such as the SmarAct system can

improve precision. However, errors will still persist due to factors like vision system

resolution, device fabrication, and stamp compliance.

1.8.1 Optical Injection and High-Accuracy Transfer Printing

A significant challenge faced when integrating high quality photonic components on

chip is verifying their performance either before or during the integration process. For

waveguiding devices in particular this is a challenge as the typical method of coupling

light into the component is via overlapping their evanescent fields with an already active
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waveguide. This can typically only be achieved once the device is already integrated

onto the receiving structure. This can cause a significant waste in time and materials

as the testing process occurs near the end of production. However, where electrical

circuits typically need all contacts to be connected for current to flow in the circuit,

photonic circuits can be optically driven even when components are not yet integrated.

This opens up the opportunity monitor the optical performance of the whole circuit

during the assembly stage to determine the quality of components as they are being

integrated, as well as compensating for variations in performance due to fabrication

variations. Small variations in device performance due to surface roughness can often

be compensated for by minor adjustments to the device placement at on the receiver.

If the circuit can be monitored during the assembly stage, the device performance

can be identified before the final device contact with the receiver. This would ensure

consistency between batches of printed devices. At the start of this PhD project, no

such system existed that facilitate both high precision placement of transfer printable

devices as well and optical measurements for device verification.

1.8.2 Standardisation and Tooling for Thin-Film Membrane Devices

The integration of thin-film semiconductor membranes via transfer printing presents

a second critical challenge: the lack of standardisation and design tools tailored for

sub-500 nm devices. These ultra-thin membranes are essential for enabling monolithic

and heterogeneous photonic integration, particularly in single-mode optical applica-

tions. However, to maintain single-mode operation and sufficient mode confinement,

the printed membranes—and often their etched features—must reside in regimes below

100 nm. At this scale, mechanical fragility becomes a serious concern, and the absence

of specialized design and simulation tools makes intelligent device layout cumbersome

and imprecise. Without proper design environments, the field struggles to establish

reproducible processes for sacrificial layer release and membrane handling, which im-

pedes efforts to standardize fabrication flows. This issue becomes especially critical as

photonics continues to diverge from electronics in its demand multi-material integra-

tion at the device-level. (A more in-depth exploration of these limitations and proposed
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solutions is included in Chapter 4.)

1.8.3 Suspended Devices and Throughput Constraints

The fabrication of suspended photonic devices through transfer printing is essential

for achieving high-Q resonators, yet presents a multifaceted challenge. Traditional

TP demonstrations often rely on full or partial contact between the printed device

and the substrate, which inherently limits the refractive index contrast and thus the

confinement needed for single-mode, low-loss performance. In contrast, suspended de-

vices—surrounded by an air cladding—enable not only higher Q-factors but also im-

proved modal purity, and open up functionalities like evanescent field sensing. However,

transferring these structures is inherently difficult due to TP’s dependence on contact

area, making suspended geometries mechanically unstable during pick-and-place oper-

ations. This challenge is further compounded when integrating ensembles of devices,

as Q-factor performance is highly sensitive to nanoscopic fabrication variations, ne-

cessitating pre-characterization and selective printing, which slows down throughput.

Addressing this bottleneck will require innovations in both process stability and inte-

gration strategies that allow in-situ testing prior to release or detachment.

1.9 Thesis Outline

In this thesis, solutions to some of these challenges will be presented. A short back-

ground on photonic fabrication technology will be given in Chapter 2 and is intended

to get the reader familiar with the relevant technology and terminology used in the rest

of this Thesis.

In Chapter 3, an introduction will be given to the custom-built transfer print system

within the IoP cleanroom. Details on the design of the system is given with a focus on

the modularity of the platform. This modularity is then utilised in the development

of an optical measurement system capable of in-situ monitoring of photonic integrated

circuits. The techniques and considerations used during the development of the setup

will be discussed. An application of transfer printing µ-lens structures onto a single
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core fibre facet with alignment achieved via a targeted illumination strategy is discussed

enabling marker free accurate alignment. Several additional demonstrations will be

given to highlight the versatility and the types of integration the system can achieve.

Following this, Chapter 4 will discuss a methodology developed in this project for

the design of suspended membrane structures in the form of a Python package. This

methodology allows convenient generation of membrane photomasks with a selection

of layout and design tools. This package is also compatible with any foundry library

that utilises Shapely for its back-end, such as GDShelpers, GDSfactory and Nazca

[77–79]. Integrated in this library is a method for the generation of conformal layouts of

etching holes to mitigate issues in fabrication of thin-film isotropic material. To support

this, analytical tools were developed to be able to evaluate the etch characteristics of

structures during the design stage. This enables the co-fabrication of various membrane

designs on one chip that otherwise would have been prohibitively challenging.

The final results chapter will return to the injection system developing it further to

include a cross-polarised microscopy setup. Allowing for in-situ spectral measurements

of photonic crystal cavities (PhCCs) during the integration process. This enables unique

insights into the transfer process that have been immeasurable in prior work up until

now. This development allows for wavelength sorted transfer of 119 devices without

need for post fabrication trimming. Highlighting the versatility of in-situ measurement

technologies, not only in reducing fabrication time but also in improving the quality of

fabricated devices.

The thesis will conclude with an overview of the work carried out over the course of

this PhD and its implications on the field of transfer printing as a whole. An outlook

to the future will be provided, highlighting what can be done with the developments

presented to continue pushing this technique towards the cutting edge of heterogeneous

photonic integration technology.

29



–
D
R
A
F
T

–
O
ct
ob

er
2,

20
25

–

Chapter 2

Background

2.1 Device Processing

In the manufacture of PICs, every devices goes through a process flow to take it from

device conceptualisation to a finished device. Each process flow is broken down into a

sequence of steps, some of which can be shared across various devices to allow parallel

fabrication. The number and specifics of each process step can vary widely, making it

challenging to discuss device progression across devices. As such, it is useful to split

these steps into broad stages of design, front-end and back-end to enable comparison.

These stages are followed in sequence with design coming first. In which the ge-

ometry of the device is generated with the use of design tools such as KLayout [80]

and GDSfactory [78]. Often simulation tools are used in this stage to test the geome-

tries virtually, such as Lumerical [81] or Tidy3D [82]. Following this is the front-end

Stage, consisting mostly of lithography, etching and deposition steps. Often metrology

measurements will be included between these steps to ensure fabrication is progressing

as intended. Finally, back-end process are done to take the device to its packaged

form. This includes steps such as wafer dicing, wire bonding of electrical contacts

and embedding devices in protective housings etc. Device testing can occur at either

the front-end or back-end stage, to validate the device’s performance as it progresses

through the process flow.

These categories are separated in such a way that a step in one stage does not affect
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any steps in another stage. For example, the fabrication of red, green and blue light

emitting diodes (LEDs) requires a unique set of front-end processes for each separate

channel. However, the back-end process of wiring and packaging in a transparent

housing remains the same [83]. A brief description of key front-end and back-end

processed can be found in the following sections. For a discussion on the Design stage,

please see Chapter 4.

2.1.1 Front-end

2.1.1.1 Lithography

Lithography is a method transferring geometry onto the surface of a wafer, typically

by ultra-violet (UV) light patterning of photo-curable polymer called photoresist. This

resist can be deposited onto the surface of a wafer by conformal spray coating [84] or

resist spinning techniques [85] to precisely control the thickness of the deposited layer.

This can then be exposed to structured UV light, by mask-based projection, digital light

processing (DLP) projection or direct-write laser-lithography amongst others [86]. The

spatial structure of the light is determined by the design of the PIC device, resulting in

a binary image determining where material is kept and where it is removed. For posi-

tive tone photoresist, regions exposed to UV light have their polymer bonds broken due

to the light-matter interaction. These broken polymers are then susceptible to chemi-

cal developing solutions, allowing exposed regions to be selectively washed away. For

negative-tone resists, the exposed regions instead undergo a curing process, becoming

rigid from exposure to the UV. The unexposed regions can then be selectively removed

by use of a solvent rinse. This allows for straightforward transfer of device patterns

onto the photoresist, which can then be transferred to the semiconductor material via

etching steps.

2.1.1.2 Etching

Etching is the process of eroding away the layers of the wafer to transfer the patterns

created in the photoresist into the semiconductor material, falling into broadly into
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Figure 2.1: Kinetic and chemical etching.

categories of dry and wet etching. Both dry and wet etching procedures use tailored

“recipes” for the selective removal of material layers, with the methodology broadly

falling into two categories of kinetic and chemical etching and seen in Fig. 2.1.

Kinetic etching is a physical method of removing material, high-energy ions bom-

bard the surface of the semiconductor and break away sections of the crystal lattice.

Noble gases are used in this process due to their large size and inertness, such as Ar-

gon, Krypton and Xenon [87]. Acceleration of these ions occur in reactive ion etching

tools (RIEs) where a plasma cloud is created in a vacuum above the semiconductor

target. Kinetic etches tend to be more agnostic to the material being etched compared

to their chemical counterpart. Chemical etching can occur in dry process tools such

as an RIE, or via wet-etching techniques in solution [88]. In either case, a reactive

ion or molecule is used that contains dangling bonds, these bonds then preferentially

attach to the atoms in the semiconductor lattice, where the atom-to-atom attraction

of the etchant is stronger than that of the lattice. The now inert etchant can then be

removed after the etching process. Chemical etches tend to be more material selective

than their kinetic counterpart.

2.1.1.3 Deposition

Deposition techniques allow formation of additional layers of material onto the surface

of the wafer, typical techniques use chemical vapour deposition (CVD) and plasma-

enhanced chemical vapour deposition (PECVD), in both cases the wafer is loaded

into a vacuum chamber where a gas shower head introduces precursor gases such as
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silane (SiH4), ammonia (NH3) and oxygen (O2) etc. For CVD a temperature range

of 600◦C − 1100◦C is used to cause a chemical reaction between the wafer and the

precursors [89]. This generates a thin layer of material on the surface as well as by

products that are pumped away. For PECVD lower temperatures 100◦C − 400◦C can

be used as an RF power source is instead used to ionise the precursor gases into a

plasma, making it more susceptible to chemical reactions at the wafer surface.

2.1.2 Back-end

2.1.2.1 Metallisation

Metallization in photonic fabrication is a critical back-end process that involves deposit-

ing and patterning metal layers to enable electrical interfacing with active photonic de-

vices such as modulators, photodetectors, and thermal tuners. Metals like aluminum,

gold, titanium, and platinum are commonly used, depending on the required con-

ductivity, adhesion, and compatibility with subsequent packaging steps. The process

typically begins with a thin film metal deposition using techniques such as sputtering,

evaporation, or electroplating. After deposition, photolithography is used to define the

metal pattern, followed by either lift-off or etching to remove unwanted areas. In some

cases, a thermal annealing step is performed to improve contact resistance or to form

metal-silicide junctions. Proper metallization ensures low-loss electrical routing and is

essential for high-speed and high-density integration of photonic-electronic systems.

2.1.2.2 Planarization

Planarization is the process of flattening the wafer surface to create a uniform and

smooth topology, which is especially important in multilayer photonic integration. As

various material layers are deposited and etched throughout the fabrication process,

surface topography can become highly uneven, causing issues with lithography focus,

alignment, and layer stacking. Chemical Mechanical Polishing (CMP) is the most

widely used planarization method, combining mechanical abrasion with chemical etch-

ing through a rotating pad and slurry. This technique is typically applied after the
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deposition of dielectric materials like silicon dioxide or after metal filling in holes to

prepare the surface for further processing. Effective planarization minimizes dishing,

erosion, and other surface defects, enabling precise layering and reliable performance

of complex photonic circuits [90].

2.1.2.3 Dicing and Packaging

Dicing and packaging represent the final steps in photonic chip fabrication, where indi-

vidual dies are separated and integrated into usable modules. Dicing involves cutting

the processed wafer into discrete chips using diamond saws or laser-based methods,

with care taken to avoid damaging sensitive photonic structures, particularly waveg-

uide facets used for optical coupling. After dicing, each die is mounted into a package

that provides mechanical support, environmental protection, and electrical and optical

connectivity. Optical packaging may include alignment and attachment of optical fibers

to on-chip grating couplers or edge couplers, often using active alignment techniques to

minimize coupling losses. Electrical connections are made via wire bonding or flip-chip

bonding to interface the chip with external circuits. Thermal management components

such as heat sinks or thermoelectric coolers are also integrated when needed. High-

quality packaging ensures the chip performs reliably in real-world applications while

protecting it from mechanical and environmental stress.
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Transfer Print Instrument Build

3.1 Introduction

Transfer printing is a highly precise technique for integrating heterogenous devices,

enabling both in-plane [91] where light propagates along the bounds of the chip and out-

of-plane assemblies [62] where light is emitted or absorbed perpendicular to the chip.

In-plane integration often benefits from existing structural features such as waveguides,

ring resonators, electrodes, or heating pads, which serve as spatial references during the

alignment process. These features are typically an order of magnitude larger than the

printing window, allowing machine vision techniques [92] to achieve sub-pixel alignment

with high accuracy.

For out-of-plane structures, similar alignment strategies can sometimes be applied

[93]. However, the features surrounding the emission or detection points are generally

much smaller than those in in-plane configurations, making machine vision alignment

more challenging. This issue is further exacerbated in vertical passive structures, where

the absence of well-defined reference features around the printing window limits the

effectiveness of conventional alignment methods. As discussed in the previous chapter,

Transfer printing is uniquely capable of compensating for a range of printing challenges

due to both its simplicity in the integration process and its device level processing.

To aid in the development of new transfer print technologies a custom-built trans-

fer printing tool was developed that functions not only as a system for high accuracy
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transfer printing, but one that can operate additional tools in parallel to the printing

processes. The modularity of the system enables tool modules to be actively devel-

oped and prototyped within an transfer printing environment, unlocking new potential

technologies for transfer printing. The first module developed was designed to aid in

the alignment of passive out-of-plane optical structures, as well as other applications

discussed later in this chapter.

The first module provides a methodology for vertically injecting light through the

microscope system and is discussed in this chapter. The injected light appears as a

tightly focussed spot within the transfer printer’s vision system, and allows relative

positioning of the spot to allow coupling of light into various optical structures. This

allows a light source to always be present and controllable during the transfer printing

stage, opening up opportunity for optical performance based print alignment verifica-

tion.

The development process of the both the transfer printer and the optical injection

setup are discussed in detail within this chapter, including design criteria, optics, elec-

tronics and software. A experimental example is also given in the form of printing a

µ-lens onto a fibre facet. Several other applications for such a system are discussed

near the end of this chapter.

3.2 Acknowledgements

In this chapter, I would like to acknowledge the contributions from my colleague Dr.

Benoit Guilhabert to my project via the construction and design of the transfer print

system which will be discussed in the following section. I would also like to thank

my colleague Dr. Nils Wessling for the development of transfer printable GaN µ-lens,

which will be used as a demonstrator for the injection system later in this chapter.

3.3 Base System

The transfer printer used in this work, known internally as “TP2”, is a custom-built

system designed as an upgrade to the previous system, which was adapted from a
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Figure 3.1: Base Transfer Print Setup. (a) Overview of custom built transfer print
system. Frame is constructed from Thorlabs 95mm optical rails, providing a modular
platform to the rest of the system. Translation stage is a high precision 6-axis motion
system driven by piezo stick slip motors, built custom for this machine by SmarAct. The
stamp mount is attached to an independent 3-axis translation stage to enable alignment
of the stamp head to the microscope column. Optical column outlined in blue, with
location in port for light injection annotated, which is obscured by the optical rail. (b)
View of the translation stage with 2 4-inch silicon wafers mounted. The entire surface
of both wafers can be scanned under the vision system enabling transfer printing of
large device numbers comparible with industry requirements.

NLP2000 NanoInk Dip-Pen lithography tool. The construction of this system is shown

in Fig. 3.1 and consists of the four main components of any transfer printer: the frame,

the translation stage, the stamp system, and the vision system.

As can be seen in Figure 3.1 the printer’s frame is constructed from 95 mm alu-

minium rails supplied by Thorlabs, providing structural rigidity while offering a range

of mounting options that make the setup highly modular. This modularity has been

utilised both in this chapter and throughout the work. The frame is designed to accom-

modate two different microscope configurations, allowing them to operate in tandem.

One microscope, with low magnification and a wide field of view (FOV) is used for
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coarse global alignment of wafers. While the other, a high-magnification system, en-

ables precise local alignment of suspended devices. Either of these optical columns can

be easily swapped out for another subsystem to support different transfer-print-based

integration strategies.

The most significant improvement between the previous transfer printer and this

revised version is the inclusion of a six-axis translation stage from SmarAct, seen in

Figure 3.1(b). This stage offers nanometric precision and accuracy and is capable of

mounting two 4-inch semiconductor wafers for large-scale integration experiments. It

provides movement over a 200mm2 area with speed control ranging from 0.1µms−1 to

10000µms−1, offering a broad dynamic range of forces that can be applied during the

pick-up and release stages of printing. Additionally, the stage supports several kilo-

grams of load, allowing for the integration of various hardware components, including

temperature control systems and mounts for novel substrates.

The stamp holder operates independently of the translation stage and accommo-

dates larger-form-factor PDMS stamps mounted on 1-inch diameter glass slides. These

stamps can be vacuum-mounted to the holder, ensuring a flatter and more stable posi-

tioning relative to the stage than mechanically mounted solutions. The vacuum chuck

also allows transparent substrates to function as “stamps,” enabling high-precision, flip-

chip-like processes. Furthermore, the system maintains backward compatibility with

stamps from the previous setup through the use of a 3D-printed adapter. The relative

positioning of the stamp with respect to the microscope is controlled via a three-axis

translation stage.

The primary microscope in TP2 is based on the Optem Fusion microscope system

from Qioptiq, a modular platform that can be customised for a range of applications.

This configuration includes motorised zoom and focus modules, enabling the automa-

tion of critical steps in the transfer process. During each stage of the print process,

the stamp may be positioned several millimetres away from the substrate to prevent

accidental collisions. At this distance, the stamp’s geometry is no longer visible in

the microscope’s FOV, necessitating frequent focus adjustments to verify successful de-

vice pick-ups and to monitor the initial contact between the stamp and the substrate
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surface. The automated zoom functionality allows the system to accommodate a wide

range of suspended membrane footprints while maintaining consistent performance with

standardised alignment markers [94].

3.4 Vertical Injection Setup

3.5 Optics

The primary microscope of the transfer print system features an additional port for

adding secondary imaging systems or light sources. The injection setup is mounted

to this interface and consists of a reflective collimator which produces a beam spot

approximately 1.8 mm wide. This coupled to a 2-axis galvanometer then emits a

steerable collimated beam. This then couples into a two lens telescope functioning as

a beam expander, consisting of an f1 = 40mm and f2 = 150 mm best form lenses in

a 4f configuration [95]. This ensures the beam returns to collimated after the 3.75X

expansion in beam size. This is then fed through the injection port of the microscope

setup to the back aperture of the objective lens which is 6 mm wide, so the beam

overfills the opening by 12.5% which ensures a diffraction limited spot at the point of

focus on the sample. A schematic view of the system can be seen in Fig. 3.2.

The module was intended to be compatible with as many photonics platforms as

possible, meaning that operation from visible to short wave infrared wavelengths was

essential [96, 97]. As such certain material choices were made to support this, such as

the galvanometer mirrors being coated in silver and the telescope lenses are uncoated

N-BK7 glass. The lenses are also of the “best form” type, where the flat back surface of

a plano-convex lens is shaped such that it mitigates spherical aberrations. This helps

minimise distortion of the beam shape when using the beam-steering functionality.

These choices enable the injection system to be relatively agnostic to the particular

wavelength source used. However through testing of different wavelengths it was found

that the system is sensitive to chromatic aberrations which would result in the focal

range of the injection setup not matching that of the imaging system. To combat this,
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Figure 3.2: Schematic view of setup. View of the optical injection path highlighted
in orange. Full view of system shown on the right, highlighting how the injection
module fits within the vision system.
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the inclusion of a large z translation mount for the f2 lens was made, which offers 29.5

mm of travel, this allows the user to manually calibrate the focus of the injected beam

after the source has been swapped.

3.6 Specifications

Among the core components of a transfer printer, the optical microscope is the most

critical for this work, as it serves as the primary interface for the injection system,

both optically and mechanically. The microscope’s performance defines key metrics

that inform the design of the injection system, which are detailed in Table 3.1.

Property Low Magnification High Magnification

Magnification Value 8.4x 58x

Field of View 0.72mm x 0.54mm 0.10mm x 0.07mm

Working Distance 34mm 34mm

Resolution 354 lp/mm 900 lp/mm

Depth of Field 0.041mm 0.0063mm

Numerical Aperture 0.12 0.30

Table 3.1: Specification for imaging optics on transfer printer.

Two of these properties were prioritised during the development of this system:

resolution and field of view. The resolution, measured in line pairs per millimetre,

refers to standardised reference patterns consisting of periodic line structures with a

duty cycle of 50%, examples of which can be seen in Fig. 3.3.

As the period of these structures decrease it becomes more challenging for an imag-

ing system to resolve their features accurately, as can be seen in Fig. 3.3 (b). The

period of 8µm can be resolved accurately showing the correct number of lines and

their overall shape is accurate. For a period of 4µm and 2µm inconsistencies in the

widths of each line can be seen, however the correct number of lines are still visible. In

the final set with a period of 1µm issues arise with the shape of the lines and the total

number visible, with some of the lines now being absent. In this example the imaging

system would be classified as accurate to a line pair period of 2µm (500 lp/mm). In

high magnification mode, the microscope can resolve 900 lp/mm, which corresponds
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Figure 3.3: Visual example of line pairs. (a) Set of periodic line structures with
increasing period length. (b) Intentionally low resolution duplicated of line pairs to
represent the effect of imaging system not being able to fully resolve image. If (a) and
(b) look indistinguishable, it is recommended that the reader refer to the digital copy.

to a line pair period of 1.11µm which can also be represented as a sampling density

of 1800 samples/mm. Using conservative estimations of the Nyquist limit, leads to a

pratical sampling density of 1800/3 = 600 samples/mm, or 1 sample per 1.67 µm. As

a target, the XY translation resolution of injection system was chosen to be half this

line pair period to ensure that the beam steering could operate at the same resolution

or higher than the imaging system, and was measured empirically to be ≈ 0.5µm.

The latter property of the field of view corresponds to how much of the object can

be visible at once and is inversely correlated to the image magnification. This provides

a metric for the amount of XY travel the system needs to be able to target any structure

on screen, examples of differently sized travel windows can be seen in Fig. 3.4.

Three differently sized travel windows are shown overlaid on top of the microscope

field of view (FOV). The red window represents a case where the travel window is

smaller than the FOV, limiting where the injection system can target on the chip. The

orange window indicates a travel window that is the exact size of the FOV. While this

may be suitable, it leaves no margin for error when aligning the injection setup to the

microscope, making the system more susceptible to long-term mechanical drifts. The
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Figure 3.4: Comparison of camera FOV and different XY travel windows.
Outlined in black is an SEM image of a suspended silicon membrane device to represent
the FOV of the microscope. Differently sized travel windows are overlaid on the image
to represent issues with their varying sizes.
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green window represents the ideal case, where the Galvo travel window exceeds the

microscope’s FOV, allowing the excess motion to compensate for any misalignment of

the setup. Due to the optical path of the microscope, the Galvo travel window does

not change dynamically with changes in magnification. Therefore, the travel window

should slightly exceed the largest FOV to ensure the system is compatible with as many

PICs as possible. The design of the optical path and control electronics enabled this.

3.7 Beam Spatial Control System

The galvanometer consists of 2 rotatable mirrors orientated complementary to each

other such that one mirror corresponds to X-axis motion and the other the Y-axis. To

control the angle of the galvanometer mirrors, their driver boards need to be provided

with an analogue signal, the voltage of this signal is then compared to ground to

determine the deflection angle of each mirror. The driver boards support 3 control

voltage ranges, 5, 12, and 15V which determine what signal is required to achieve their

maximum rotation range of ±12.5◦. It is recommended to use a digital to analogue

convertor (DAC) which can approximate an analogue signal to a certain resolution

dependant on its bit number, as seen in Fig. 3.5. A DAC functions by using a resistor

ladder configuration [98], where various rungs of the ladder can be switched on and off

to create different combinations of voltages in a manner similar to binary sequences

[99]. The resolution of a DAC follows 2n where n represents the bit number, such

that a DAC with 8 bits can produce 256 voltages between 0V and its max operating

range. Typically higher resolution DACs require higher operating voltages to work,

as otherwise the minimum voltage step will be equal to or less that the noise floor

of the power supply. This would make the produced signal inconsistent and result in

the galvanometer oscillating when trying to hold a fixed position. Typically the max

resolution of a 5V DAC will be 12-bit, corresponding to a voltage step of 0.0012V.

Various combinations of control voltage, step modes and bit numbers are presented in

Table 3.2. As the galvanometer couples into a sequence of relay optics, the perimeters

of the max travel range cause the beam to be incident on the mounting hardware for
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Figure 3.5: Representation of a DAC signal. Analogue signal shown as a purple
dotted line, other colours show how the accuracy that the signal can be recreated is
affected by the bit value of the DAC.

Control Voltage Step Mode Operating Range Bit Number Voltage Step
(V) (V/◦) (◦) (Resolution) (V)

5
0.5 10.0 12 (4,096) 0.0012
1.0 5.0 13 (8,192) 0.0006
1.2 4.2 16 (65,536) 0.0001

12
0.5 12.5 12 (4,096) 0.0029
1.0 12.0 13 (8,192) 0.0015
1.2 10.0 16 (65,536) 0.0002

15
0.5 12.5 12 (4,096) 0.0037
1.0 12.5 13 (8,192) 0.0018
1.2 12.5 16 (65,536) 0.0002

Table 3.2: Key parameters when selecting control electronics for Thorlabs Inc. 2 axis
galvanometer system. The module supports 3 separate step modes that correlate with
5V, 12V and 15V logic systems respectively. Combinations of different configurations
are shown, A 16 bit DAC is recommended when used for high speed scanning operations,
12 and 13 bit configurations are discussed for point and click operation in this paper.
Values in bold are a result of combining the previous column values

the optics and lost to scattering. As such it was found empirically that the full FOV

of the system can be traversed when using a control voltage of 5V and a step mode of
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Figure 3.6: Breadboard view of control circuit. Visual layout of breadboard
components assembled for the control of the injection setup. The quad channel DAC
is shown in black and is connected to the 2-axis galvanometer. A second DAC board is
shown on the right in blue, and can be connected to various light sources that support
analogue signals to control output intensity.

1.2 V/◦. This low voltage operating voltage requirement simplified the design of the

control electronics.

The Arduino family of microcontrollers is a well-known 5V hardware architecture

that is affordable and widely supported. It provides a range of general-purpose input

and output (GPIO) pins and supports various communication protocols. One such pro-

tocol used in this work is I2C, which allows for the daisy-chaining of multiple modules

and can be controlled in an addressable manner [100]. This enables the use of external

DAC modules, as, at the time of writing, no Arduino product had an in-built DAC

with a resolution higher than 8 bits. The MCP4728 module from Adafruit supports

four individually controllable 12-bit analogue outputs, allowing for two channels per

galvanometer, as shown in Fig. 3.6.

Each galvanometer has 3 electrical connections positive (+ve), negative (-ve) and

ground (gnd), typically the gnd and -ve terminals would be tied together allowing the

rotation of the mirrors to be controlled entirely by modifying the analogue signal going

to the +ve terminal. To maximise the effective resolution of this system, an alternate

configuration was used where the both the +ve and -ve terminal where connected to
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an output channel of the DAC. This allowed for 12-bit resolution for each half of the

travel range, and an effective 13-bit over the whole travel range, but requires a software

check when transitioning from a negative to positive rotation angle.

LabVIEW was chosen as the interface between the user and the control system

because it is an industry-standard software platform that supports an extensive range

of external libraries. A unique aspect of LabVIEW is that it allows for the parallel

development of both the user interface and the computational logic. By utilising drag-

gable blocks that can be wired together, LabVIEW enables one of the fastest methods

for controlling multiple pieces of hardware in tandem with a user-friendly interface. At

the time of writing, LabVIEW supports the LINX library, which facilitates direct com-

munication with Arduino boards, allowing for the full operation of the microcontrollers

within LabVIEW itself.

State machine architecture [101] was used in the development of the interface that

allows for a responsive interface that is robust to errors and scalable development for

when additional features from the system are required. One state in the machine is

when the mirrors are transitioning past the 0◦ angle, during this transition the output

tied to controlling the mirror is swapped to the other in the pair, whilst the opposing

one is clamped to 0V. If both channels where driven above 0V, this would cause an

error in the positioning system and give an inconsistent result. An image of the control

panel for the injection setup can be seen in Fig. 3.7

3.8 3D Printing

As the microscope uses a proprietary connection system and the injection system was

built from ThorLabs components, it was necessary to design custom parts to facilitate

the interfacing of these two platforms. Since the system needed to be tested at various

stages of development, rapid prototyping technology was employed to create mounting

components for the setup, with the intention of replacing them with machined parts

once the system was finalised. However, during testing, it was found that with proper

design and material selection, 3D-printed components were suitable for the final revi-
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Figure 3.7: LabVIEW Interface for Vertical Injection System.
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Figure 3.8: Injection System Dock. Image of the 3D printed Qioptiq to Thorlabs
adapter within Fusion 360. The timeline visible at the bottom shows all the commands
used to model the part, and can be ”scrubbed” through to revert to a previous state
for ease of editing.

sion. Most consumer-grade machines are able to reliably achieve print tolerances of 0.2

mm when printing with the standard nozzle diameter of 0.4 mm. This can be improved

further to 0.05 mm in some instances based on material choice and tuning of print

parameters to that specific material.

To design a part for 3D printing, a computer-aided design (CAD) package is used to

generate a digital representation of the object. The CAD package used in this work is

Fusion 360 which is a cloud-based service provided by Autodesk. Several mounts were

designed and prototyped over the course of this project, one such part is the interface

piece of between the Qioptiq column and the injection setup seen in Fig. 3.8. Fusion

360 allows definition of both dimensions and constraints, which enabled the precise

modelling needed to ensure all mating pieces of the setup connected properly.

Once a CAD model is created, it must be processed using a software package called

a “slicer” and the one used for this project is the open-soure “PrusaSlicer”. The slicer

converts the model into a format suitable for 3D printing by breaking it into layers of a
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Figure 3.9: Interface piece converted to GCode in Prusaslicer

determined height and generating a sequence of tool paths, known as GCode. GCode

is a standard communication format for toolhead-based motion systems, such as CNC

machines, laser cutters, and 3D printers. The slicer determines how the printer will

build the object by defining perimeters, infill patterns, and support structures. Modern

slicers offer over 200 settings to fine-tune print behavior based on material properties.

Pre-configured profiles are available to simplify the process, enabling users to create

complex geometries such as curved holes, internal flexures, print-in-place hinges, and

single-piece assemblies that would be difficult or costly to manufacture using traditional

subtractive techniques. The adapter piece can be seen in Fig. 3.9 where it has been

broken down into a series of tool paths.

Fused Filament Fabrication (FFF) 3D printers construct objects by depositing lay-

ers of molten plastic sequentially. The plastic filament is fed through an extruder system

that grips and advances it into a heater block, referred to as the “hot end.” The hot

end raises the plastic’s temperature just above its glass transition point, allowing it to

flow smoothly through the nozzle—typically around 220°C for polylactic acid (PLA).

As the molten plastic is extruded, the nozzle geometry ensures compression into the

layer below while creating a smooth top surface for subsequent layers. To maintain
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Figure 3.10: Interface Piece printed on Prusa MK4 3D printer

precision, an auxiliary fan rapidly cools the plastic, solidifying it before the next layer

is applied. The printer follows a sequence of GCode commands created by the slicer to

control the nozzle’s movement relative to the print surface, enabling the creation of a

3D object. The adapter part can be seen on the print bed of Fig. 3.10.

3.9 Early Prototype

The combination of low cost electronics, 3D printing technologies along with an initial

investment of equipment from ThorLabs enabled the iterative development of this sys-

tem over the course of this project. This was particularly useful during the two year

period of the Covid-19 pandemic, when the majority of the development took place.

This enable the majority of the system to be developed in the home lab, as consumer

3D printers had become both affordable and reliable by that time and many electronic

suppliers where still shipping products. An early version of the setup can be seen in

Fig. 3.11
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Figure 3.11: Early test bench setup. Laser source is a deconstructed red diode laser
pen. Galvo system is mounted on a 4x4x4 Rubiks cube, which enable coarse rotation to
target in 1-axis. Arduino circuit with quad channel DAC can be seen below. Alignment
target is a build plate from a Prusa Mini+ 3D printer.
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Figure 3.12: Transfer Print Setup for Fibre Printing. (a) Schematic view of the
setup. (b) Photograph of system during print integration. (c-d) Lumerical simulations
of light emission from fibre, before and after integration of GaN lens.

3.10 Micro Lens Printing

To highlight the capabilities of this injection system, a demonstrator experiment was

developed in which a GaN µ-lens would be transfer printed onto the end of a single-

mode optical fibre. The fibre would then simulate the alignment of membrane devices to

both an “emitter” and a “detector” device for comparison. In both cases, the alignment

is to a substrate where no markers are present, and the core of the fibre is not visible

in the setup due to the low refractive index contrast between the core and the cladding

layers [102].

A 3D printed jig was fabricated to mount the fibre at the appropriate height in

the TP system whilst maintaining a safe bend radius in the fibre. A schematic rep-

resentation of the fibre mounting system within the transfer printing tool is provided

in Fig. 3.12 (a), along with a close up photograph in Fig. 3.12 (b). For the emitter

scenario, the opposing end of the fibre can simply be connected to a light source to

illuminate the core, as can be seen in the inset of Fig. 3.12 (b) and provides a reference

feature in which the lens can be aligned to. As the core could remain illuminated during

the whole print process, the alignment could be verified both during and immediately
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Figure 3.13: Alignment of GaN µ-lens to white light illuminated fibre facet.
(a) µ-lens fixed in position and suspended on transfer stamp, with various stage offsets
in X and Y shown to show contrast between aligned and misaligned lens. (b) Micro-
scope image of fibre facet emission before (top) and after (bottom) printing of µ-lens
membrane. All scale bars represent 15µm.

following the print process as seen in Fig. 3.13 where good alignment to the fibre core

was achieved.

In Fig. 3.13 (a) The effect of translating the µ-lens away from the centre of the

core can be seen. For lower offsets, an change in spot intensity is visible during the

alignment process. For larger offsets, an additional change in the beam spot shape is

measurable. Fig. 3.13 (b) was taken that the same focal position, showing the effect of

the µ-lens altering the emission of the fibre facet.

To demonstrate the use case of aligning to a detector device, the white light source

was disconnected from the opposing fibre end and instead replaced with a visible wave-

length photodetector, this allows the fibre core position to be determined by injecting

light through the transmission setup and inferring that the highest measured power

corresponds to the best alignment to the fibre core. As this detected position can

be sensitive to the relative injection angle of the red SLED, a calibration process was

carried out before the printing stage.

The floating mount of the injection system allows for minor adjustments to the

mounting angle via two XY linear stages mounted to the TP2 frame. This, in conjunc-
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Figure 3.14: µ-lens aligned to detector device. (a) Map of measured voltage from
Si photodetector via injected light. (b) Camera view on TP2 of showing stages of the
transfer print process.

tion with the beam steering enabled by the galvanometers, facilitates the convenient

alignment of the injection source relative to a sample surface. The beam was positioned

such that it aligned with the radial axis of the objective lens, minimising any aberra-

tion effects [103], and was focused onto a mirror surface. Once the spatial position was

roughly achieved, the beam was defocused by translating the stage in the z-direction,

causing an Airy disk pattern to form on the camera feed. When misaligned, these

disks exhibited a non-uniform intensity distribution, with one side of the disk appear-

ing larger, indicating the need for alignment. By adjusting the stages and galvo mirrors

in the opposite direction of the disk deformation, the resulting pattern became more

balanced. The stage could then be returned to the focus position to verify alignment

with the centre of the FOV. To compensate for any tilt in the fibre facet, the stamp can

be brought into contact with the surface at various points to determine the z-height at

which the stamp starts to deform. This information can then be fed back to the stage

controller, allowing compensation for the tilt and saving the fibre position as the pivot

point for printing. The stage is capable of repeatable positioning within a 10 nm range.

Meaning errors in positioning due to mechanical backlash are negligible.

By implementing a raster scanning technique, the fibre facet can be mapped out

with respect to measured intensity as seen in Fig. 3.14 (a). The point of highest
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Figure 3.15: Visualisation of reversible adhesion promoters. (a) Flat stamp
with pyramids conforming to surface of membrane. (b) Flat stamp peeled off from
membrane surface due to pyramid protrusions providing a peeling force. (c) Lens
structure of membrane embedded into body of flat stamp. (d) Only tip of lens in
contact with stamp due to curve protruding geometry providing a peeling force against
the stamp.

intensity can then be taken at the print location and marked with a virtual marker in

software. The device can then be brought into alignment to the virtual marker and

transferred in an aligned position. In this instance a raster scan process of 1µm steps

was used over an 8× 8µm area with the peak intensity measured at (1, 0). The centre

of this area was determined by estimation from the boundary of the cladding region,

indicating that the fibre core and cladding layer are not collinear at the surface of the

facet. This detection method allowed for printing accuracy equivalent to the emitter

case ±0.5µm, with the step size of the raster scan being the main source of error.

3.10.1 Reversible Adhesion

As the fibre was constructed from silica, the adhesion force between the back surface

of the lens and the fibre facet was low enough to allow reprinting of the lens cavity.

Typically, this would lead to a situation where the membrane device would be difficult

to release accurately, as the adhesion between the stamp and the membrane would be

stronger than that between the membrane and the substrate. However, the geometry of

the lens structure helps mitigate this issue, allowing for effective release and reprinting
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without compromising the integrity of the membrane device.

In prior works, the inclusion of protruding structures on the stamp allowed for a

larger difference in adhesive forces during the pick-up and release stages of transfer

printing [42]. These protrusions create a larger contact area between the stamp and

the membrane during the fast retraction stage, due to their deformable structures, as

shown in Fig. 3.15 (a). When idle, the protrusions relax, providing a “peeling” force

at the base of the stamp, leaving only the tips of the protrusions in contact with the

membrane. This results in a significant reduction in contact area, making transfer onto

the substrate easier, as seen in Fig. 3.15 (b).

A similar effect is achieved with the µ-lens structure. A flat stamp is able to conform

to the dome of the lens, increasing the contact area during pick-up, as shown in Fig. 3.15

(c), causing the lens to become embedded in the stamp. When idle, the internal stresses

of the stamp eject the lens structure until an equilibrium point is reached, where elastic

forces balance the adhesion of the stamp. This results in a low contact area, as seen in

Fig. 3.15 (d).

3.11 Application Demonstrators

The vertical injection setup developed in this chapter was designed with the intention

of developing a multi-purpose system. Throughout its development, several use cases

emerged that highlight the potential future applications of the system, which are sum-

marised in this section as proofs of concepts. A more detailed and in-depth exploration

of an additional use case can be found in Chapter 4, while the examples presented here

serve more as viability studies for further development. Included in this are In-situ

detection of changes in coupling conditions, fully vertical injection of light into PICs,

sample height detection via a soft contact method and traditional optical coupling to

grating structures.
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3.11.1 In-situ print detection of buckled Si membrane on SiN, via

grating couplers.

The original concept for this system was to provide an alternative to fiducial markers

for high-accuracy printing. When transfer printing a photonic component on-chip, the

goal is often to spatially align the two devices within a given tolerance [65]. While

the precise location for printing can be determined through theory and simulations,

these often make assumptions regarding the presence of defects, sidewall roughness,

etc., which can affect the coupling characteristics between the receiving substrate and

the transferred device. This can lead to issues where even the most accurately placed

component performs below specifications due to fabrication noise, which is challenging

to measure beforehand. If the device’s performance could be measured during the

printing process rather than after, it might be possible to increase the yield of high-

performance devices within a single print session by optimising the print position based

on the target device characteristics.

The initial technical challenge for this work was to determine whether the vertical

injection setup could be actively used during the printing process, where the injected

beam propagates through the stamp during the measurement phase. Despite PDMS

being transparent in the visible range [104–107] , it can still act as a diffractive element

when placed in-line with the microscope system. This diffractive effect could hinder the

beam quality when injecting light into a photonic system, as well as diffuse any reflected

signal intended for measurement, making it challenging to achieve reliable outcomes.

A proof of concept demonstration was developed, in which a silicon membrane de-

vice was printed on top of a waveguide SiN structure with grating couplers terminating

both ends. The injection system would couple a red SLED source into the first coupler,

and the microscope’s camera would monitor the intensity of the output coupler. The

membrane would be printed directly on top of the waveguide, as seen in Fig. 3.17, to

act as a source of optical loss. This setup would allow a basic “on” and “off” signal to

be detected during the recording of the printing process. The membrane device used

was a legacy silicon membrane device with 400 nm of silica deposited on top after the

device was under-etched, causing the membrane to adopt a convex geometry as seen
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Figure 3.16: Fabrication of Buckled Membrane device. Step by step process of
how silicon on insulator membrane device was fabricated to created a buckled mem-
brane. Dark blue represents silicon, light blue represents silica and orange represents
thermally deposited oxide.

in Figure 3.16. This allowed the membrane to be depressed onto the surface of the

receiver, making full contact with the SiN waveguide, and then spring back off the sur-

face once the stamp was retracted. This created a “button-like” effect, where pressing

the membrane would switch off the output grating coupler.

As seen in Fig. 3.17, when the membrane is depressed onto the surface of the

waveguide, the output grating coupler decreases in brightness towards an off-state.

When pressure is removed from the membrane, it returns to its convex shape, creating

an air gap around the waveguide that allows the injected mode to propagate again,

switching the output grating back to an on-state. This experiment is repeated across

four combinations of two variables. First, the membrane is placed either on top of the

guide or on a featureless area. Second, a detection window is used on the output coupler

or on a featureless area away from the output, with the window area remaining fixed

for all measurements. This setup allows for the monitoring of potential changes to the

measured intensity that are not directly related to the loss induced by the membrane.

Changes in measured brightness during the print cycle can be observed in all com-

binations tested. However, for the “on guide on grating” variation, there is an order of

magnitude difference in the relative change in output brightness, confirming that the
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Figure 3.17: Buckled Si membrane devices were printed onto a u-bend SiN waveguide
terminated with grating couplers. Two spatial windows were monitored, highlighted in
yellow, one on the grating output and the other in a reference dark area, referred to as
grating and dark respectively. The summed intensity of these windows were monitored
for two 15 second print events, where the buckled membrane was fully depressed to be
flat with the SiN surface. An off-guide measurement was taken as a reference (shown as
blue) to show general effect cause by depression of the stamp. Then a membrane was
printed onto the waveguide (shown as orange). When the bulk Si of the membrane came
into contact with the waveguide, as detectable drop in output intensity was observed
and could be detected as a triggered event using a basic differential analysis.

optical loss induced by printing the silicon membrane was detectable. This validates

the initial steps needed for more advanced in-situ measurements, such as the ability

to couple into photonic structures for through-stamp testing. The next technical chal-

lenge to overcome would be integrating the ability to obtain optical spectra during

measurement, allowing alignment to be optimised by measuring parameters like the

Q-factor.

3.11.2 Vertical injection through mirror couplers

Vertical coupling mechanisms for photonic integrated circuit (PIC) devices are predom-

inantly based on grating couplers [108] due to their fabrication simplicity and tunable

wavelength operation [109]. However, a major drawback of these structures is that they
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emit and receive light at an angle θ relative to the surface normal of the chip. This

limitation restricts their use in more complex multilayer systems, where they could

serve as optical interconnects, and reduces the efficiency of vertical injection setups.

Alternative methods capable of true vertical emission are currently being devel-

oped, including nano-3D printed couplers [110] and etched structures [111] that exploit

the geometry of the semiconductor crystal lattice. However, these approaches intro-

duce additional challenges, such as the need for expensive fabrication equipment and

material-specific constraints. As part of this work, a technique was developed to fabri-

cate vertically emitting polymer structures using standard cleanroom equipment.

In parallel, my colleague Ross Cassells developed a method for fabricating polymer

waveguide mirrors on glass. This technique employs grayscale patterning to create

smooth, angled surfaces in SU-8 photoresist. Once the dosage steps are calibrated, it

can reliably produce 45-degree surfaces at the ends of waveguides [112]. These surfaces

can then be coated with metal to enhance their reflectivity, enabling true vertical light

injection and emission on-chip. Device testing has demonstrated the broadband capa-

bility of these structures [96], showcasing their potential for a wide range of applications

across different material platforms.

These coupling structures are particularly well-suited for the vertical injection setup,

as they enable efficient coupling into waveguiding structures, as seen in Fig. 3.18, while

minimizing the scattering losses typically associated with grating structures when in-

jecting light parallel to the surface normal of the photonic chip [113]. As a result, these

structures open up new possibilities for innovative integration schemes in conjunction

with vertical injection setups.

Currently, the system has been used solely for validating fabrication process flows.

To advance this work, the key technical challenge lies in developing a unique integration

method that leverages the advantages of these systems. For instance, since fabricating

these couplers does not require an etching process, they could be seamlessly integrated

onto suspended membrane structures without significantly affecting device quality fac-

tors. Additionally, SU-8 can serve as a mode converter for high-index materials [114],

suggesting the possibility of fabricating a mirror-coupler mode-converter structure di-
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Figure 3.18: 633nm light source coupling to SU8 polymer waveguides via greyscale
patterned waveguides. (a-b) Schematic view of setup, transparent photonic chip is
suspended such that the light focuses through the glass substrate onto the patterned
mirror surface. (c) microscope view of beam spot misaligned from mirror coupler input
port. (d) beam spot focused on mirror coupler disappears due to all light being reflected
into waveguide. (e) external view of light misaligned from coupler. (f-g) external view
of light aligned to coupler, light scatters out from the waveguide end facet.

rectly onto a waveguiding membrane. This could enable active spectral measurements

during the device printing process, facilitating real-time optimisation of alignment and

device performance.

3.11.3 Stamp height detection, via PDMS pyramid

For transfer printing, and in-fact, all CNC-like systems, spatial referencing is critical

to enable active alignment and automated processes [64,115]. As transfer printers view

PICs from a top-down perspective, machine vision techniques can be used to detect

lateral features across the chip [116, 117]. This allows for alignment of the X, Y linear

and Zθ rotational axes using industry-standard techniques. To measure the z-height

of devices loaded on the transfer printer, typically a touch-off technique is used with

the stamp head. The stamp is brought slowly into contact with the PIC surface, then

when a visual distortion in the image is observed it is assumed that the stamp has
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deformed slightly due to compression against the PIC surface, the height this occurs is

then recorded as the z-height of the PIC. This process is only accurate to sub-micron

precision as it dependant on many factors, such as PDMS thickness and mixing ratio as

well as the reflectivity of the PIC surface. The method also relies on a well illuminated

FOV to be able to detect the subtle distortion of the image which leaves a level of

ambiguity to detect when the stamp is in contact. A better method would allow a

change in signal, which is “on” when in contact and “off” otherwise.

A method to achieve this is to leverage the vertical injection system and an advanced

stamp design already used to promote reversible adhesion [42]. Pyramid teeth can be

included on the surface of the PDMS stamp by utilising KOH wet etching processes on

the silicon mould, this etch process exposes the crystalline planes of the silicon wafer

that result in a pyramidal structure with an apex angle of 51.7◦ [111]. The angle of

these facets prevent light from from reflecting back through the microscope, and instead

cause them to be lost to scattering. This functions as the “off” condition for when the

stamp is no longer in contact with the PIC surface, when the tip of the pyramid comes

into contact with the surface of the PIC it then deforms to a flat surface as seen in

Fig. 3.19 and in turn acts as a mirrored surface allowing light to be transmitted back

through the microscope. This results in an “on” condition for when the stamp comes

into contact with the PIC.

From initial testing this method is accurate to at least 100 nm, however more in-

depth analysis is needed, this is due to the more efficient use of the camera’s dynamic

range. With the touch-off method fluctuations in intensity between contact and no

contact could be estimated to be lower than 30% of the sensors dynamic range, whereas

for this technique, as the geometry of the stamp head prevents any back reflection, a

beam intensity can be used that would normally push the camera sensor well above

saturation. When the apex of the pyramid is deformed to a flat with area < pixel area,

a fully saturated spot will be detected.

The next technical challenge for this work is to integrate the machine vision process

required to detect the on/off illumination of the stamp pyramids, which would enable

automatic height mapping of PIC surface from within the transfer printer, advanced
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Figure 3.19: In-situ detection of stamp contact. (a) laser is focussed on pyramid head
of PDMS stamp, only a small portion of light is reflected back to the camera due to the
pyramid geometry. (b) stamp comes into initial contact with the device below, causing
the tip of the stamp to flatten and increasing the light reflected back to the camera.
(c) stamp is lowered a further 500nm and shows a significant increase in reflected light
due to a large flat area of the forming at the beam focus position.

integration into non-planar substrates and in-situ curing processes. The ability of the

PDMS pyramids to scatter light when incident on the facets opens up opportunities for

unique coupling integrated into transfer print stamp heads similar the mirror coupler

discussed earlier.

3.11.4 Off-axis monitoring via grating couplers

Grating couplers are an industry-standard method of coupling light onto a chip [108],

so although alternatives are being developed that can offer better performance for

certain applications [118], it is unlikely that grating couplers will be fully replaced by

an alternate technology. This is due to their simplicity in fabrication and the continued

research into their optimisation [119]. As this is the case, compatibility for non-vertical

monitoring was added to the transfer print setup.

The easiest method to achieve this would be the inclusion of an off-axis detector

or camera that is configurable and aligned to the grating coupler output angle, while

still providing clearance for the stamp holder required for the printing process. Despite
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Figure 3.20: (a) Schematic view of secondary camera setup for off-axis monitoring of
grating coupler devices. (b) Demonstration of on-chip coupling to SiN device, waveg-
uides optimised for 1550 nm operation causes visible scattering when injecting 632 nm.

being designed to operate at a specific angle, grating couplers present a slowly varying

envelope with emission angle. The efficiency of the coupling gradually drops off as the

coupling angle increases in deviation from the designed angle. Since the transfer printer

is intended to aid in the integration of heterogenous materials on-chip, a reduction in

coupling efficiency can be tolerated, as it is not intended to be the final packaging of

the PIC. This would allow the vertical injection setup from this chapter to still be used,

provided the light source is powerful enough to compensate for the losses. A conceptual

version of this setup was tested, demonstrating the feasibility of this approach.

As seen in figure Fig. 3.20 a secondary camera was setup at an angle matching a SiN

chip with grating coupler devices. The gratings were designed for 1550 nm operation

with a grating input/output angle of ≈ 20◦. For ease of testing 632 nm source was

used for visibility, which lead to multimode operation of the waveguides producing the

scattering losses that highlight the geometry of the guide in Fig. 3.20 (b). Two large

spots can be seen at the end of the guide structures, the rightmost corresponds to the

scattering losses caused by injecting light vertically into the chip. The left corresponds

to the output coupler that contains only light that has propagated through the guide.

This serves as a minimal proof of concept that an off-axis system could be included

as a module for the transfer printer. The next technical challenge to overcome is running
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this system in-tandem with a printing process. The first half of this is a mechanical

challenge as the design of the PIC and mounting setup for the stamp could limit the

clearance needed to align the module. The second is the inclusion of a method to obtain

spectral information during the printing process, the main applications of this type of

module would be to enable target coupling criteria of passive resonator structures. For

this reason, being able to measure device spectra in-situ is required.

3.12 Conclusion

This work has demonstrated the development and implementation of an advanced trans-

fer printing system tailored for precise heterogenous integration of photonic devices. By

leveraging a custom-built six-axis translation stage, a modular optical setup, and an in-

novative vertical injection system, we have achieved high-precision alignment and trans-

fer capabilities. The incorporation of machine vision, targeted illumination strategies,

and adaptive control systems has enabled reliable device placement, even in challenging

out-of-plane configurations.

The integration of 3D printing for rapid prototyping and the use of low-cost elec-

tronics further enhanced the flexibility and accessibility of the system, allowing for

iterative improvements throughout the project. A key demonstration of the system’s

capabilities was the successful alignment and transfer printing of GaN micro-lenses onto

optical fiber facets, showcasing the potential for advanced photonic device fabrication

with sub-micron accuracy.

Beyond the specific applications explored in this work, the methodologies devel-

oped here offer broader implications for the field of transfer printing, particularly in

areas requiring precise optical alignment and integration. Future efforts could focus on

refining the automation processes, expanding the range of compatible substrates, and

exploring novel materials to further improve transfer reliability and efficiency.

Ultimately, this research contributes to the advancement of scalable and high-

precision transfer printing technologies, paving the way for new possibilities in inte-

grated photonics and µ-fabrication.
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Chapter 4

Python Package for Rapid

Prototyping of Transfer Printable

Coupons

4.1 Introduction

Transfer printing is a heterogenous assembly technique that is growing in popularity

within the scientific community [120], with many factors playing a role in its adop-

tion. Firstly, transfer printing fundamentally allows access to functions not natively

accessible on single material chips, allowing construction of integrated systems with

best in class performance. [121–123]. Secondly, due to its relative youth compared to

other heterogenous techniques such as flip-chip integration [124] and wafer-scale het-

erogeneous integration [125], there are many publications where the novelty of research

lies in being the first demonstration of material X on material Y [126], which can be

achieved with even rudimentary setups, as discussed in the previous chapter. Thirdly,

due to the underlying similarity to large-scale pick-and-place systems such as those seen

in printed circuit board (PCB) foundries, it is easy to extrapolate the value proposi-

tion of a transfer print system for photonic integrated circuits (PICs) to industry. As

such, we can see growing interest in adoption of transfer printing within companies like
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Figure 4.1: Ring Resonator parametrised two ways. (a) inner radius and outer
radius. (b) waveguide width and effective radius.

X-Celliprint [127] who are pushing to develop commercial systems.

To achieve this goal, transfer printing needs to mature as a whole. Not only the

machine itself but the tools around it that support its use. A printable membrane

device can be thought of as the overlap between integrated photonics and micro-

electromechanical systems (MEMS) [128]. Currently the focus has been on the de-

velopment of the former optical performance. This is because heterogenous integration

is well placed to tackle the challenges faced by monolithic platforms [129] and once the

device is printed the mechanical features that maintain the device’s suspension on the

donor are intentionally broken. As such they serve no role post-integration. Because

the optimisation of the support anchors are often overlooked, the capability of the tech-

nique is restricted as the pick-up and release characteristics of each batch of devices is

inconsistent. This keeps the device yield low and the skill level of the integration process

high. This can be in-part due to the immaturity of the tools available for the design of

such structures, placing comprehensive studies of mechanical performance outside the

overlap of the Venn diagram of difficult to achieve and novel to publish. We can start

to shift this position by developing tools that lower this difficulty threshold and build

on the knowledge obtained thus far in the field, starting with the design tools.
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As lithographic techniques improve and evolve, so do the graphic design system

(GDS) editors that support them. Rudimentary pattern generators have developed

into sophisticated systems with integrated design rule checks, layout and schematic

comparisons and even in-built simulation capabilities. A trivial example of this de-

velopment would be to look at a ring resonator where the outer and inner perimeter

define the physical structure of the device, within modern design tools this structure

is contextualised to use the parameters of waveguide width and effective radius of the

propagating mode. Despite being the same structure, the route to producing it has

changed to conform to the theory of device itself. A more comprehensive example of

this is the part development kits provided by PIC foundries, where a platform of com-

ponents have been developed in-house and provided to the customer fully parametrised

and tailored to their material platform. The former provides the building blocks to the

latter. As the focus has been on the optical elements, no such PDK or design tool has

been developed (at time of writing) that focuses on the generation of micro transfer

printable structures.

In this chapter, a custom built GDS design tool for suspended membrane structures

will be presented. Arguments for development choices will be provided where relevant,

such as why the reasons for choosing Python as the back end for the package. The com-

position of a suspended membrane structure will be broken into a component level basis

with the most interesting highlighted for extended discussion later. The design process

will be established to provide the reader with the background required to understand

the intricacy of certain processes and the implementation of certain solutions within

the design package. Design metrics produced within this tool and their application to

a more mature design process will also be discussed.
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4.1.1 Why use Python?

The Python programming language has seen mass adoption across nearly every tech-

nical field, becoming one of the most popular and widely used programming languages

since its creation by Guido van Rossum in 1991 [130] as a project for his Christmas

holiday. His intention was to make an open-source, general purpose code interpreter

that built upon his experience working with the ABC programming language. This

project was received well and quickly became the 2nd most popular coding language

in industry. The first being JavaScript which is responsible for the majority of web-

site architecture today. There are many reasons for this popularity, but the ones that

translate well into a academic research setting are:

Legibility: Python is a high-level language, meaning that complex aspects of pro-

gramming, such as memory management, are handled automatically by the interpreter

instead of by the user. This lowers the verbosity of python scripts by removing these

background processes, allowing users to focus just on the task at hand. The coding

syntax that remains was also chosen to feel familiar to written English by curation of

key words and relying heavily on indentation rather than brackets for code blocking.

In academic settings this is invaluable, as it provides a lower barrier to entry for new

researchers and allows the act of writing code to “get out of the way” of coding.

Versatility: Python was developed as a general purpose language, meaning it

has applications in many fields from data analysis to scientific computing to system

automation. This is built upon by the vast amount of high quality open source libraries

that enable new functionality and features. This is incredibly valuable in an academic

setting as their is often a element of time pressure in any given project. As python is so

versatile, it allows nearly any task to be done within its ecosystem. This allows users

to save valuable research time by learning only one programming language instead of

several to achieve the same task.

Development Speed: Python was built to have a short development time from

idea conception to implementable solution, sacrificing computational speed in some

applications for this trade off. This makes it great for rapid prototyping workflows,

allowing it to quickly adapt to on the fly modifications to optical setups, data formats
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or device designs often seen in research. Certain key processes can be passed off to

computationally faster languages [131] to mitigate issues with runtime speed where

applicable and is a common feature of popular libraries.

Because of the above benefits and more [132], various GDS design tools such as

GDShelpers, GDSfactory, and Nazca have been developed within the Python ecosystem

[77,77,79]. Each library offers an extensive collection of photonic components and tools

for under-etching device geometries. However, none (at the time of writing) include

tools tailored to the design of µ-transfer printable membrane structures. This means

users need to develop custom solutions leading to a lack of standards across the transfer

printing field.

Most of these libraries are built upon a well-established and popular geometry li-

brary called Shapely [133], which provides a comprehensive toolkit for geometric design

and manipulation with tools for construction, set operations, geometric transforms and

more. Shapely has been taken as the foundation for these packages, with the contextu-

alisation to PIC design built on top to allow features such as GDS cell construction and

waveguide routing. By building the membrane design package on this same foundation,

it not only follows a clearly laid path, but it ensures compatibility with these tools and

their continued development.

4.1.2 What Should It Do?

Optimising a design for transfer printing requires an iterative approach as there are

many interlinked parameters that can result in non-successful transfer. Despite the

transfer printer itself being conceptually simple in its operation, the inverse can be said

for the development of transfer printable coupons. as many parameters are interlinked

to one another. The dimension of the coupon informs the size and quantity of the

anchors. First due to the length of material needing supported but also the contactable

area for the stamp, resulting in different forces during the pickup stage. The geometry

of the device determines the minimum etch time required, and thus the amount of holes

required on the coupon. Several more relationships between parameters are bound to be

discovered as transfer printing technology matures, particularly in regards to material
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properties.

To make optimising the design straight forward typically parameter sweeps are

carried out, in the context of device design a sweep is simply and array of identical

designs where key parameters are varied across each entry in the array, such as the

number of anchors and the size of the coupon. These designs can then be made on

a small sample of the chosen material and tested for viability with a transfer print

system by attempting to print each one. The best design can then be used to make

large arrays of the functional device with the confidence that an optimum design has

been chosen. The tool discussed in this chapter was created to facilitate this process. A

typical design process would look similar to Figure 4.2. Highlighted in orange are some

of the design questions that need answered when making a new membrane design, and

the tool presented in this chapter is designed to facilitate answering them.

4.1.3 Suspended Membrane Structures

An already extensive range of suspended membrane devices have been demonstrated

in literature [66, 76, 134, 135], and any new package for this field should look at what

designs have already been tested and proven to ensure it can not only accommodate

them, but make it more convenient to generate them. To achieve this, this package

splits a membrane structure into several core components that can be used in a modular

fashion to construct a range of complex designs from simple pieces. These components

include:

• Coupon: The part of the membrane intended for transfer, providing the surface

to adhere to for both the picking and placing processes as well as defining the

overall footprint for the printed component. The desired photonic device can be

embedded within the coupon in various ways to facilitate transfer.

• Border: The support structure surrounding the coupon. Its geometry determines

the leverage available to the µ-transfer printing system for mechanical pickup, as

it defines the length of the anchor geometries.

• Anchors: Mechanical tethers that connect the coupon to the surrounding border.
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Figure 4.2: Flowchart for basic design process of suspended membrane struc-
tures. The tree is simplified to give an overview of the process of creating new transfer
printable designs. Additional considerations also need to be given for different material
types.
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These sacrificial structures prevent the coupon from dispersing across the surface

during the release stages but are designed to break away during the stamp pickup

process.

• Devices: The photonic components designed into the coupon, which may be

shallow-etched for waveguiding applications such as ring resonators or punched

through the entire structure, as in the case of photonic crystal cavities.

• Holes: Features to facilitate faster under etch times and improve flatness of

coupon underside. These provide additional routes for liquid etchants to flow

underneath the coupon to remove the sacrificial layer more effectively.

• Panels: Components that allow arrays of membrane designs to be created and

organised as part of a larger photomask design, facilitating common tasks such

as device parameter sweeps and labelling. The former of which allows variations

to be tested across one panel, such as anchor widths varying from 1 µm to 5 µm.

the Latter allows text labels to be aligned with rows and columns of the panel,

making identification of devices easier when printing.

Each of the core elements is highlighted in Figure Fig. 4.4 with a negative tone

mask for clarity. Typically positive resist patterns will be produced where UV light will

expose sections of the resist to be removed, whereas negative patterns expose the areas

to remain post development process. For direct-write systems such as laser lithography

tools positive resists have the benefit of limiting the minimum feature sizes possible to

the resolution of the motion system. For negative resists the minimum feature size is

limited by the beam size of the laser which is typically diffraction limited to 300nm

whereas it is possible to achieve ≤ 100nm with many motion systems. Positive resist

is also more convenient for processing as the developed mask can be stripped even after

development, by solvent cleaning and matrix ashing processes [136].

Defaulting to positive tone resists also has the benefit of slightly reducing com-

putational time. The GDS file format doesn’t support polygons with holes, which the

importance of will be discussed later in this chapter. So, in any instance where a hole is
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Figure 4.3: Process of Applying a Keyhole to a Polygon. (a) Polygon containing
a hole. (b) Polygon and hole now merged to one object by subtraction of a thin
rectangle.

required the polygon needs to be “key holed”. This is when two parallel lines which are

separated by a distance smaller than the lithographic resolution, are added to the design

that connects the exterior of the polygon to the exterior of the hole. This connects the

two geometries into one to create an equivalent geometry that is GDS compatible and

can be seen in Figure 4.3. This has the downside of adding four additional points per

hole in each design, as well as the computational overhead required to calculate where

those points should be. During the development of these tools, it was found empirically

that positive resist patterns tend to have significantly less polygons containing holes

than their negative counterparts.

The modular design of the membrane package allows users to focus on the compo-

nents most relevant to their process at any given time. By breaking down the design

into distinct, manageable parts, users can easily isolate and modify individual elements

without needing to navigate the entire structure. This enables researchers to concen-

trate on optimising specific aspects of their design, such as the geometry of the coupon

or the configuration of the anchors knowing that the rest of the structure will remain

as intended.

As an example of this focused design approach, Fig. 4.5 demonstrates the flexibility

of the membrane design package when only a single component is varied. Coupon de-

signs that go beyond what is typically seen in the literature are easily achievable within

this library. This is important because it is hard to predict what functionality will be
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Figure 4.4: Geometry of a shallow-etched ring resonator suspended mem-
brane structure. All core components can be seen highlighted within this diagram
and were generated using the package described in this chapter.

needed in the future, so to avoid as many arbitrary limitations as possible code flexibil-

ity should be considered at each step. As the package matures in capability additional

components can be introduced that serve different roles in the fabrication process or

provide alternative implementations of the same components, entirely replacing them.

• Irregular: Both regular and irregular polygons can be generated using the

create coupon() method by specifying different values for the side lengths pa-

rameter.

• Circular: Circular coupons can be generated by increasing the num sides pa-

rameter to the desired number of vertices. This could be utilised in ring resonator

geometries where it is desirable to have the waveguide edge follow the perimeter

of the coupon.
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Figure 4.5: Examples of various membrane geometries supported using de-
fault library functions.
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• Complex: Simple geometries can be generated and later modified using boolean

operations to form complex geometries.

• Arbitrary: The geometry generation methods can be bypassed entirely, allowing

any polygon object to be converted into a Coupon component.

4.1.4 Component Based Design Hierarchy

The membrane design package is structured around a Membrane class that contains

methods for generating each component. Each component, such as Coupon, Border,

Anchors, Devices, Holes, and Panels, are also defined as separate classes. This object-

oriented approach allows the context of one component to be seamlessly passed onto

the next when generating the overall structure. For example, the Coupon class can

provide the necessary geometric information required by the anchors to ensure proper

alignment and connectivity.

Certain components of the membrane, such as anchors, devices, and holes, can exist

multiple times as part of the design. For these components, an additional ”Multi” class

is provided to facilitate the creation of sets of components seen in Fig. 4.6. For example,

the Hole class defines the radius, length, and angle of a single hole component, while

the MultiHole class generates grids of coordinates where duplicates of the Hole class are

translated. Similarly, the Anchor class generates a tether geometry along the length of

a line, whereas the MultiAnchor class duplicates the anchors and updates each anchor

with a new anchor line to follow. This approach allows for efficient generation and

manipulation of multiple components.

To allow arrays of membrane designs, the Membrane class can be passed into a

sub panel object contained within a Panel class seen in the top of Fig. 4.6. Each

membrane within a sub panel is identical and can be placed based on a desired pitch

or spacing. However, each sub panel within a Panel can contain unique membrane

structures, facilitating device arrays and parameter sweeps. This hierarchical approach

allows for efficient organisation and manipulation of multiple membrane designs, mak-

ing it easier to conduct systematic studies and optimise designs via parameter sweeps

whilst still allowing groupings of particular designs.
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Figure 4.6: Diagram of component hierarchy. General generation and manipula-
tion can be carried out through the Membrane class. Lower level operations can be
performed by accessing the individual components within the Membrane class.
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Figure 4.7: Membrane design process flow. In the centre, the Python commands
used to generate each component, left and right arrows point to visualisations of each
command. Downward arrow indicates order in which commands are typically run.

The typical process flow for generating a new Membrane design is illustrated in

Fig. 4.7. These six steps cover all the necessary geometry needed to create the majority

of designs seen in the literature. Not every step is mandatory; for instance, the creation

of etching holes and device geometries can be omitted to allow for simpler membrane

designs. Certain components, such as devices and anchors, can be repeated to introduce

variations within a single membrane design, to create more complex structures. As

printing requirements become more sophisticated, this process can serve as an initial

template where more advanced designs are achieved by editing the component classes

of the template.

By constructing the membrane in a step-by-step process, conducting design case

studies for new wafer materials becomes straightforward. The Membrane class passes

the context of each component to the next method call, ensuring that the design up-

dates in a predictable manner. This predictability is crucial for efficiently generating

design parameter sweeps, as it reduces time spent troubleshooting. Consequently, users
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can instead focus more on design optimisation, leading to more effective and efficient

development cycles.

For example, when working with thin semiconductor materials in the sub-500nm

range, it is crucial to consider the mechanical properties of the material. The forces

applied by the transfer stamp can be high enough to damage the membrane during

pickup. By tuning the anchor geometries, we can lower the breaking force required

for pickup to below the damage threshold of the coupon. For instance, decreasing the

anchor widths can reduce the pickup force. However, this approach has limitations:

the lithography systems may not be able to resolve such small features, and overly

narrow anchors may not support the coupon adequately during under-etching, leading

to premature breakage and collapse. Conversely, anchors that are too wide can cause

excessive force during pickup leading to fractures.

Predicting the ideal geometry beforehand is often non-trivial, so it is often more

efficient to run a case study with a range of anchor geometries to empirically determine

the best solution. An example of this approach is shown in Fig. 4.8, where various

anchor parameters, such as width, position, and quantity, are systematically varied.

4.2 Complex Anchors

Transfer printing excels at heterogenous material integration, uniquely enabling the

dense integration of multiple materials. To fully leverage this flexibility, it is essential

to move beyond demonstrations of ”hero” devices and develop designs that can consis-

tently achieve good device yield. One way to achieve this is by utilising more complex

anchor designs, which provide better control over the release procedure.

Various anchor geometries have been explored in literature, including straight, ta-

pered, and bow tie variants [42, 51, 59]. Bow tie and taper anchors, in particular, offer

better tolerance to variations in material properties, such as strength and thickness,

and help ensure consistent material cleaving by focusing the mechanical stress at the

narrowest points of their geometry. A design tool should provide an in-built method

for the generation of these geometries to fully utilise these advantageous properties.
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Figure 4.8: Membrane parameter sweep Panel containing a membrane design pa-
rameter sweep, where anchor widths are varied from left to right, and anchor positions
and quantities are varied from bottom to top. The 2x2 sub panels layout allows for
the collection of statistical information for each design variant.
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Figure 4.9: Examples of various anchor geometries that can be produced
easily with the Anchor class.

Creating a unique anchor component for each variation is one solution for this, but

would become cumbersome and complex as new design metas emerge. Therefore, a

more efficient solution is to develop a universal method that can conveniently generate

a large variety of design variations. This approach simplifies the design process and

allows for greater flexibility in adapting to new and evolving requirements.

In the next section, a detailed explanation will be provided on how the method for

generating anchor geometries, capable of producing the designs shown in Fig. 4.9, is

implemented. While similar sections could be written for each component, covering the

extensive considerations made for all of them would make for a tedious read. The anchor

geometries were chosen as an interesting example because their flexibility and benefits

have been well-documented in the literature. This section will therefore highlight the

unique challenges and solutions associated with anchor design, providing insights that

are also broadly applicable to other components.
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4.2.1 Generating Anchors

The anchor generation method must meet several critical requirements to support the

diverse needs of advanced photonic device design. First, it must offer flexibility in

geometry to accommodate various anchor profile designs. Second, the method should

allow precise control over dimensions and placement, enabling accurate alignment and

uniformity across multiple devices, which is essential for ensuring high device yield.

Third, the method should facilitate efficient computation and utilise existing tools from

the Shapely library to enable quick iterations and adjustments.

To meet the first requirement, a geometry generation method similar to mathemat-

ical plotting functions was implemented. This begins by creating a line formed from

two points on neighbouring geometries, such as the coupon and border, to construct

a Shapely LineString object, effectively functioning as the x-axis for the design and

defined as the anchor line within the library. An array of widths is then passed to the

anchor method, plotted symmetrically against the anchor line using a combination of

the Shapely project and interpolate functions. This technique also allows for the easy

definition of overlap regions, as shown in Fig. 4.4, which is useful in applications where

the membrane anchors are made of a secondary sacrificial material [74].

The second requirement is addressed by imposing a specific design restriction: the

anchor must always travel along the shortest path between two geometries. This re-

striction simplifies the positioning of anchor geometries, ensuring that the anchor is

always oriented perpendicular to the edge of the coupon to which it is attached, when

using the process as demonstrated in Fig. 4.7. This approach eliminates the need for

trigonometric calculations, instead relying on the efficient back end of the Shapely li-

brary. The placement of the anchor is determined by selecting one of the edges of the

polygon, indexed from 0 to n, where n is the number of edges. The position along that

edge is then specified using the Shapely interpolate command, which by default returns

a normalised position between 0 and 1 for relative control of position but optionally,

distances using the base unit of the chosen file format.

The third requirement is met through a comprehensive understanding of the Shapely

library, which this package is built upon. This understanding allows for the implemen-
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tation of more advanced techniques for generating polygons, using the context of previ-

ously defined geometries to our advantage. A graphical representation of this technique

is shown in Fig. 4.10, with further details of implementation.

(a) (b)

(c) (d)

Anchor Generation

Figure 4.10: Graphical representation of anchor geometry generation. (a) A
line is constructed between the coupon and the border, the starting point is defined by
the user as a relative position on the coupon exterior. (b) Additional lines are generated
at offsets determined by the anchor widths, which are parallel to the main line. (c)
Points are interpolated onto the respective lines to create the outer profile. (d) Points
are combined to generate the final geometry. This method ensures the anchor is always
perpendicular to the edge of the coupon it is attached to.

This particular implementation of the anchor component was reached via iteration,

through feedback from collaborative working. The initial attempt was the hard coded

method discussed earlier. Originally it would only work for rectangular coupons and

only predetermined anchor positions were available based on the quantity of anchors
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used. Since then the implementation has become inherently more flexible as personal

experience with nanofabrication and code development grew over the course of this

project. This is also one key benefit of developing these software solutions in-house, as

they allow rapid iteration of features to tailor towards personal use cases.

4.3 Membrane under etching

To facilitate the mechanical transfer of the coupon, a sacrificial etch layer (SEL) beneath

the membrane is removed, leaving the coupon suspended solely by the anchors. In

this state, the transfer print tool head can attach to the coupon’s surface and apply a

mechanical lifting force that cleaves the supporting anchors. Various etching techniques

can be used, such as vapour etching [137] and wet etching techniques [42]. However,

wet etching processes are typically used, where the wafer is fully submerged in a liquid

etchant solution for a set period dependant on the size of the membrane being released.

After this time, the wafer is removed and submerged in a neutralising solution to prevent

residual etching or oxidation of etchants on the surface. The sample then undergoes a

gentle washing and drying process, producing a usable transfer print donor chip.

Different etch behaviours are observed depending on the specific chemistry of the

chosen etchant, the SEL and the rest of the wafer stack. These behaviours range from

highly isotropic to highly anisotropic, with the primary contributing factor being the

differences between the underlying crystal structure and the epitaxial layers (epi-layers)

of the wafer stack. It is typically best practice to run a test geometry when trialling

a new combination of etchant and wafer stack so that parameters such as side-wall

roughness, etching time and etch isotropy can be measured empirically.

For a highly anisotropic processes such in Fig. 4.11(a) the etch front propagates in

a purely linear fashion, such that the shape of the etch front is maintained throughout

the process. This directionality occurs due to the underlying crystal structure of the

SEL where particular planes that bi-sect the crystal have higher or lower densities of

atoms, making it quicker for the etchant to propagate in particular directions. For

highly isotropic etches, such as Fig. 4.11(b) there is no preferred direction for the etch
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Figure 4.11: Comparison between etching behaviours (a) Example schematic of
a horizontal anisotropic etch. (b) Example schematic of an isotropic etch

front to propagate, and instead it extends in all directions uniformly.

When fabricating panels of membrane devices it is undesirable to under-etch all of

the SEL, as that can cause the entirety of the device layer to collapse onto the substrate

causing catastrophic breaks. As such, the density of devices should be considered when

designing membrane panels. Anisotropic etches can be exploited to enable high density

arrays by orientating the border and anchor geometry such that they run complemen-

tarily to the etch fronts, it is possible to create arrays where only the anchors and

coupon are suspended as in Fig. 4.12 (a & c). This allows the suspension length (SL)

to be as short as possible, which helps to keep the rigidity of the suspended device high.

The scenario depicted in Fig. 4.12 (b) often presents more challenges during process

development, as the uniform etching profile also attacks the area beneath the supporting

border structure. This causes the SL to exceed twice the shortest length of the coupon.

The large SL can cause the device to deflect downwards towards the substrate. Given

that a typical thickness of the sacrificial layer can be < 2µm, this can be sufficient

to cause the underside of the membrane to touch the substrate. As the SEL is often

chosen for its low surface roughness, this contact can result in the membrane bonding

to the substrate via Van der Waals forces, preventing the device from being transfer

printed and reducing the yield of the donor chip.
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(a) (b)

Suspension Length

(c)

Suspension Length

(d)

Device Sacrificial Layer Substrate

Figure 4.12: Comparison of Etching Behaviours (a) Anisotropic etching profile of
membrane LED, courtesy of Eleni Margariti (b) Near isotropic etching of blank AlGaAs
membrane devices, courtesy of Elise Burns. (c-d) Schematic view of suspension length
for anisotropic etch and isotropic etch, respectively.

These challenges limit the transfer print-based heterogenous integration of III-V

semiconductor materials, particularly in waveguiding applications where their tunable

non-linear refractive indices can be used as printable cladding layers for quantum ap-

plications [73, 120] or as independent waveguide features that are shallow etched [74].

For these applications, thin-film devices are required to be ≤ 500nm in thickness to

allow single-mode operation, making them particularly vulnerable to the aforemen-

tioned issues owed to their reduced rigidity. The remainder of this chapter discusses

the techniques and metrics integrated into this package to facilitate the integration of

such devices.
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4.4 Etching Holes

To address the issues of membrane collapse, holes can be added to the surface of the

coupon to expedite the etching process. These holes penetrate the same portion of the

layer stack as the gap region, allowing the etchant greater access to the SEL beneath

the coupon. These holes provide multiple entry points, dramatically accelerating the

under-etching process and reduce the SL. For a perfectly isotropic etch with a circular

dilation pattern, the SL is nearly halved by placing a single hole at the centre of a

square coupon. Given that waveguide devices occupy a relatively small area of the

coupon, multiple holes can be included to enhance this improvement.

When creating a distribution of holes the user has control over the several key

parameters such as hole radius, hole spacing, and distance from the coupon edge. The

collection of holes is aligned to the centre of the coupon by default. To analyse the

benefit of increasing the amount of etching holes we can introduce a metric which we

can use to measure the etching performance, for example the membrane etch length

(MEL). The MEL represents the minimum lateral length the etchant is required to

traverse for a geometric region to be fully underetched. For identically spaced holes

this can easily be determined using geometry and the assumption of an isotropic etch.

For a square grid this is calculated as the hypotenuse of a right-angle triangle with side

lengths equal to half the hole pitch. The impact of increasing hole count using this

metric is illustrated in Figure 4.13 (b).

As seen in the figure, increasing the hole count by reducing hole spacing provides

a linear benefit in reducing the MEL, thereby shortening the SL. However diminishing

returns are observed as the decrease in MEL is linear but the hole count increases as

NH ∝ ∆P 2
H(x,y), where NH is the number of holes, and ∆PH is the hole pitch. Second

to this, too many holes on the coupon will compromise its function in transfer printing

by removing too much area from the coupon. The coupon serves to provide contact area

both for the print head to mechanically pick up the device, as well as to offer enough

surface area for Van der Waals forces to bond the device to the receiver substrate. Both

of these are critical for a successful transfer print, so the coupon’s integrity should be
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Figure 4.13: Membrane Etch Length versus Hole Count (a) Schematic drawing
showing how Maximum Free Path is calculated, assuming circular etch front and rec-
tilinear hole arrangements. (b) Trend of MEL versus Hole spacing, a linear decrease in
MEL can be seen while hole count increases in a step-like fashion, proportional to the
square of the hole spacing. This figure ignores contribution to etch performance from
the Membrane gap region.

prioritised.

Using sparse arrays of holes on the coupon surface is ideal for reducing MEL in

blank membrane devices, thus addressing issues related to large SLs. However, this

technique is hard to apply to membranes for waveguiding applications as despite their

small feature sizes, their variability in design can regularly lead to features overlapping

with holes. This variability necessitates the development of unique hole spacing for

each design, consuming development time and hindering parallel fabrication restricting

applications to ”hero” devices. The next section describes this issue in more detail and

the solutions that have been implemented within this design package.
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4.5 Conformal Placement Around Devices

As an optical mode propagates through a waveguide structure the majority of the

light is confined within the physical structure of the waveguide, assuming the guide

has been designed for low loss single mode operation. However, a small percentage

of this light propagates outside the waveguide structure as part of the evanescent tail

[32], this amount can interact with the external environment to modify properties

of the mode. This proximity based effect is what allows vertical waveguide coupling

to transfer printed devices [65, 74] amongst other applications [138, 139] by providing

optical structures that can perturb the mode. Whilst this proximity effect can be useful,

unintended use is undesirable. The etching holes can act as a perturbation source as

they are pockets of low index material (air) surrounded by high index material (device

layer), as the mode propagates through the device the evanescent tail can interact with

these index step changes and perturb the mode. To avoid these issues the etching holes

are often placed several microns away from any guiding geometry as a minimum, this

effectively creates a virtual increase in device footprint on the coupon.

To avoid interference with the optical device by either the proximity effect or break-

ing the device geometry, the offending holes are selectively removed from the surface of

the coupon introducing two problems. Firstly, the etching performance of the design

is significantly decreased as there are sections where the hole pitch is now N times

the target pitch, based on the number of consecutive holes deleted from the design.

Secondly the MEL metric implemented previously breaks as the hole array is no longer

identically spaced. Starting with the latter we require a more robust method of deter-

mining the MEL that can handle not only the irregular layouts as a consequence of the

device component, but also the flexibility of the coupon coupon geometry demonstrated

earlier.

4.5.1 Robust MEL

As every optical or mechanical component within this package represents some form

of polygon, line, path, or array, we can use a variety of geometric operations to our
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advantage outside simple trigonometry. To produce a robust method for the MEL we

need to first look at dividing the coupon into discrete contiguous regions defined by the

layout of the etchant entry points, with this defined we can evaluate the MEL based

on the whether the etchant progresses from a line source such as the gap region, or a

point source like an etching hole.

An array of etch regions can be generated by means of a Voronoi diagram, which

is a method of dividing a plane into regions based on the distribution of seed points.

It is the mathematical equivalent of allowing circular etch fronts to propagate from a

provided set of seed locations, where the region boundaries are defined as every location

where points on neighbouring regions collide [140]. The technique is indifferent to the

distribution of the seed points, so the pseudo-random position of the etching holes can

be used. To properly account for the contribution from the gap region the coordinate

positions from the coupon perimeter can be included, however to simulate the effects of

a line source, additional points are interpolated along the coupon perimeter of a spacing

an order of magnitude less than the initial pitch of the etching holes. An example of

this Voronoi diagram can be seen in Fig. 4.14 (b).

After defining these regions the MEL can be calculated using one of two methods, if

the region was defined by a line source like the gap region or a large feature embedded

in the coupon we can use the longest distance perpendicular to the edge of the feature

to the opposite side of the etch region. For a point source like the etching hole we can

use the Hausdorff distance measurement which is defined as the longest of the shortest

distances between two polygons [141]. Each point on the first polygon is compared to

all the points on the second polygon, with the shortest combination recorded. Once

repeated for each point, the largest of these shortest distances is taken as the Hausdorff

distance. Using a square grid of holes, this approximation is equivalent to the MEL

implementation discussed earlier but is now able to adapt to various device geometries

as well as any missing holes. With a robust method of monitoring the MEL for any

distribution of etching features, the correlation between hole count and etching time

can be measured as in Section 4.5.1.

The under etch process is limited by the longest MEL. By removing the overlapping
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Figure 4.14: Voronoi diagram and minimum etch length (a) Minimum etch
length calculated as from a line source, the coupon edge, shown in black. (b) A Voronoi
diagram calculated from the layout of etching holes. (c) Minimum etch length calculated
from a point source, the etching hole, shown in black.

holes, it has the same overall effect as doubling the hole pitch. This is a particular

issue as this creates localised areas where the release process is longer, which is often

adjacent to the device region of the membrane. This can lead to significant stress points

forming during processing due to the rest of the membrane being suspended, free to

mechanically flex. As seen in Fig. 4.16. These problems can be mitigated somewhat by

varying the hole spacing or increasing the size of the coupon but this wouldn’t always

be ideal. As the purpose of this package is to be a design tool for Membrane devices,

it should provide a robust solution for these issues.

4.6 Device avoidance

An intelligent way to mitigate the issue of overlapping hole geometries, would be to

avoid removing them altogether and instead shift their positions slightly so they avoid

any optical structures. This will still decrease their effectiveness as the holes will no

longer be uniformly distributed, however the impact of this is much less that if the hole
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Figure 4.15: Membrane Etch Length versus Hole Count with Device (a)
Schematic drawing showing effect of device presence on the layout of etching holes.
(b) Trend of MEL versus Hole spacing, an erradic behaviour can be seen as the hole
spacing decreases due to different hole configurations nesting around the device more
uniformly than others. This figure ignores contribution to etch performance from the
Membrane gap region.

was removed entirely.

Within the package the holes are designed as their own component contained within

an a multi class, This allows various affine transforms to be applied to the geometry

to modify the distribution of the array. From simple methods such as moving to a set

position or by a set amount to more advance manipulations such as displacing along the

path of a geometry and ’snapping’ to a particular structure. These facilitate a range

of manipulations to be carried out based on what the context deems most suitable.

However, manual manipulation of these etching components can quickly reach a level

of tedium that would inhibit their day to day use as each membrane design would need

to be individually defined. Instead we can reuse the Voronoi diagram used to calculate

the MEL to provide the translation direction required for each hole component.

The implementation device avoidance here is fairly straightforward, and provided

as an optional input parameter for the user. First the tessellation is constructed using
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Figure 4.16: Example of membrane fracture. (a)Fracture due to sacrificial layer
etching non-uniformly forming sharp ridge underneath membrane surface. Image
courtesy of Elise Burns. (b) Schematic view of under etch behaviour, pointed
“tent” shaped structures form underneath the device layer of the membrane. (c) Un-
even hole placement results in pivot point where membrane can flex during the under
etch process. (d) eventual snapping of membrane around the fulcrum point.

the origins of the etching holes as the seed points, before any that overlap with the

device are removed. Any that would be removed instead have the boolean difference of

the protected device area taken from their etch region. We can refer to the leftover area

as the protected etch region (PER). The hole is then translated to the centroid of this

PER region, where the via can still contribute significantly to the etching process. The

implementation of this technique provides no significant increase in computational time

compared to the default method ensuring convenient use in real world applications.

4.7 Lloyd’s algorithm

Lloyd’s algorithm belongs to a family of relaxation algorithms, mathematical models

that take a given data set and modifies it in a step wise process, until a condition is met.

Lloyd’s algorithm is a spatial relaxation algorithm that takes a random distribution of

points within a constrained area, such as the membrane coupon, and attempts to shift

their position such that its adjacent neighbours are all an equal distance from one

another. Lloyd’s algorithm can be used to conform the distribution of etching holes

around the device geometry to mitigate scenarios where the area under the device is
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etched last, as this can lead to stress points forming where the membrane is most fragile.

The typical implementation of a Lloyd algorithm is as follows, a set of 2 dimensional

points are provided as the seed for a Voronoi tessellation. The centroid is found for each

region of the tessellation and is taken as a seed point for the next iteration. This loops

until the amount any given point is shifted falls below a threshold condition. Once

met, the Voronoi pattern is considered to have reached equilibrium. If we apply this

to the distribution of holes for an isotropic etch, this should result in every region of

the final Voronoi pattern etching within the same period of time due to their uniform

distribution.

The implementation within this package is slightly modified as it has to also avoid

the device geometry. Typically a Lloyd algorithm will be implemented within a closed

geometry that is empty, that allows the algorithm to manipulate the position of each

point without risk of overlapping any internal structures. However, in this instance

overlapping the device should be entirely avoided. This is where the the device avoid-

ance method described earlier is utilised, after each iteration of the algorithm, the

avoidance method is utilised to make sure that no holes overlap the device geometry

within a specified radius.

When implemented as part of the Lloyd algorithm, there is an edge case to the device

avoidance that should be considered. It is possible that when the device geometry is

subtracted from the hole etch region, that the PER generated is split into N smaller

regions. For this work, the largest of N regions is used whilst the rest are discarded.

However, generating a hole for each additional region was also tested, but resulted in

runaway conditions, particularly in acute corners that would endlessly ”spawn” new

holes. This behaviour was undesirable as it would result in cases where panels of

devices would not etch uniformly due to a variation in hole densities caused by design

variations. By generating holes only at the largest region, the total number of holes

would remain the same at the end of the algorithm. This increases the predictability

of any one design enabling easier development of device panels with a range of transfer

printable PIC modules. This improved predictability can be seen in Fig. 4.18

In this figure we can see that the etching time plateaus for each increase in hole
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Figure 4.17: Visual representation of Lloyd algorithm progressing in a step-
wise fashion. For n = 1 the device avoidance implementation is activated. For n > 1
all holes begin to redistribute themselves around the device.
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Figure 4.18: Membrane Etch Length versus Hole Count with Lloyd Algorithm
A predictable decrease in MEL can be seen where the DEL plateaus with each increase
in hole density. This figure ignores the contribution to etch performance from the
membrane gap region.
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count, due to the etching holes finding their uniform distribution across the membrane.

This means that the hole spacing defined by the user isn’t necessarily the hole spacing

of the final result after utilising Lloyd’s algorithm. As such it is included within the

create holes() method to provide an upper limit to the iteration count using the ‘order’

parameter. An order of 0 is the default and results in identically spaced holes with

overlapping holes removed, an order of 1 enables the device avoidance functionality. an

order of 2 or more runs the Lloyd algorithm as described. For weakly isotropic etching

processes, such as shown in Fig. 4.16 where the etch fronts progress in a rectangular

fashion, low order numbers are recommended as they maintain an overall grid-like

distribution.

4.8 Device Etch Length

Thanks to the implementation of smart holes, a key development in scaling the mem-

brane device fabrication to industry is now available. Typically large membranes require

a longer etching time compared to smaller membranes, this is due to the MEL being

defined by the coupon dimensions. If combined in a set, the largest MEL would define

the etching time for the rest of the designs. This could lead the smaller membranes to

have an SL many times larger than the length of their coupon. This would make them

prone to collapse or difficult to pick up. For waveguiding devices this can be mitigated

by the smart placement of etching features, which then switches the MEL’s dependency

on coupon dimension to the etching hole spacing, which is independent of any other

membrane geometry. Being able to fabricate multiple device footprints on the one chip

would allow foundries to provide lower minimum order quantities and allow customers

more parameter spaces for designs affordably.

However, even with intelligent hole placement algorithms it is sometimes impossible

for two device designs to etch within the same period if the target time is too short.

Such as the case shown in Fig. 4.19. In this figure, it is clear to see that even though

each design is of a ring resonator of matching radius and mesa width, the presence of

a coupling waveguide can have a significant impact on the device etch length (DEL).
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Figure 4.19: Variations of ring resonator device embedded on a membrane (a-
c) Membrane ring resonator variations. (a) With no coupling guide. (b) With coupling
guide and large coupling region. (c) With coupling guide and small coupling region.
(d-f) Representations of device etch length, where etch starts a distance away from the
mesa region equal to the edge gap.

In many instances the user can have an intuition on which variations would have the

same DEL, but it isn’t always obvious. As such, it is important to be able to quantify

this parameter as it provides the lower limit to the etching time for any device.

When the user defines the device geometry, the there are 3 main parameters: the

device itself, the width of the mesa region and gap left around the mesa that determines

the allowed proximity of any etching holes. When defining the device, the object is

converted to its Shapely equivalent structure inside a Device object. This conversion

means that any GDS library that is built on Shapely is directly compatible with this

tool, it also allows control of the absolute positioning of the device relative to the

coupon. The mesa width determines the region that is shallow etched onto the coupon

that defines guiding structure, when a mesa width of 0 is given a negative resist tone

device is returned. A schematic view of these 3 parameters can be seen in Fig. 4.20.

To be able to retrieve the device’s etch length, we can again utilise a Voronoi diagram

as we did with the etching holes. However, instead of providing a uniform distribution
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Figure 4.20: Schematic view of coupon cross section with shallow etched
device. Annotated regions can be set by the user during the design stage.

of points, we pass the perimeter of the device geometry, after it has been broken into

segments of a maximum length, as the seed. The segmenting technique ensures that

every existing point on the perimeter is preserved, to ensure accurate recreation of the

device regardless of the maximum length chosen. These points are then grouped with

the regions they spawned during the tessellation and are stored within the devices class

instance.
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Figure 4.21: Comparison of various etch metrics (a) Hausdorff Distance (b) Car-
dinal Distance (c) Horizontal Distance (d) Vertical Distance

Once the etch regions have been calculated, they are paired with their respective

101



–
D
R
A
F
T

–
O
ct
ob

er
2,

20
25

–
Chapter 4. Python Package for Rapid Prototyping of Transfer Printable Coupons

seed points and stored in a list within the device class. This allows various metrics to be

measured after the Voronoi diagram has been constructed, such as Hausdorff distance

as well as an additional metric created in this work termed the cardinal distance.

This takes the longest X or Y component of the Hausdorrf distance between the seed

point and the region’s bounding box. This allows a more rectilinear etch front to be

approximated as seen in Fig. 4.12 (b), and can highlight which devices will be harder

to under etch than others.

The implementation for the DEL is such that the generation of the device etch map

can be done within a few minutes and often much less dependant on device complexity.

This allows users to iterate based on its output regularly, for a rapid prototyping cycle.

The etch maps of various devices can also be collected easily to allow comparisons to

evaluate which devices could potentially be batched together within the one chip.

4.9 Fabrication

To validate that this design methodology works in practice, a pattern was constructed

to compare the performance of the standard method of placing etching holes versus the

smart algorithm implemented in this chapter. A spiral waveguide structure was chosen

for this demonstration as it highlights the challenge of placing holes within tight spaces.

The majority of the spiral footprint is in close proximity to itself, when superimposed

with a uniform grid of holes it results in many sections where the holes initially overlap

the structure.

The AlGaAs wafer stack consisted of a GaAs substrate, a 2µm SEL of low alu-

minium content AlGaAs and 0.5µm device layer consisting of high aluminium content

AlGaAs. The SEL was removed using a citric acid underetch process and can be seen

monitored in 50 minute increments in Fig. 4.22. It can be seen clearly that a large

portion of the holes are missing in the standard method due to the device overlap.

The smart hole method results in a uniform distribution of holes across the coupon

despite the large footprint structure embedded. Despite the underetch process show-

ing anisotropic properties with a rectilinear etch progression there is still a substantial
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benefit to etching time observed between (d) and (h). This is important as most under

etch processes aren’t fully isotropic as in the ideal case discussed in the modelling.

Figure 4.22: Demonstration of smart etching holes. Suspended membrane struc-
tures with designed to contain a spiral shaped waveguide (highlighted in red) with
etching holes placed surrounding the structure. (a-d) Holes placed conformally around
the structure using a Lloyd’s algorithm of order 5. (e-h) Standard method of hole
placement where overlapping holes are removed. Etch lateral etch progression can be
seen in steps of 50 minutes from (a) to (d) and (e) to (h) respectively.

4.10 Conclusion

A method for the design of membrane format devices was developed to enable easy

development of masks for suspended membrane structures that at the time of writing

have not been publicly available before. A focus was placed during the development on

flexibility and modularity to ensure it could adapt to a variety of membrane structures

including those demonstrated previously in literature as well as more advanced struc-

tures needed as transfer printing technology matures. A component based approach

was taken to divide the membrane into key parts, that act as building blocks for one

another. This facilitates regular activities such as parameter sweeps to determine the

best geometry to ensure high device yield. Care was taken to develop each component

of a membrane structure to enable not only the functionalities needed in a membrane
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device, but also to remove the challenges associated with learning to design structures

within a programming language. By developing a component hierarchy designs can be

developed in a stepwise manner, this lowers the complexity needed for any particular

design.

Different etching regimes were discussed in terms of isotropic and anisotropic wet

etching, with a focus on the former and its effect on the membrane suspension length.

The inclusion of etching holes was described, and their effect of speeding up the under

etch process as well as the diminishing returns as hole density increases. Following

its introduction, device avoidance strategies were discussed in the form of a modified

Lloyd’s algorithm, to enable automatic conformal placement of etching holes around

a device to enable efficient under etch processes. Following this, two related design

metrics were introduced as a feature of this library.

Methods for calculating the Membrane Etch Length (MEL) and the Device Etch

Length (DEL) were provided to allow the user a planar view of etching behaviour, al-

lowing identification of challenging structures before a timely fabrication process. This

enables an easier path to make ”smarter” membrane designs, enabling deterministic

transfer printing of challenging structures such as thin-film III-V semiconductors, or

large form factor structures.

Fabrication results were shown for smart holes placed conformally around a spiral

waveguide membrane device, and then discussed in detail. A substantial decrease in

etching time was observed even despite the anisotropic etch process of the AlGaAs

membrane, showing that this implementation of smart holes could be applicable to

many material platforms.

This package is a stepping stone towards enabling transfer print friendly designs of

photonic structures by providing tools that allow the creation of GDS mask geometries

with the context that is relevant to the design of suspended membrane structures. This

provides a stepping stone for the technique of transfer printing to become more mature

by supporting all aspects of the fabrication process.
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4.11 Future Work:

4.11.1 Weighted Stippling
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Figure 4.23: Concept implementation of weighted stippling. The radius of the
etching holes is determined by the size of the etching region. This could potentially
decrease the standard deviation of the membranes wet etching characteristics, leading
to more uniform and controllable etches.

Weighted Stippling refers to the deterministic placement of dots of varying sizes

to create shading effects in artwork. In this context, it involves varying the etching

hole diameter or geometry based on the measured Hausdorff distance. This method

aims to reduce the standard deviation of Mean Free Paths (MELs) for a given design,

ensuring more uniform and predictable etch behaviour. The technical challenge lies in

preventing the etching holes from encroaching on the device region, whilst avoiding the

need for computationally intensive design checks.
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Figure 4.24: Concept implementation of DEL generated holes. Regions where
the DEL is above a certain threshold are taken as the locations to generate additional
holes to provide a more direct hole optimisation technique.

4.11.2 Generation of Holes at High DEL Locations

The total etch time of a membrane is significantly influenced by the DEL. Automatically

placing additional holes in critical areas could optimise the etching process. Regions

identified by the Voronoi diagram as having high DELs can be targeted for additional

hole generation. The technical challenge here is to provide controllable threshold con-

ditions for consistent behaviour.

4.11.3 Support Pillars

Non-uniform etching can lead to structural issues, such as device fractures, caused by

high DEL regions acting as stress points while the rest of the membrane is fully released.

Selectively displacing the etching vias around strategic locations on the membrane could

mitigate these issues. This approach allows for more precise control over the under-etch
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process, such as creating sacrificial material pillars at membrane corners that last long

enough for high MET regions to etch fully, thus preventing turbulent shaking during

processing. The technical challenge involves implementing a tuneable displacement of

the hole geometries.

4.11.4 Anchor Dimension Study and Simulations

While this chapter demonstrates a comprehensive design tool for generating anchor

designs, a detailed study on which geometries are optimal for specific configurations

has not yet been conducted. The primary challenge is the volume of testing required

for a thorough study. A potential solution is to combine small-scale studies with inte-

grated simulation tools. Python’s extensive library includes Finite Element Modelling

(FEM) simulation suites that can be integrated into this package, enabling a series of

standardised simulations based on material strength and anchor geometry.
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Chapter 5

Integration of Photonic Crystal

Cavities with In-Situ Monitoring

5.1 Introduction

Two dimensional photonic crystal cavities (PhCCs) allow high spatial confinement of

light within solid state materials. With high resonant Q-factors that can exceed 106 in

common materials such as silicon [142, 143] they allow significant enhancement of the

light-matter effects necessary for sensing [144, 145], non-linear optics [146, 147], ultra

compact lasers [148, 149] and coupling to single photon emitters [150–152]. Optimum

performance can be achieved using a suspended device geometry where the upper and

lower bounds of the cavity are air clad, causing the optical mode to be strongly confined

to the semiconductor material. Modal confinement is then provided by arrays of etched

through holes in the plane of the cavity, providing an effective air-cladding for the cavity

in the lateral direction. Control of the hole tiling patterns and material thickness allows

tuning of the cavity resonances [143, 153] with typical hole diameters and membrane

thicknesses of 150nm and 220nm respectively to ensure a single supported optical

mode in the vertical direction.

The same properties that make these devices appealing for sensing and non-linear

applications also make them highly-susceptible to fabrication variations. PhCCS have
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been demonstrated using deep UV lithography methods [154–156], however the highest

resolution available for definition of their small feature sizes is through electron-beam

lithography, where typical fabrication variances are in the few nanometre range after

lithography, dry etching and wet etching steps are completed [157,158]. These processes

impart stochastic noise from each technique into the final geometry of each device,

that subsequently leads to variations of cavity resonant wavelength on the order of

a few nanometres when targeting a 1550nm operation. For high Q-factor devices,

this can be two-orders of magnitude larger than any one cavity line-width making

it statistically challenging to produce spatial clusters of nominally identical devices.

This limits applications to the use of a single resonator or identification of “hero”

performance. However, PhCCs are beginning to be applied in cases where ensembles

[159] or coupling between co-resonant cavities is required, it is essential to move beyond

the limitations of the as-fabricated platform. Post fabrication tuning of devices has been

demonstrated using mechanical [152,160], cladding refractive index [161,162], thermal

[163] and electronic [164] tuning mechanisms, however routes to scaling these for dense

arrays of cavities are challenging. One recent approach employed the use of laser

enhanced selective oxidation of an array of cavities after initial spectral characterisation

to align the resonant wavelength of 64 PhCCs to within a standard deviation of 2.5pm

[159]. This actively monitored process allowed an ensemble of devices to operate on a

single optical pump beam for high speed spatial light modulation.

In this chapter a physical transfer method will be presented where rather than

tuning cavities in a fixed spatial arrangement, the individual devices are fabricated as

mechanically separable pixels which can then be characterised, binned and physically

rearranged onto a new substrate. This tackles two major challenges in the creation of

arrays fabricated from single pixel devices. Firstly, the PhCC pixel devices must be

detachable from their native substrate and transferred onto a receiver substrate, whilst

maintaining a suspended geometry to preserve their optical characteristics. Secondly,

the process of optically characterising the devices needs to be carried out within the

same system as the transfer process to enable high-throughput device binning and as-

sembly. This latter point is critical as the majority of high-accuracy transfer techniques
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rely on physically shuttling samples between characterisation and micro-assembly sys-

tems. Here, by integrating both measurement and transfer assembly processes into a

single system, we not only enable the deterministic selection and transfer of 119 de-

vices in a single session, but also unlock the possibility of measuring dynamic changes

in device performance during the printing process that are inaccessible using traditional

serial integration and measurement methods.

Here I will show the measurement and subsequent transfer of 119 silicon PhCC de-

vices to an array sorted by resonant wavelength. Experiments showing the repeatability

of the printing will be discussed along with the specifics of the process that allowed

re-printing of single devices up to 5 times before resonant wavelength shifts greater

than a line width occurred. A variation of the setup from Chapter 2 is used in con-

junction with a swept wavelength laser and camera based intensity detection setup to

allow in-situ characterisation of PhCC devices during the printing process. Dynamic

effects on the cavity resonances induced by the printing process are measured in the

seconds to hours timescale, uncovering elastic effects as well as new insights that will

inform future print process development.
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Scanning Electron Microscope images were taken by Elise Burns.

5.3 Photonic Crystal Cavities

Two-dimensional PhCCs are passive resonator devices that utilise both total internal

reflection (TIR) and photonic bandgap (PBG) effects to confine light into a small modal
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volume to promote constructive interference and non-linear effects. The resonant wave-

length of the cavities can be determined by a combination of the material thickness and

the refractive index, a common combination is 220nm of silicon for a target wavelength

of 1550nm corresponding to a refractive index of ≈ 3.5. The top and bottom side of

the cavity are often air-clad [159, 165] to achieve a high index contrast, allowing the

surfaces to act as mirrors aligned to the longitudinal axis of the trapped light.

Transverse confinement of the mode is provided by a periodic structure of holes

or pillars with a lattice constant proportional to the target wavelength [143], for this

work a triangular lattice of holes with a constant of 400nm was used. This periodic

structure creates a frequency range in which light cannot propagate by the PBG effect

[143, 166, 167]. This allows light to be trapped transversely by incorporating a defect

into the lattice structure by either removing or shifting holes allowing precise control

of where the resonant device will emit from. For this work L3 cavities were used [159],

where a line of 3 holes are removed from the centre of the cavity to act as the crystal

defect.

The performance of these devices can be further enhanced by modifying the position

and size of the holes directly surrounding the defect region, to improve group velocity

dispersion (GVD) and Q-factors for target applications. A common method for imple-

menting these changes it so use inverse design principles where a target mode geometry

is defined and an iterative algorithm modifies lattice properties until it is reached [168].

These methods aren’t dissimilar to Lloyd’s algorithm presented in Section 4.7, except

the target metric is a desired mode shape rather than an etch length. Inverse design

procedures were used for these cavities to improve their Q-factor whilst keeping the

mode volume small.

Integration of these devices into a deterministic array provide applications in many

arrays, one of the conceptually most straightforward is that of parallel and multiplexing

applications. The ratio of Q-factor to device footprint of these devices are very high,

making them ideal for use as compact refractive index sensing devices and their size

allows them to be packed densely together as will be discussed in Figure 5.11. This

would enable parallel sensing of multiple parameters such as temperature, humidity,
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air-quality etc. to happen within a compact device, such as embedded on the end of a

fibre.

Another application is in the introduction of gain material to the PhCC by means

of nanowires or quantum dots, allowing the PhCC device to function as a nano-laser.

Again, the high modal confinement of the cavity would allow the laser to have a low

pump threshold. This combined with deterministic assembly process discussed in this

chapter could potentially enable hybrid mode applications, where beam steering and

frequency conversion are possible in a compact form factor. Transfer printing would

also prove very cost effective in this application due to it efficient use of materials.

5.4 Fabrication

5.4.1 Photonic Crystal Cavities

The PhCCs used in this work were fabricated on a native 220 nm core thickness Silicon-

on-Insulator (SOI) platform, with a 2µm buried oxide layer between the core and

silicon substrate, following the design of cavities from references [159,169]. The PhCC

cavities were defined on releasable pixels, where the PhCC was surrounded by a 1µm

wide planar silicon area and a concentric trench area with a width of 1µm. The

pixel geometry is shown in Fig. 5.1. The PhCCs were suspended, and released from

the substrate using a chemical HF acid etch to selectively remove the buried oxide

layer. They were anchored to the surrounding core area during under-etching using a

tapered section of silicon core that supported the pixels in a cantilever geometry during

suspension. The transfer printing process cleaved this anchor during pick-up to release

the PhCCs from their native substrate.

5.4.2 Silica Suspension Frames

The receiver substrate for the transfer print based integration of PhCCs required a

geometry matching the lateral overlap dimensions of the PhCC pixels and a vertical

suspension over a substrate. To match the donor geometry of silicon membranes sus-

pended above a silicon substrate, a silicon substrate was selected as a receiver. The
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Figure 5.1: SEM image of suspended silicon PhCC structure. Silicon PhCC
suspended on donor chip anchor tapering to 2µm. (a) As-fabricated device. (b) Border
area after device pickup on right.

Figure 5.2: SEM of silica receiver frames. Receiver frames were fabricated to be
complimentary in dimension to the PhCC devices. (a) Empty as-fabricated frame. (b)
Silica frame with PhCC device printed on top.

suspension geometries were fabricated in silica that resemble the shape of a photo

frame, a rectangular border with an empty rectangular region in the centre at a height

of 1.55µm. The silica layer was deposited onto the silicon substrate using a Plasma

Enhanced Chemical Vapor Deposition (PECVD) process. The suspension frames were

then defined using direct write laser lithography into a photoresist layer spin-coated

onto the silica, then transferred to the silica using CHF3 Reactive Ion Etching (RIE).

Finally, the photoresist layer was removed using organic solvents and a short oxygen

plasma ash. These frames enable both the top and bottom side of the PhCC to be

air-clad enabling high modal confinement by increasing the refractive index contrast on

both sides of the device. Analysis of the overlap of these devices is given in Section 5.8.6.
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5.5 System

5.5.1 Transfer printer

The transfer printing system was a custom built instrument comprising a 6-axis motion

control stage, rigidly fixed stamp holder, polymer (PDMS) stamp pick-up head, optical

microscopy system and custom control and alignment software. Details of this system

can be found in reference [66]. The donor and receiver samples were mounted on the

motion control stage and their positions measured using the optical microscopy systems

and on-chip alignment markers.

Figure 5.3: Configuration of Transfer Printer for in-situ PhCC measurements.
Overview of transfer printer setup. (a) Inset of showing the dual column setup of micro-
scope for print alignment and cross-polarised measurement system for device testing.
(b) Wide-view showing swept laser system and PC control interface.

5.5.2 In-situ optical measurement system

The injection module from Chapter 3 was repurposed for this work, swapping out

the input fibre from a 632nm super luminescent diode (SLED) to the Agilent 8614B

short-wave infrared (SWIR) swept laser via a polarisation maintaining fibre. An IR

compatible microscope was constructed as an alternative to the visible column used in
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Figure 5.4: Schematic of the optical measurement system. The system comprises
tuneable laser source and broadband white light illumination, galvo beam steering,
microscope column, polarisation filter, and camera detection system.

Chapter 3 as it was deemed unsuitable for testing during the development stages of this

work due to interference effects caused by the beam splitting components within the

column causeing periodic signals as the swept laser system scanned across a wavelength

range. This is believed to have been caused by the optical coatings being optimised for

visible wavelengths.

The IR column includes a linear grid mesh polariser aligned at a 45◦ angle to

the edge of the PhCC donor chip and silica frame receiver chip providing 20 dB of

extinction. The injection fibre is aligned such that its polarisation is at an angle of

−45◦ to the cavity and 90◦ to the polarising filter. This allows the specular background

from light incident on the substrate to be suppressed significantly. Light that couples

with the PhCC becomes aligned in polarisation to the cavity, such that when it is

reflected back through the filter, the reduction in intensity is half that of the background

noise. This results in overall less light being measured during the scanning process, but

provides a large improvement in the signal-to-noise ratio (SNR), making it easier to
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detect resonances. An InGaAs array used for detection is housed inside a Lucid Vision

Triton Global Shutter camera, the bandgap of the sensor has been optimised to extend

the sensitivity down to visible wavelengths, facilitating a broad mesurement range of

400 - 1700 nm. This allows co-alignment of the wide field illuminated device structures

to the injected tuneable IR beam using the same sensor. The laser system provided a

controllable trigger pulse rate based on a set wavelength step over a continuous sweep.

This would allow the camera to consistently acquire a frame at the same points in

every sweep. Similar experimental setups have been demonstrated [170] where light was

collected in transmission and a pulse laser source used instead. The setup described hear

more closely resembles that shown in [171] with some additional convenience features

to aid in its integration within a transfer print system.

5.6 Measurements

5.6.1 Optical Spectra and Measurement Method

Spectral measurements of PhCCs were performed using a swept tunable laser (Agilent

8164A) in continuous sweep mode over a 10 nm range around 1550 nm at 0.5 nm/s

with a laser linewidth of 100kHz. The reflected signal was captured by an InGaAs

camera at 833.3 fps triggered by the laser, providing a measurement resolution of

0.6 pm limited by the max frame rate of the camera. The camera gain was adjusted to

prevent saturation, and a fixed region of interest (ROI) was used to sum the reflected

intensity across frames. This ROI remained the same across all measurements in this

work.

For array measurements, the laser scanned over 10 nm in 20 s, enabling analysis

of cavity resonances. Peak search and resonance fitting routines determined cavity

wavelength and Q-factor at the end of each scan. For dynamic measurements on pre-

characterized devices, the scan range was reduced to 2.5 nm, Shortening the measure-

ment time to 5 s and total analysis time to under 10 s. Higher Q-factor cavities could

be analysed with improved resolution by reducing the laser sweep speed.
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5.6.2 Extraction of resonant wavelength and cavity Q-factor

The resonance wavelength and linewidth were evaluated by fitting the measured re-

flectivity spectra data around a resonance to an analytical model. Following common

practice in literature, we have used a Fano resonance model for fitting our photonic

crystal cavity spectra [171–174]. After removing the low frequency background modu-

lation from the signal, we fit the reflected intensity, I(λ), with the Fano equation [174]

shown in Eq.[5.1]. The fitting was carried out using a nonlinear regression method in

MATLAB, fitting to the analytical function Eq. (5.1).

I(λ) = A+B
(cot(δ) + 2(λ− λR)/γ)

2

1 + (2(λ− λR)/γ)2
(5.1)

Here, λR is the resonant wavelength, γ is the resonance width, and A and B are

constants relating to the background and peak height respectively. The parameter

controlling the deviation from Lorentzian lineshape is δ, which refers to the phase shift

from the coupling of a discrete resonant mode to a continuum band of states [174]. It

is related to the Fano parameter, q, through q = cotδ, and it can be shown that for

q → 0 or q → ±∞ Lorentzian lineshapes are recovered. The Q factors are measured as

Q = λR/γ.

5.7 Printing Process

The general method used to transfer print objects using a polymeric stamp is well

covered in literature [51,175–177] and was also discussed in detail in an earlier chapter.

Velocity control is shown to play a key role in terms of controlling the relative adhesion

of the stamp to devices during the print process [67]. For devices where the material

thickness is greater than 1µm or with high stiffness, it is possible to use a variation

of the stamp geometry that include protrusions that can dynamically relax during the

printing process resulting in a dynamic change of contact area of a picked device [178].

However due to the small device footprint and material thickness of 220nm, geometric

variations of the stamp geometry isn’t suitable for the transfer of these PhCC devices

and instead require the use of a flat stamp surface to ensure minimal deformation during
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transfer [179]. It has been shown that control of the Polydimethylsiloxane (PDMS)

composition can be used to tune the dynamic range of surface adhesion to promote

transfer in the direction of donor to receiver [179].

In this work, a PDMS composition of 10:1 (monomer:curing agent) mixture was

used, and is the recommended ratio from the manufacturer. Lower concentrations of

monomer result in a more rigid and less tacky stamp whereas higher concentrations

result in a more adhesive stamp. The mould for the stamp was created by etching a

into a Silicon on insulator wafer (SOI) to create the 10 µm× 30 µm wide portion of

the stamp. The base of the stamp was patterned using SU-8 polymer from Kayaku.

The anchor geometry of PhCCs tapered to a dimension of 2µm at the membrane

edge and required the flat face of the stamp to fully cover the surface of the cavity

device in order to apply enough force to break it. Due to the limited contact area

of the silica receiver frames, the force of the device to frame adhesion was insufficient

to overcome the device to stamp adhesion when using traditional printing methods.

Introducing a lateral shear into the print process allowed the use of friction between

the frame and the device to force the cavity off the stamp surface. This resulted in

two issues to overcome, alignment to the silica frame was difficult to achieve and the

additional release forces had the potential to plastically deform the cavity resulting

in detuning of its resonant wavelength (discussed later). To combat the former, a

print stage was introduced where the cavity was printed onto an intermediate frame

before printing on the target location. This allowed the device to be re-picked from the

intermediate frame where approximately only a quarter of the device was in contact

with the stamp. This, in combination with slow release speeds, allowed the device to

be aligned to the final silica frame with negligible misalignment observed. The latter

issue of plastic deformation was handled by introducing a characterisation step whilst

the device was on the intermediate frame, and to determine its position in the sorted

set by this resonance. A detailed view of the whole print process is shown in Fig. 5.5

along with microscope images of the PhCC cavity on the surface of the stamp.

For the initial release from the donor chip, The flat stamp surface was brought into

contact with the PhCC surface, ensuring no stamp contact with the tether area. Once
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Figure 5.5: µ -transfer print process for suspended photonic crystal cavities.
(a) The stamp is aligned to the donor device. (b) A lateral motion at a velocity of
8000µms−1 is used to break the device anchor. (c) The device is removed from the
donor chip. (d) The picked device is aligned to the intermediate silica frame on the
receiver. (e) Device is released onto the receiver frame using a combined sheer motion
at a velocity of 0.5µms−1. (f) The stamp is removed from the device to ensure device
is printed. (g) The stamp comes into partial contact to provide a sheer at 0.5µms−1

to align the cavity to the frame. (h) Cavity is left for several hours to allow detuning
effects to subside. (i) Swept laser system characterises device on to determine its new
position (j) Device is picked with only a quarter in contact with the stamp. (k) Device is
aligned to final frame and released using a sheer at 0.05µms−1 to maintain alignment.
(l) Cavity is left for several hours to allow detuning effects to subside. (m) Cavity
resonance is reverified with a final measurement. (n-o) Microscope view of transfer
print stamp with printed device.
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in contact a lateral shear motion of ≈ 1µm was applied to fracture the tether at a

velocity of ≈ 8000µms−1, Fig. 5.5(a). The PhCC on the stamp is then aligned to the

receiver chip suspension frame, centring the PhCC on the air void of the frame. The

PhCC is brought into contact with the silica suspension frame, then released from the

stamp surface using a combined shear and vertical motion at a velocity of ≈ 0.05µms−1.

This is then repeated for the subsequent reprinting of the cavities, exchanging the initial

high speed lateral sheer step for a lower velocity vertical pickup with a reduced contact

area. This process allowed release of the PhCC into its target position with a yield of

100% for the 448 prints carried out for this work, i.e. 238 prints of the main cavity

set, 90 prints of the repeatability tests, and 120 prints for the dense integration set.

The tapered anchor successfully cleaved at the edge of the PhCC with no detectable

damage to the cavity for all 249 devices presented in this work. Only one during the

beginning of this study became stuck on the base of the stamp, making it irrecoverable,

resulting in an overall yield of 99.78% for the print integration process.

5.8 Results

5.8.1 Spatial ordering of PhCC array by resonant wavelength

A schematic of the transfer print system with optical measurement module is presented

in Figure 5.6. The transfer printing system comprises an optical microscope column,

fixed transfer stamp holder and a high-accuracy 6-axis translation stage with Peltier

coolers, on which the donor and receiver samples are mounted [66]. The Peltier ele-

ments are held a few degrees below the cleanroom laboratory temperature at a constant

19.6oC with closed loop feedback to ensure stable operation of the PhCCs. In addition

to the wide-field optical imaging function of the microscope column, the system also

incorporates an optical injection line for the swept-wavelength tuneable laser charac-

terisation system. The signal reflected from a targeted PhCC is coupled back through

the microscope objective to a camera system for assessment of the spatial mode and

measurement of the reflectivity spectrum under swept wavelength operation.

Figure 5.7 shows a reflectivity spectrum measurement from a representative PhCC
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Figure 5.6: Accurate transfer printing system with in-situ reflectivity spec-
trum measurement capability. (a) Schematic transfer printing system and op-
tical measurement rig incorporating high-accuracy 6-axis stage, fixed stamp holder,
Peltier mounted donor and receiver samples and optical microscope objective lenses.
(b) Schematic of the pixel printing process using a PDMS stamp. (c) and (d) show im-
ages of a printed PhCC pixel in the visible and IR systems respectively. (e) Schematic
detail of the optical injection and measurement system embedded in the transfer print-
ing tool.

device captured using the in-situ scanning laser measurement system in the transfer

print tool. The central resonant wavelength, linewidth and Q-factor of the resonator can

be extracted from this swept laser measurement in real-time, with single pass sweeps

taking only a few seconds to complete. For the PhCCs’ in this work, the resonant

wavelengths were in a range around ∼ 1551 nm, with cavity linewidths of ∼ 15 pm and

Q-factors in the 105 range.

To enable spatial ordering of an as-fabricated PhCC array, 120 devices were first

measured on their native substrate, and the resultant map of PhCC pixel resonant

wavelengths is shown in Figure 5.8(a). As expected, the measured cavity wavelengths

span across a range of a few nanometres in wavelength, corresponding to the variations
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Figure 5.7: Spectral measurement of PhCC in the transfer system. (a) Mea-
sured reflectivity spectrum from a PhCC captured using the in-situ measurement sys-
tem. The PhCC is printed on a receiver substrate silica suspension frame. Insets show
the spatial mode images captured by the InGaAs camera at two points in the tuneable
wavelength sweep corresponding to on-resonance (b) and off-resonance (c) conditions.

in cavity geometry induced by nano-fabrication geometry tolerances. The blank spots

in the figure correspond to PhCCs where no spectral measurements could be obtained,

likely due to partial collapse of the pixels onto the exposed substrate during the under-

etch process. One pixel could not be released from the donor chip, so all further

results correspond to the remaining 119 pixels that could be transferred. The resonant

wavelengths are distributed across the array without any clear spatial pattern, as shown

in Figure 5.8(a). The devices were then numerically sorted by resonant wavelength and

printed onto receiver substrate following the spectral ordering.

Figure 5.8(b) shows a map of the printed pixels’ resonant wavelengths on a first

receiver substrate. From the first print it is obvious that the spectral ordering has

been frustrated and again the cavities form a disordered array, although all transferred

pixels are now visible, recovering the previously unmeasureable cases from the donor

substrate. The measurements on receiver 1 were then used to create an ordered array,

through selective placement during an additional transfer step onto a second receiver,
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Figure 5.8: Spatial ordering of PhCC arrays by resonant wavelength. Measured
resonant wavelengths of the PhCCs on (a) donor substrate, (b) 1st receiver and (c) 2nd
receiver substrate.

the measured results of which are presented in Figure 5.8(c).The wavelength ordering

was preserved faithfully in this transfer, indicating that the process of cleaving the

silicon tethers during the first print likely induced a plastic shift in the cavity resonant

wavelengths. Figure 5.9(a) and (b) show the wavelength shifts of individual PhCCs

for the first and second prints, with a clear improvement in the second print case. For

the first print, the mean wavelength shift of ±0.426 nm and standard deviation across

the array of ±0.438 nm, clearly shows the effect of the release from the donor substrate

on the cavities where the spectral ordering has been frustrated by the initial release

process. The second print however shows a mean wavelength shift of ±0.025 nm and

standard deviation of ±0.139 nm, demonstrating stable performance of the PhCCs be-

fore and after. The two outlier values of wavelength shift in the second print array

correspond to two cases where mechanical effects during printing caused larger devi-

ations of the resonant wavelength. Device 1 was printed as a calibration step for the

force being applied during the print release stage and a higher than necessary value

appeared to cause a residual plastic shift in resonant wavelength. The second outlier

device was accidentally printed onto a rigid area of the sample before being moved to

its target receiver location, again exhibiting a larger deviation of the resonant wave-
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Figure 5.9: Printing induced resonant wavelength shift. Measured resonant
wavelength shifts of individual PhCCs after (a) 1st print, and (b) 2nd print

length. Removing these outliers in the second print gives mean and standard deviation

wavelength shifts of ±0.007 nm and ±0.021 nm respectively. This consistency in per-

formance is comparable an order of magnitude larger than what has been achieved

with post-fabrication tuning [180]. However, this could be improved with a larger set

of donor devices and can occur during the heterogenous integration stage without ad-

ditional processing. By spatially ordering the devices, local clusters of PhCCs were

identified with resonant wavelength spread within a cavity linewidth, highlighting the

potential of this technique when used with a higher number of donor devices. Other

potential devices that could benefit from this type of integration include nanowires [63]

and quantum dot devices [181].

5.8.2 Spatial clusters of cavity resonances within ordered arrays

The ordered arrays of devices maintained the overall standard deviation of resonant

wavelength, λR, from the as-fabricated PhCC devices. The ordering allows for local

spatial clusters of devices with closely spaced resonant wavelengths to be assessed.

The average cavity linewidth of ∼ 0.015 nm was taken as a first approximation of the

maximum deviation between individual cavity resonant wavelengths that would allow
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Figure 5.10: Cavity Clustering. (a) A bubble chart showing resonant wavelength
ordered on the y-axis, spatial position by colour and number of devices within a stan-
dard deviation of 0.015 nm by bubble size. (b-d) Selected groupings of devices outlined
in black in (a) are shown as reflectivity spectra to show the spectral overlap between
devices.

them to interact with a single narrow linewidth laser source. Fig. 5.10 (a) shows the

distribution of PhCC clusters across the range of measured resonant wavelengths. The

bubble size is related to the number of devices with resonant wavelengths within the

average cavity linewidth from one another. There are a number of groupings on the

order of 5-6 cavities, showing that even without post-fabrication tuning device selection

and spatial binning can be achieved even within a set of only 119 devices. Fig. 5.10(b-d)

shows examples of cavity resonance clusters around a wavelength of 1550nm.

The wavelength ordered set of PhCCs presented above was printed with minimum

pitch of 50µm in both the x and y directions. In order to demonstrate the potential

of this integration method for producing densely packed arrays, we transferred an ad-

ditional 120 devices onto an 8 × 15 spatial array of support frames with a pitch of 18

and 16µm in the x and y directions resulting in a minimum edge to edge separation of

7µm in both directions, as shown in Fig. 5.11.
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Figure 5.11: Densely printed array. Optical microscopy image of an an array of 120
PhCC devices printed with edge to edge spacing of 7µm in both directions.)

5.8.3 Dynamic cavity response measured in-situ

As detailed in the previous section, the release of the silicon PhCC pixels from their

native substrate results in a permanent shift in their cavity resonant wavelength. Since

the spectral measurements of the PhCCs are carried out in-situ in the transfer printing

system, dynamic effects can be monitored. Limited only by the timescale of the swept

laser spectral measurement system and the short travel movements needed to obtain

optical alignment. The inset to Fig. 5.12 shows the time varying cavity reflectivity

spectrum for a single PhCC cavity over a few tens of seconds just after the initial

printing, showing a clear shift of the spectrum with time. The main decay curve

presented in Fig. 5.12 shows the results of spectral measurements of 2 different PhCCs

on the same substrate measured concurrently over the course of 200 minutes, plotting

the measured resonant wavelength shift relative to the pre-printed steady-state value.

The printing process shows a clear red-shift in cavity resonant wavelength immediately

after release onto the receiver substrate, followed by a relaxation back towards the
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steady state value on a timescale of around 200 minutes.

This decay could be the result of several factors, but the exact source is unknown

currently. The first theory is that the relaxations are dependant on the mechanical

properties of the silicon material, such that larger of the exponential terms is resultant of

a mechanical stretching in the XY plane of the cavity, and the smaller term corresponds

to a “sagging” of the cavity over suspension frame, providing a Z-component to the

detuning. A second theory is that their is a combination of mechanical effects combined

with a relative humidity change at the surface of the cavity due to coming into contact

with the PDMS stamp head. The water deposits on the surface then evaporate off

returning the cavity resonance to its original value.

The results of the multiple print cycles show that steady-state cavity resonances are

preserved for up to 5 cycles, demonstrating that the print process does not leave mea-

surable material deposits on the cavity, which would induce a red-shift of the resonance

wavelength due to increasing local cladding refractive index. The dynamic relaxation of

resonant wavelengths rather suggests a strain based effect induced by the contact print-

ing that then relaxes as the free-standing PhCCs are left on the suspension frames with

no restraining force beyond the local forces between their surfaces. Furthermore, the

relaxation curves can be fitted to a double exponential function, with two characteristic

relaxation time constants originating from potentially distinct physical processes.

5.8.4 Multiprinting

An additional set of 10 PhCCs were selected from the donor chip, with resonances

around 1550nm to test the effects of multiple print cycles on the cavity response. For

each device resonant wavelength and Q-factor were measured prior to each print. Two

print cycles were carried out each day over a period of 5 days, based on Fig. 5.12

a minimum of 5 hours was left between a print cycle and measurement to ensure

the dynamic detuning effects would be negligible. In Fig. 5.13 the distribution of

wavelengths for the 10 devices is shown in blue for each print cycle, and the relative

wavelength shift is shown in red. All print cycles are numbered after the initial “0”

from the donor to receiver to avoid inclusion of plastic shift effects. It can be seen that
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Figure 5.12: Dynamic effects of printing on the cavity optical response. Cavity
resonance wavelength for 2 separate PhCCs measured over a 200 minute period after
initial printing. The inset shows the fast relaxation of the cavity resonance just after
printing, as captured by the in-situ measurement and the stable steady state response
after relaxation.

for up to 5 print cycles that negligible shifts in wavelength are present. For >5 print

cycles the stability of the device wavelength degrades becoming comparable with the

as-fabricated array. This detuning is could be caused by effects of surface contamination

from the environment or the stamp itself.

5.8.5 Cavity Q-factors effects

When observing the Q-factors of each device the measured Q factors remained within

the range of 105 with individual devices showing variations in the 104 range. The full

set of 10 devices remain within a consistent operating range and even recover some

performance during 6-8th print cycles indicating cumulative damage to the cavity is

an unlikely source to the cavity detuning. An increase in device contamination could

still be possible if the Q-factor increase is indicative of the stamp being able to clean
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Figure 5.13: Repeated print cycles. Measured cavity wavelength sets after each
printing cycle for a set of 10 PhCC devices, showing absolute cavity resonant wavelength
(blue) and relative resonance shift between each print location (red). (Inset illustrates
the print and measurement cycle.)

devices under certain conditions to regain performance.

A third potential factor is the alignment of the cavities to the silica frames, there

is a small margin of tolerance designed into the two structures that allow the cavity

to be misaligned slightly. It is possible this margin is not large enough to prevent the

holes of the PhCC from overlapping the receiver frame structure, reducing the device

performance by modifying the refractive index contrast.

5.8.6 Contact area measurements

To quantify the extent of the spatial overlap between the printed PhCC devices and

support frames, a frame was imaged in a scanning electron microscope before and after

printing of the PhCC, as shown in Fig. 5.15. The internal dimensions of the support

frame were measured as 8.5 × 7.5µm prior to the PhCC printing. The PhCC device

was measured with external dimensions of 11× 9µm, and by image overlap analysis of
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Figure 5.14: Q-factor variation as a function of repeated print cycle Q-factor
variation as a function of repeated print cycle for a set of 10 PhCC devices. Absolute
Q-factor value for the 10 device set is presented along with the device specific Q-factor
variation associated with each print cycle. the box plots indicate median value (middle
line), 25th, 75th percentile (box) and 5th and 95th percentile (whiskers) as well as
outliers (single points).

the pre- and post-printing images the mean overlap lengths between PhCC and support

frame were 1.21, 1.24, 0.49, 1.05µm for the left, right, top and bottom edges respectively

resulting in an average overlap of 1.00µm. The edge detection was performed within

Python using standard techniques within the OpenCV package, using the following

process. A Gaussian blur was used to de-noise the image, following a morphological

close operation to remove pixel islands that were unattached to the target structures.

Finally, an adaptive threshold was used to binarize the image. An averaged line profile

was taken for each edge of the imaged structures, in both the horizontal and vertical

directions. This was then passed through a peak detection algorithm from the SciPy

library to find the locations of each edge with the errors taken as the FWHM of each

detected edge.

An average overlap of 1µm was measured for the printed device. The device is

shown to be centred well in the horizontal direction as the difference in the left to right

overlap is only 30nm whereas a skew is observed in the vertical direction with an overlap

difference of 560nm. The internal geometry of the frame was intended to be 9× 7µm

to result in an equal amount of overlap for both the horizontal and vertical directions.
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Figure 5.15: SEM analysis of Cavity Overlap (a-b) SEM images of silica support
frame before and after printing of PhCC device. (c-d) Post edge detection process
for before and after printing. (e) Measured overlap of each cavity edge, error bars
represents the combined FWHMs of the average line profile of (c) and (d).

However, it is apparent that a distortion of the internal geometries is present as the

measured geometry is 8.5 × 7.5µm The source of this error could be multiple effects

resist exposure and etching processes. This particular sample was fabricated using a

direct-write lithography tool from Heidelberg instruments that has been known to have

calibrations issue following its installation during the course of this project. However

any comment on this is purely speculative. The optical resolution of the microscope

when operating in high resolution mode is 900 lp/mm which corresponds to being able

to resolve one line pair every 1.1µm. This combined with the inaccuracy in the final

131



–
D
R
A
F
T

–
O
ct
ob

er
2,

20
25

–
Chapter 5. Integration of Photonic Crystal Cavities with In-Situ Monitoring

frame geometry pushes the print tolerances of the final devices to the upper limit of what

the transfer print system is currently capable of. If this study were to be reattempted,

it would be beneficial to generate a hard mask from a industry supplier to be used with

a mask aligner system to mitigate inconsistencies between pattern exposures. A larger

border area around the crystal cavities would allow the internal window of the frame

to be larger also, resulting in a larger print tolerance to ease the print requirements.

The lp/mm could also be increased by improving the vision system, such as a higher

quality camera sensor or high maginification objective lens. This should also improve

the print accuracy of the printer as the resolution of the motion system is two-orders

of magnitude larger than that of the microscope.

5.9 Discussion

The integration of spectral measurement and transfer print integration into a single

system not only benefits the throughput, yield and selectivity of the device integration

process, but has also enabled measurement of transient effects in device performance

that were not possible in separate integration and measurement systems. Furthermore,

the integration of high quality factor, air clad, photonic crystal cavities provides an

extremely sensitive optical measurement tool for observing these transient effects. As

noted above, there are two measurable effects of the PhCC integration process on the

cavity resonances. The first is a permanent shift in the cavity resonant wavelength

during the release from the donor substrate, and the second is a transient resonant

wavelength shift during subsequent prints that relaxes to a consistent, steady-state

value. Although full exploration of the physical mechanisms underlying these effects

is beyond the scope of this work, their magnitude and potential sources can be out-

lined. A shift of PhCC resonant wavelength measured after a print cycle can be due

to change of cavity effective refractive index, or mechanical deformation of the cavity.

In this work we have used nominally identical L3 photonic crystal cavities that can

have measured resonant wavelengths with a standard deviation in the order of 1 nm

(around the 1550 nm region). In reference [143] the authors show that a wavelength
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dispersion of this order corresponds to a randomised variation in hole radius and po-

sition of ≈ 0.0014a, where a is the lattice constant of the photonic crystal. This in

turn would correspond to a variation in real space of ≈ 0.56 nm (for a lattice con-

stant of 400 nm) for our devices. Thus, in accordance with perturbation theory [182],

a uniform expansion of the PhCC lattice by 0.56 nm would lead to a redshift of cavity

wavelength greater than 1 nm. Similarly, given the near-unity energy confinement of

our L3 cavity modes in silicon, perturbation theory also dictates that a 1 nm redshift in

wavelength corresponds to a change in effective index of a factor of ≈ 0.0014, assuming

no mechanical deformation of the cavity. In reference [159] oxidation of silicon PhCC’s

show resonant wavelength blueshifts of a few nanometres, through oxide formation of

nanometric scales. Thus, effective refractive index changes of this order correspond to

nanometric material refractive index changes. We are unable to measure any deposition

of stamp material on the cavity via direct imaging (optical or electron beam) that would

show such nanometric depositions. In the case of the transient resonance shifts from

one suspended position to another, the cavity response relaxes to a consistent steady

state, within a linewidth of the original resonance. This suggests a small stress is in-

duced in the cavity cause by the print process, that then relaxes. This relaxation can

occur even during the surface to surface contact between the membrane and support

structures.

The sub-nanometre wavelength shifts of all cavity steady-state resonances observed

after 5 sequential printing cycles demonstrates the ability to preserve all physical prop-

erties of the device (lattice constant, refractive index, etc.) to better than one part

in 1000 making suitable for the assembly of spatial light modulators. The preserva-

tion of resonant cavity wavelength allows for the selection of specific cavities to be

integrated into pre-defined spatial locations, overcoming the existing variance in nomi-

nally identical devices as-fabricated on their native substrate. This deterministic post-

measurement selection of cavities will enable single device selection for integration into

photonic integrated circuits, or on fibre tips, as high-quality factor filters and non-linear

resonators with absolute control over target wavelength. Importantly, the spatial order-

ing of these devices enables construction of cavity arrays with well-defined wavelength

133



–
D
R
A
F
T

–
O
ct
ob

er
2,

20
25

–
Chapter 5. Integration of Photonic Crystal Cavities with In-Situ Monitoring

characteristics. For example, cavity arrays can be designed with wavelength gradients

across the array to enable passive beam steering at high speeds [183]. Uniform arrays

can also be assembled for applications as spatial light modulators [159]. In this case the

yield of cavity responses within the linewidth scale is important and is related to the

variance of cavity wavelength from nanofabrication tolerances. In this work we show

that groupings of ≈ 5 PhCCs can be extracted within the range of a linewidth from an

initial set of 120 devices. Full details are presented in the supplementary material. This

gives a nominal down selection factor of ≈ 0.042, meaning that for a uniform 10x10

cavity array, an initial donor set of around 2380 devices is needed. When fabricating

donor arrays at large scale, multiple uniform arrays can be assembled from a single

fabrication run.

5.10 Conclusion

I have demonstrated a post-fabrication integration method that allows the spectral mea-

surement, binning and spatial arrangement of high Q-factor Photonic Crystal Cavity

(PhCC) devices into ordered arrays, with precision beyond what is achievable in as-

fabricated device arrays. The transfer printing integration of 119 PhCC pixels demon-

strated handling of devices with dimensions in the few micrometre range, onto sus-

pension frames on receiver substrates with physical contact limited to 1µm in overlap.

SEM imaging was used to characterise the physical overlap of the PhCCs and sup-

port frames. The printing process preserved cavity resonant wavelengths within their

linewidth range after a first permanent shift induced by the print release from the

donor substrate. Furthermore, the printing process preserved cavity performance over

multiple cycles, allowing for reconfiguration or rework of samples using this method.

The in-situ optical measurement of cavities enabled study of the printing dynamics

in the seconds to hours timescale, exhibiting elastic relaxation effects in the cavities

after printing that would not have been easily measurable in standard integration and

measurement system combinations. The ability to directly measure micron scale device

response and subsequently integrate large numbers of devices onto host chips breaks
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the dependence on fabrication limited integrated optical systems and paves the way for

future, high performance optical systems-on-a-chip.
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Conclusion

6.1 Conclusion

Presented in this thesis were the efforts made to mature transfer printing as a inte-

gration platform. Having already proven itself as capable method for heterogenous

material integration [51, 63, 66] and as a technique that can enable high performance

photonic circuitry to the point of adoption into foundry ecosystems. This highlights

the importance to mature the technology as a whole, moving away from demonstra-

tions of “hero” devices or one-time fabrication runs. To a point where it can produce

a consistent output on a daily basis.

To enable this, the aspects of what sets apart integrated circuits (ICs) and a pho-

tonic integrated circuits (PICs) were looked at. In particular, the mechanisms that

allow mass integration of electronics via PnP tools that are not present in transfer

print systems. To combat this, the functional principle behind the operation of PICs

was analysed and evaluated to determine how these limitations could be overcome. One

such solution was to enable in-situ testing of PICs to enable alignment free assembly

of high performant circuits.

Chapter 2 outlines the construction of a vertical optical injection system integrated

into a custom-built transfer printer. The system is capable of optically coupling into

photonic structures during transfer print integration. The design decisions, from the

coatings of the optics and the electrical hardware to the software implementation were
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all discussed in detail highlighting technical priorities in each. 3D printing techniques

were introduced and their role in the rapid development such systems.

A technical demonstration on the benefits of such a system was provided by demon-

stration of alignment of a GaN µ-lens to a single core fibre. Two alignment mechanisms

were provided for comparison. First where the fibre was illuminated with a red wave-

length light source such that the position of the core was visible. This allowed active

alignment of the lens by monitoring the spot shape as the lens approached the surface

of the fibre facet. This is equivalent to printing onto other vertical emitter structures

found commonly in PIC systems. The second acted as a representation of aligning to

a detector device. The opposing end of the fibre was connected to a photodetector and

the red light source was then connected to the vertical injection setup. By implementa-

tion of a raster scan of the light across the fibre surface a voltage map was constructed,

the central peak of which corresponds to the centre of the fibre core. Both instances

resulted in good alignment to the fibre core within ±0.5µm of the core position.

Several technical demonstrations where also given, such as active monitoring of cou-

pling conditions during the print process. Coupling light into state of the art greyscale

patterned on-chip mirror couplers, as well as industry standard grating couplers with

off-axis monitoring. These three provide a supporting toolset for the future of optically

monitored transfer print integration. Height mapping of PICs was also explored utilis-

ing pre-existing features of the PDMS stamp, opening avenues for integrated metrology

methods as another back-end process integrated into the transfer printer. This system

will be invaluable in the development of future transfer print technology and techniques,

allowing tailoring of processes towards photonic circuitry.

Chapter 3 presented work on the µ-fabrication of suspended membrane devices, in

particular efforts made towards standardising the fabrication process. Challenges in the

design of suspended membrane structures is discussed, with a focus on issues caused by

the lack of tools to aid in the design process. These are addressed by the development

of a python based GDS package. The reason why Python was used compared to

other alternatives was discussed, particularly focusing on benefits in ease of use and

compatibility with other industry packages that utilise a shared geometry library, such
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as Nazca, GDShelpers and GDSfactory. Detail on the hierarchical structure of the

python library was given, with discussion on how it enabled modularity in the design

by dividing the membrane footprint into core components based on their function,

enabling standardisation of the design process of membrane structure that has not

existed previously.

This package was then utilised to tackle challenges faced with the fabrication of thin-

film membrane devices, in particular, those which are < 500nm in thickness. Design

metrics where introduced such as the suspension length and membrane etch length,

which were used to aid analysis of the under etching process. The difference between

suspension lengths was highlighted for when the under etch process is isotropic versus

anisotropic. To address this, a method of including etching features was included, with

analysis on the effect on etching time and number of etching holes provided. Issues

with the diverse nature of photonic structures was discussed, highlighting how basic

layouts techniques struggled to provide predictable etch behaviour.

To resolve this a Lloyd algorithm based layout method was introduced, that allows

for uniform conformal placement of holes around photonic structures. The implemen-

tation uses an iterative approach which is useful for weakly isotropic etches with a low

number of iterations. Higher iterations are useful for complex structures with a strongly

isotropic etch. This integration enabled predictable etching behaviour across multiple

devices. As such, additional metrics were introduced with the device etch length, pho-

tonic structures with similar DELs have the potential to be fabricated together on the

same chip. Visualisation tools where provided that allowed comparison of etching be-

haviour across membrane designs allowing them to be fabricated together. To provide

an example, such a design was provided on an AlGaAs wafer. This library acts as a

building block for future intelligent designs of transfer printable photonic structures,

which will enable the integration of high efficiency heterogeneous waveguide devices.

Chapter 4 tackled several technical challenges with transfer printing, utilising the

injection system developed earlier in this work to push the capabilities of what is

achievable with transfer print integration. The first challenge addressed was the trans-

fer printing of suspended structures. It is critical to achieve air-clad devices for het-
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erogenous integration of high-Q factor devices such as photonic crystal cavities. The

air-cladding surrounding the cavity enables a high index contrast between the mode

of the cavity and its surroundings. This is critical for high-Q factor systems and non-

linear devices. The air-cladding necessity introduces challenges in the printing process

when attempting dense integration of device ensembles, as the contact area between the

device and the receiving substrate is greatly reduced. By use of the sub-nm precision

stage with velocities ranging from 0.05µms−1 to 8000µms−1, it was demonstrated that

functional devices could be assembled atop a suspended silica frame structure. This

work demonstrated > 400 prints of Silicon PhCCs with a nominal overlap of only 1µm,

demonstrating a novel new capability for scalable transfer printing.

The second challenge was the in-situ measurement of photonic devices during the

print integration process to facilitate deterministic transfer of devices. As discussed in

the introduction of this thesis, serial transfer printing allows for the greatest control

of the integration process of all the printing processes, at the expense of increasing

integration time. By integrating the measurement setup into the print system we can

decrease the overall integration time by consolidating back-end process into one step.

In this chapter the construction of a cross-polarised microscope was discussed as an

additional module for TP2. After combining the in-situ injection setup in chapter

2, with a tuneable swept wavelength laser, operating in the short wavelength infra-red

region. This module enabled in-situ characterisation of PhCC devices allowing an array

of 119 devices to be printed in wavelength ascending order in a period of ≈ 3 hours.

The capability enabled by having the module integrated into the transfer printer

allowed for unique insights into the transfer process that were previously immeasurable.

Two detuning effects were detected in the printing process due to a delay of ≈ 10 sec-

onds between the release of the cavity onto the frame and its subsequent measurement.

The first was a large permanent red-shift in resonance corresponding to the mechanical

fracture of the anchor from the donor chip. The second was also a detuning effect to

longer wavelengths, that would relax over a period of hours that corresponded to me-

chanical stresses during the release process. The ability to detect these changes allowed

an empirical development of a printing process that enabled a repeatable printing pro-
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cedure. A subset of 10 devices were re-printed 9 times after release from the donor

with a permanent detuning measured only after the 5th reprint. The print procedure

developed for this work was then repeated for an additional 120 devices, where a device

to device spacing of only 7µm was achieved showing the capability of this combination

of systems for deterministic integration of dense suspended ensembles.

The integration of photonic crystal cavities by optically monitored transfer print-

ing has provided potentially the most sensitive measurements of mechanical stresses

during the transfer print process to date. An upper bound of 0.3nm was found for

the average detuning experienced by the process of printing, which corresponds to a

physical deformation of the cavity of only 0.17nm. A deformation on this scale would

typically only be measurable by scanning electron microscope or similar, highlighting

how the printing of PhCC devices could unlock further developments in transfer print

integration.

The work demonstrated in this thesis represents a multi-faceted approach to advance

transfer print technology towards an industry scale technique. A critical approach was

taken in every aspect to develop either systems, techniques or methods that capitalised

on prior knowledge of the integrated photonics space. Careful thought was taken in

each stage to allow for continuous development and adaptability where possible, such

as the modularity of the transfer print system or the component based structure of

the membrane design tool or the modification of printing procedure based on measured

results. It is critical to develop each of these tools in parallel to one another to en-

sure interoperability to provide a comprehensive suite of tools that can address new

challenges in the fabrication process. This is essential to take full advantage of its ap-

plications in telecommunications, quantum optics, machine learning and more. These

tools represent a solid foundation in which the future of transfer printing can be built

upon for the integration of advanced materials and devices.
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sensing with an air-slot photonic crystal nanocavity,” Optics Letters, vol. 35,

no. 15, pp. 2523–2525, Aug. 2010, publisher: Optica Publishing Group. [Online].

Available: https://opg.optica.org/ol/abstract.cfm?uri=ol-35-15-2523

[166] E. Yablonovitch, “Inhibited Spontaneous Emission in Solid-State Physics and

Electronics,” Physical Review Letters, vol. 58, no. 20, pp. 2059–2062, May 1987.

[Online]. Available: https://link.aps.org/doi/10.1103/PhysRevLett.58.2059

[167] W. L. Vos and L. A. Woldering, “Cavity quantum electrodynamics with

three-dimensional photonic bandgap crystals,” Apr. 2015, arXiv:1504.06803

[quant-ph]. [Online]. Available: http://arxiv.org/abs/1504.06803

[168] D. P. Bourne and S. M. Roper, “Centroidal Power Diagrams, Lloyd’s Algorithm,

and Applications to Optimal Location Problems,” SIAM Journal on Numerical

Analysis, vol. 53, no. 6, pp. 2545–2569, Jan. 2015.

[169] M. Minkov, V. Savona, and D. Gerace, “Photonic crystal slab cavity simultane-

ously optimized for ultra-high Q/V and vertical radiation coupling,” Appl. Phys.

Lett, vol. 111, p. 131104, 2017.

[170] M. W. McCutcheon, G. W. Rieger, I. W. Cheung, J. F. Young,
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