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Abstract

Photonic integrated circuits (PICs) make up the backbone of all modern-day communica-
tion networks and are now finding applications in ever more diverse fields, from sensing
and computing to healthcare. The popularization of PICs is evidenced by the co-existence
of numerous PIC platforms and the development of a multitude of photonic design tools.
Currently, PICs are specifically designed and fabricated in specialized factories to realize
one single application function. This paradigm of PIC design is known as application-
specific photonic integrated circuits (ASPIC) which virtually applies to all commercially
produced PICs at this moment. Because these circuits are designed to perform one sin-
gle function, they are optimized for the highest performance. However, this requires high
cost for design and fabrication as well as a longer time to market. The future of photonic
integrated circuits must include a path for higher volumes and enhanced flexibility. These
are the trademarks of integrated circuits (ICs) technology as are manifested in complex
programmable logic gates (CPLD) and field-programmable gate arrays (FPGAs). To ex-
tend this flexibility in the photonic industry, reversibly programmable, i.e. reconfigurable
photonic devices are suggested as building blocks for user-programmable photonic inte-
grated circuits. This will facilitate generic photonic chip that can be programmed, to
obtain multiple functionalities from a single template, and potentially erased and repro-
grammed again. However, previously demonstrated techniques are limited by several
scalability issues such as continuous power consumption and high optical losses.

This research work is aimed at exploring new avenues to realize reconfigurable photonics
by incorporating innovative materials with well-established photonic technologies. Two
novel solutions towards realizing the reversible photonic building block with the self-
holding property of the programmed states and virtually loss-less programming states
are introduced in this dissertation.

One potential solution put forward through this research work is the exploitation of the
metastable nature of the hydrogenated amorphous silicon (a-Si:H). a-Si:H is known for
exhibiting light-induced metastable properties that are reversible upon annealing. Stud-
ies on the real part of refractive index change of a-Si:H under application of annealing
and light soaking are presented. These results prove the existence of metastable refrac-
tive index that was not previously reported. Because of the metastable nature, there is
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no need for continuous stimulation. A photonic integrated device based on a-Si:H, fully
reconfigurable between annealed and light-soaked state, is also demonstrated over mul-
tiple cycles. Also, no change in the optical loss with respect to device performance was
observed as only the real part of the refractive index is affected. Additionally, it is es-
tablished that stress modulation, also known as metastable volumetric expansion, in the
a-Si:H freestanding thin-film membrane during annealing and light soaking can be con-
sidered as being the sole contributing factor behind the observed phenomena. Further-
more, the detailed stability analysis and possible routes towards improved devices with
a-Si:H are presented in this dissertation. These demonstrations pave the way for the im-
plementation of metastable photonics, exploiting an effect that so far has been considered
deleterious in nature.

Another novel route that is explored in this research is the introduction of responsive poly-
electrolyte multilayer (PEM) cladding, applicable to generic photonic platforms, to avail
reconfigurability. Reversible (de)swelling of PEMs by consecutive exposure to acidic and
neutral pH solutions yields highly contrasting reversible refractive index changes in the
dry state. These contrasting changes with the PEM can affect the underlying photonic
devices. In this dissertation, it is demonstrated that this reversible effect can be engi-
neered to program the photonic device responses. With this easy-to-apply technique, two
different approaches towards reconfigurable photonic integrated devices based on PEM
cladding are presented. On the one hand, a designed thickness of a thin silicon dioxide
layer can be implemented between the waveguide and the PEM cladding to desensitize
the change upon (de)swelling the PEM and get the desired output. Alternatively, an area-
selective activation technique for PEM is discussed that is suitable for programming a
wide variety of photonic devices. Localized and improved control of programmability
can be realized by area-selectively depositing PEM on the device to introduce only a local
change. This opens up the possibility of controlling individual devices on the PIC. Apply-
ing these techniques, programmable devices are demonstrated that operate at two distinct
states and are virtually loss-less, non-volatile and demonstrate multiple reversible cycles
of (de)swelling. A PEM-cladded reconfigurable optical filter that was characterized by a
high-speed data transmission scenario is also discussed.

While applications for these demonstrations remain unique, these techniques are quite
different from each other. The reconfigurable photonic devices with a-Si:H is a straight-
forward solution when the PICs are implemented with this material. On the other hand,
PICs implemented with other material platforms can utilize PEM cladding for realizing
reconfigurable PICs. These proof-of-concept demonstrations showcase reversibly pro-
grammable photonics suitable for reconfigurable photonic processors and optical memo-
ries as well as device tuning to tackle fabrication related imperfections. But these appli-
cations require further development and the future directions for research are presented
in this dissertation.
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1
Introduction

Photonics is the field of science that deals with the generation, detection and manipu-
lation of light (photon). This field began with the invention of the first laser in 1960.
However, the term was popularized with the invention of optical fiber in 1980 for data
transmission, which was later adopted by telecommunication network operators. Photon-
ics technology formed the foundation for the telecommunication revolution of the 20th

century as human-kind entered into the ’Information Age’. It is safe to say, much of
the high-speed communication infrastructure that we are enjoying today is made possi-
ble thanks to the ubiquitous photonic system - the optical fiber network [1]. Nowadays,
the optical communication network is deployed for distances longer than 10 km. Also a
growing number of the connections are seen in the last mile ’fiber to the home’ (FTTH),
all the way to continents connected by optical submarine cables. The mass proliferation
of optical communication compared to its predecessor electronics-based communication
is due to several important reasons - high bandwidth, low-loss long-distance transmis-
sion and immunity to electromagnetic interference [1, 2]. These attributes are essential
in tackling the exponentially growing data traffic the network operators are experienc-
ing, while the world is transitioning towards so-called data economy [3]. An estimated
33 zettabytes (1021 bytes) of data was generated globally in 2018 , which is expected to
reach an unprecedented 175 zettabytes by 2025 (Fig. 1.1). Emerging technologies like
the Internet of Things (IoT), 5G network, autonomous cars and artificial intelligence will
be the key technologies producing this vast data traffic. Therefore, it is believed that the
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4 Chapter 1: Introduction

Figure 1.1: Projected global annual data traffic (in zettabytes or 1021 bytes). Approxi-
mate timeline of the technologies as sources of data creation from personal computer,
smartphone and mobile computers, social media, augmented/virtual reality (AR/VR)
applications, autonomous cars, the internet of things (IoT) and artificial intelligent
robots [4].

role of photonics and optical communication network will be invaluable in handling this
massive data traffic and supporting the high-speed communication networks.

1.1 Photonic Integrated Circuits

To support this ever growing and demanding global network, photonic integrated circuits
(PICs) have seen major development over the last three decades. Similar to electronic in-
tegrated circuits (ICs), PICs are made of basic functional building block photonic devices.
These can be arranged as an interconnected circuit to perform various optical functions
e.g. filtering, modulation, detection and (de)multiplexing on a chip. To meet the stan-
dards of optical communications, PICs are typically designed to manipulated light in the
near-infrared spectrum. The transmission windows extend from 1260 nm till 1675 nm
considering attenuation and dispersion of optical fibers (O-Band : 1260− 1360 nm, E-
Band : 1360− 1460 nm, S-Band : 1460− 1530 nm, C-Band : 1530− 1565 nm, L-Band
: 1565− 1625 nm and U-Band : 1625− 1675 nm) [5]. Today, several PIC technology
platforms are available based on the constituent material systems. Among the commer-
cially available are - silicon-on-insulator (SOI), InP based (III-V), silicon nitride and
lithium niobate [6–10]. Each of these technologies offers some advantages over oth-
ers. For example, InP based platforms offers on-chip lasing and gain [8]. SOI-based
technology offers relatively low-loss devices thanks to mature complementary metal-
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Figure 1.2: Intel’s integrated photonics future [11].

oxide semiconductor (CMOS) processing and fabrication technology, high transparency
in the telecommunication windows and ultimate goal for possible merging electronics
and photonics on a single chip [6, 7]. Silicon nitride based platform offers very low loss
(0.1 dB/cm) and broad operating spectrum (400 nm - 2500 nm) thanks to the excellent
transparency of the material [9]. Lithium niobate based platform offers ultra high-speed
modulation that are specially required by certain applications [10].

Thanks to years of development of these photonic platforms toward optical communi-
cation technologies, photonics is considered as a perfect candidate for inter-chip and
data center interconnect nodes because of low power consumption and high bandwidth
[11–15]. A growing commercial activity is seen with involvement from large companies
such as Intel in these areas. Intel recently demonstrated a 400 Gbit/sec optical transceiver
with hybrid InP based lasers bonded on top of the die of passive SOI based PIC consist-
ing of waveguides, modulators, filters, multiplexers and additional control circuitry. With
this innovation going to the market, Intel is envisioning photonic interconnect technology
for high density ICs for improved power, cost and bandwidth density (Fig. 1.2). Elec-
tronics processor technologies have been facing a major challenge with respect to on-chip
high bandwidth communications and latency as it reaches beyond 16 cores per chip with
their multicore design. There is only a limited room for improvement of electronics inter-
connects because of the congestion of associated bus. With wavelength-division multi-
plexing (WDM), effective photonic interconnect technology can be implemented that can
exceed electronic wire performance in terms of information capacity per footprint and no
power dissipation penalty. In addition to high bandwidth, resistance to electromagnetic
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interference and low energy per volume of required space are attributes that makes pho-
tonic interconnect technology an attractive solution for integration with electronic based
processors [16].

Rigorous development of these PIC platforms and subsequent optical communication
application-oriented demonstrations have inspired other applications fields. PICs have
been utilized for demonstrations of environmental sensing (gas) to lab-on-chip biosensing
applications [17–20]. These demonstration are driven by few key attributes. PIC based
sensor technologies offer advantages like low detection limits (LoD) and high sensitivity
that yields sensing down to a single molecule [21]. PIC based sensors require much
smaller footprint considering their high sensitivity [22]. Immunity to noise interference
and resolution make PIC based sensors superior to conventional electronics based sensor
[23]. In addition, BioMEMs based PIC sensors are getting attention from multitude of
sensing applications as it is possible to take advantage from two mechanisms. (1) In static
mode of operation : exposure to analyte changes the strain, which results in deformation
of structure. And (2) in dynamic mode operation, mass loading due to adsorption results
in mechanical resonance frequency change [24].

Besides, there is a significantly growing interest seen from the microwave communica-
tion and signal processing community employing PIC systems for gaining superior per-
formance compared to their electronics based counterpart [25–27]. Traditional digital
signal processing (DSP) is currently limited by the speed of the analog to digital con-
verter (ADC). World’s fastest electronics based ADC can operate at 10.4 giga-sample
per second (Texas Instrument ADC12DJ5200RF). Which is equivalent to 8 GHz in band-
width [28]. With a large-scale programmable PIC, the processing bandwidth can be well-
above hundreds of gigahertz [25].

It is believed that PICs will play a vital role for emerging technologies like deep learn-
ing neural network, internet of things (IoT), optical coherence tomography (OCT), light
detection and ranging applications (LiDAR), quantum logic circuits and 5G communica-
tion systems [29–33]. OCT is a powerful mean for in-vivo imaging of biological tissues.
This is a highly desirable technique for pharmaceutical drugs development and medical
research. PICs assisted OCT have been identified as a direction to improve and minia-
turize the system with high resolution, short measurement time and a large penetration
depth [34,35]. PIC enabled LiDAR technologies are also becoming commercially avail-
able as these are offering long-range high resolution collision detection system for au-
tonomous vehicles [31]. PIC offer interconnected high bandwidth network that is partic-
ularly beneficial for deploying for large scale neural network [36]. For quantum transport
simulations and logic gates, PIC offers a large integration of optical elements on a sin-
gle chip, that is otherwise quite difficult to manage with a bench-top free-space optics
scenario [32, 37].

Consequently, the PIC global market is predicted to rise significantly in the coming years.
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Figure 1.3: Projected InP photonics market growth [38].

According to Yole research, the SOI-based global photonics market was roughly around
US$40million. By 2025 , this market is expected to reach about US$1.5 billion, a major
share of which will be data centers [39]. Similarly, Jeppix Roadmap published in 2018 ,
suggests the global overall InP-based PIC market in 2014was around US$10 billion and
which is anticipated to reach close to US$30 billion by 2022 (Fig. 1.3) [38]. This figure
also indicates that BioMEMs, optical coherence tomography (OCT), LiDAR etc. are the
potential technologies to exploit PICs in the near future.

1.2 Reconfigurable photonic integrated circuits

Currently, PICs are carefully designed to realize specific circuit level functionality. Such
a system design requires rigorous simulation of individual devices with critical consider-
ations down to device geometry. To realize the complete system in simulation, designers
often have to access expensive tools as they would need to perform extensive physical
simulation scenarios. Then, specifically optimized fabrication process is employed con-
sidering packaging solutions and testing standards available. This paradigm of PIC fab-
rication is known as application specific photonic integrated circuits (ASPIC), which
virtually applies to all commercially produced PICs at this moment. Since an ASPIC is
engineered to deliver one singular functionality, it is possible to attain high-performance
metrics such as low-insertion loss, low-power consumption etc. However, the best per-
forming ASPIC requires multiple cycles of design and fabrication that can be expensive,
as well as time-consuming. Also, ASPICs are limited in flexibility as there is only limited
possibilities for correction post-fabrication and surely no altering of the functionality.



8 Chapter 1: Introduction

Figure 1.4: FPGA capacity, speed, price and power consumption relative to a 1988 s
Xilinx’s first FGPA. [40].

Since it’s first introduction, electronic ICs were also fabricated with fixed functions and
this came to be known as application specific integrated circuits (ASIC) [41,42]. ASICs
also suffer from issues like a high initial investment for prototyping commonly referred
to as high non-recurring expenses (NRE) and complicated design cycles, which result in
slower time-to-market. These conditions are not favorable for most businesses. A change
in the IC industry began in the early 1970 s with the arrival of programmable logic de-
vices (PLD) and subsequent introduction of field-programmable gate arrays (FPGA)in
the 1980 s [40, 43]. These programmable devices revolutionized the concept of the de-
sign and usability of ICs. One single chip can be mass-produced and designers or users
can then program the chips to define their own desired functionality. Additionally, repro-
grammability was subsequently updated for these devices (e.g. erasable programmable
read-only memory (EPROM) and electrically erasable programmable read-only memory
(EEPROM)), which offered even greater flexibility with the design process. A designer
can implement their design and test to check the robustness of the implemented func-
tionality. If there are some issues with the design, they can reprogram the chip. This
presents an opportunity for one chip to be used multiple times and prototyping becomes
much more accessible with very little initial cost. As a result, FPGA chips have grown
from modest lineages to ubiquity as shown in Fig.1.4. While their capacity has grown
by a factor of 10 000 , their cost reduced by more than a factor of 1000 It is anticipated
that the global FPGA market to reach US$117.97 billion by 2026 , which is a compound
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annual growth rate (CAGR) of 7.2% compared to the market share of US$63.05 billion
in 2017 [44]. In 2015 , Intel completed the acquisition of Altera for US$16.7 billion,
one of the pioneers since 1983 in the field of programmable ICs [45]. This illustrates the
growing importance of the programmable ICs over ASICs after 30 years of their arrival.

Similar to programmable ICs, the conceptualization of the reversibly programmable i.e.
reconfigurable PICs began. The fundamental theory behind the programmable photonic
chip was already developed and known as linear optical circuits [46,47]. Which is an as-
sembly of interconnected waveguides with optical phase shifting elements to manipulate
light propagation and splitting to implement any linear function between inputs and out-
puts. Optical phase shifters are based on manipulation of the optical properties (refractive
index and absorption) of the light guiding material or its surrounding material. One such
generic PIC can be taken as a template to be mass produced and it doesn’t necessarily
have a predefined circuit level function after fabrication. Then, users or designers can
program the optical nodes to control the flow of lights such that a complete circuit with
a desired function is implemented. Typically, scalability of such a system defines the
possible number of implementable functions. Similar to FPGA, the reconfigurable PICs
will redefine the way we have perceived the PICs until now. This concept can potentially
stimulate new flexible photonic systems that would otherwise require longer time and
higher investment with ASPICs.

1.2.1 Challenges

Recently, some notable attempts have been made towards reconfigurable PICs that can
accommodate multiple functionalities on a single PIC template one at a time. These
demonstrations are based on linear optical circuitry or lattice mesh (triangular,rectangular
and hexagonal) design of an interconnected photonic network that can be configured or
programmed by user post-fabrication [25,48,49]. The programming of the nodes that are
essentially optical phase shifters commonly exploit the thermo-optic or free carrier dis-
persion effects of the light guiding material. These reconfigurable PICs have addressed
applications such as basic signal processing, optical memory and logic operations, deep
learning neural networks, quantum transport simulations etc. [26,29,32,37,50–55]. Be-
cause of the volatile nature of these effects, continuous power needs to be maintained
to hold the programmed state. Thermo-optic is a commonly used technique for these
demonstrations which requires constant stimulation. Depending on the size of the chip,
one can have tens of these active heaters. This means a rather high continuous power con-
sumption needs to be maintained for the operation of the chip (on an average 0.25W per
tuning heater element) [25]. Also, thermal cross-talk related to heat dissipation becomes
a challenging aspect since high device integration density is also a desirable aspect for
large scale demonstration of reconfigurable PICs [25]. On the other hand, free-carrier
dispersion based optical phase shifting is limited by optical losses, need for continuous
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stimulation and its efficiency is also subjective to the choice of photonic technology plat-
form. In addition to continuous power consumption, these strategies with active control
require a complex electronic control system with sufficient control pads and complicated
packaging. These issues are affecting the scalability of the reconfigurable PICs. An al-
ternative approach to implement the optical phase shifter considers cladding materials
integrated with standard PICs that offer non-volatile and reversible changes in the optical
properties. Optical Phase Change Materials (O-PCM) such as GST (Ge2Sb2Te5), GSST
(Ge2Sb2Se4Te1), VO2 etc. have received significant attention lately and are considered
to be a suitable alternative towards reconfigurable photonics [56–60]. This is because
of the high contrast optical property changes corresponding to the phases (crystalline
and amorphous) of the material, high-speed switching and long term stability. However,
light propagating through the photonic devices suffers from high optical loss owing to
their metallic nature making them unsuitable for large scale integration [58, 61]. For
example, the optical propagation loss in the amorphous state is 0.5 dB/µm, which can
increase up to 10 dB/µm in the crystalline state for GST [58, 61]. Therefore, there is
an innovation opportunity for materials with reconfigurable optical properties to address
the ultimate solution towards user-level reconfigurable photonics which often referred
to as field programmable photonic integrated circuits (FPPIC) or programmable multi-
functional photonic integrated circuits (PMPICs) [62, 63].

1.3 Scope of this dissertation

1.3.1 Aim of this research

Programmable PICs with multiple functionality are stimulating a new field of research
around the world. Although the concept is at its infancy, recent demonstrations of pro-
grammable photonic integrated devices and circuits have pointed out the critical aspects
to take into considerations for such an idea to become a reality. As previously mentioned,
the continuous high power consumption because of the volatility of the programmed state
can be detrimental in realizing large scale adaptation of photonics systems. Besides, the
erasability of the programmed state and then re-programming offer an interesting op-
portunity for designers to realize multiple designs on a single chip. At the same time,
erasability presents the possibility to rectify the errors made in the design. Concurrently,
optical loss is another important issue which hinders scaling up of PICs. Hence, it is
also important to maintain low-loss reconfigurable devices. Therefore, this dissertation
is aimed towards realizing novel techniques that can be exploited for reconfigurable pho-
tonics while maintaining the following criteria:

• Reversible change in optical properties in the material by external stimulation.
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• Non-volatility i.e. self-holding property of the programmed state.

• Optically loss-less integration with the photonic devices and no additional loss
when programming the material optical property.

1.3.2 Novel scientific contribution

Responsive optical materials that are susceptible to undergoing optical property changes
such that they are reversible between distinct states are candidates for realizing reconfig-
urable photonic devices. Based on the aforementioned criteria, two novel techniques are
presented in this dissertation with stimuli responsive materials that offer refractive index
modulation. One technique is based on a material that can be used as the core of the
photonic waveguide that guides light. Other technique is based on a material that can be
used as a cladding material on a photonic waveguide and can impart change on the light
guiding property of the waveguide.

• Stimuli responsive material as waveguide core:
A novel technique is demonstrated for manipulation of the refractive index of hydro-
genated amorphous silicon (a-Si:H). This is achieved by exploiting the metastable na-
ture of this material. One main challenge overcame with this research is to realize an
appreciable metastable refractive index change specifically in the near-infrared (NIR)
spectrum where typical optical communication-based PICs operates. The technique
for accessing this effect reversibly for few cycles is developed. Also, a deeper un-
derstanding on the measured optical effects with fundamental material properties like
hydrogen content of the material, oxidation and thin-film stress modulation was estab-
lished. Finally, a metastable optical switch with distinct switching states over multiple
cycles with no excess optical loss is demonstrated. The demonstrations made in this
work showcase a new avenue towards the field of reconfigurable photonics that sup-
ports multiple purpose photonic integrated circuits, reconfigurable metamaterials, and
advanced optomechanical devices.

• Stimuli responsive material as waveguide cladding:
A novel demonstration for reconfigurable and non-volatile photonic devices is made
with a responsive polyelectrolyte multilayer (PEM) cladding. PEMs can undergo large
macroscopic property changes in response to external stimuli. One such effective route
is adopted for reversibly altering the refractive index of the material. The opportu-
nity to tailor refractive index changes of a thin polymer film on top of PICs opens
up a new direction to reconfigurable photonics. Two techniques to engineer the high-
contrast refractive index change are proposed. One technique employs a carefully de-
signed desensitizing layer between the photonic waveguide and PEM cladding and
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programmable optical switch is demonstrated. Alternatively, tuning is achieved with
selectively applied responsive PEM on the device for the same purpose and a reconfig-
urable photonic pass-drop filter is demonstrated. This functional coating can be easily
applied to a wide range of substrates which makes it compatible with any photonics
platform. Also it doesn’t require continuous (energy) input to maintain its properties.
Nor it results in excess optical losses for the device when programming the state of
the PEM. These proof-of-concept demonstrations showcase programmable photonics
suitable for reconfigurable photonic processors and memories as well as device tuning
to tackle fabrication-related imperfections.

1.3.3 Application scopes

The outcome of the research work is multifaceted. Principally, these demonstrations are
focused toward the conceptualization of the reconfigurable PICs where a generic PIC
template is utilized by user or designer to accomplish multiple design or functionality at
a time. It is assumed that the programmed state is retained for the desired functionality
and can be reset to realize another functionality or correction or update of the existing
design. Therefore, non-volatile and reversible properties are prioritized in this work. In
case of the need for dynamic conditions, fast switching can be used in conjunction with
the programming techniques discussed in this work - a hybrid approach that may result in
less complicated design and lower continuous power consumption. Besides, similar tech-
niques can be exploited by metasurfaces and metamaterials type novel optical structures
to tune their performances. The demonstrations around the a-Si:H based free-standing
membrane stress manipulation can be exploited by the MEMS assisted photonic devices
and novel nano-mechanical devices that rely on opto-mechanical properties of materials.
The demonstration of the non-volatile programming can be exploited by photonic inte-
grated processors where Static Read-Only Memory (SROM) or Static-Optical Look Up
Table (S-OLUT) are required. Finally, these demonstrations are valuable effective tuning
techniques to compensate photonic devices for fabrication related imperfections.

1.4 Organization of the dissertation

This dissertation is organized as follows:

• Chapter 2 presents a brief overview of the fundamentals principle of programming
or tuning of the photonic device and circuits and architectural concepts behind the
reconfigurable PICs. Thereon, a brief review of the different techniques imple-



1.4: Organization of the dissertation 13

mented toward programmable or tunable photonic devices until now is presented
and challenges with these techniques are discussed as well.

• Chapter 3 presents the demonstration of the metastable refractive index of hy-
drogenated amorphous silicon (a-Si:H) by exploiting the metastable properties. A
brief description of the metastable properties is presented. A discussion on the sen-
sitive thin-film Fabry-Pérot cavity-based interferometric system and fabrication of
the device is included, which is utilized to study the change in refractive index in
the NIR spectrum. Besides, discussions are made with in-depth material character-
izations to elucidate the observed refractive index changes from the interferometric
experiment. Finally, the intrinsic material properties and their role in the observed
refractive index change are discussed.

• Chapter 4 presents the demonstration of an optical switch that operates between
two distinct metastable states. The optical switch is based on a-Si:H micro-ring
resonator and the demonstration is carried out in the C-Band (1530-1565 nm) of
the optical communication spectrum. The complete fabrication process of this
photonic device is discussed. Results of the stability analysis are included and
discussed.

• Chapter 5 explores a novel technique with free-standing a-Si:H membranes to
study the material’s strain in connection to the cyclic stimulation for triggering
the metastable properties. The design of the membrane structure and fabrication
process flow are discussed. With a sensitive optical profiler, the stimuli triggered
shape deformation of the membrane is studied. A metastable change in the shape
of the membrane is identified. Also, a possible link between the metastable refrac-
tive index property from the previous chapters and the free-standing membrane
response to stimuli and stability are discussed.

• Chapter 6 presents a proof-of-concept demonstration of reconfigurable photonic
device with a responsive polyelectrolyte multilayer (PEM) that demonstrate re-
versible refractive index change. The synthesis of PEM layer is discussed and the
effects of stimulus are investigated using Spectroscopic Ellipsometry (SE), Atomic
Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). The effect
of direct PEM cladding on a photonic device is discussed. Also a technique to
tailor the effect with a designed desensitized layer between the PEM cladding and
photonic device is also discussed and an optical switch is demonstrated.

• Chapter 7 investigates an alternative route to tailor the high-contrast reversible
refractive index changes offered by PEM for reconfigurable photonic applications.
Here the technique for selectively accessing PEM on the photonic device and de-
sign of the device is discussed. Furthermore, a drop-through filter operating be-
tween two states in multiple cycles is demonstrated. In addition, performance of
the device is evaluated with a high-speed data transmission scenario.



14 Chapter 1: Introduction

• Chapter 8 concludes this dissertation by summarizing the main findings, high-
lighting the general contributions and formulating recommendations for future re-
search.



2
Optical phase shifting

In this chapter, a brief overview of the fundamental principles of programming or tuning
of the photonic devices and circuits and architectural concepts behind the reconfigurable
PICs is presented. Thereon, a brief review of different techniques implemented toward
programmable or tunable photonic devices until now is presented and challenges with
these techniques are discussed as well.

15
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2.1 Introduction

Reconfigruable PICs are essentially an implementation of cascaded arrays of intercon-
nected waveguides. On such a scheme, the light is manipulated to pass through the
system in a way that a meaningful functional circuit is realized. It is therefore funda-
mental that light is manipulated in the waveguide as it is propagating, which requires
the implementation of optical phase shifters/modulators on the waveguides. For this rea-
son, a brief overview is presented on the photonic waveguide structure basics and how
the optical phase can be manipulated. Different geometric architectures of the arrays
of waveguide with phase-shifting elements that can be programmed by user or designer
for reconfigurable PICs have come forward. These architectures are discussed as well.
Thereafter, a brief overview of the state-of-the-art technologies for implementing optical
phase-shifting within the photonic waveguide classified in three categories is presented,
as well as their limitations.

2.2 Fundamentals of reconfigurable photonics

2.2.1 Optical waveguide and light confinement

An optical waveguide is the most fundamental building block of a photonic integrated
circuit (PIC). An optical waveguide is a physical structure that effectively confines and
guides electromagnetic waves in the optical spectrum. The most common examples of
optical waveguides are the optical fiber and rectangle-shaped waveguides commonly seen
on photonic chips. A waveguide consists of a core, generally a homogeneous medium
that guides the light, and a cladding, that surrounds the core. The refractive index of the
core n1 is higher than that of the cladding material n0. Typically, cladding materials are
dielectrics e.g. SiO2, air, etc. In this arrangement, light coupled into the core is confined
and guided by total internal reflection. Such a simplistic waveguide structure is depicted
in Fig. 2.1 a. At the core and cladding interface, the condition for total internal reflection
is given by the following equation derived from Snell’s equation:

n1 sin(π/2− ϕ) ≥ n0 (2.1)

where ϕ is angle of light inside the core, which is dependent on incident angle θ by the
following equation:

sin θ = n1 sinϕ ≤
√

n12 − n02 (2.2)
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Then the critical condition for the total internal reflection is:

θ ≤ sin−1
√

n12 − n02 ≡ θmax (2.3)

where θmax denotes the maximum light acceptance angle of the waveguide. Typically,
the refractive index difference between core and cladding is in the order of n1-n0=0.01
for optical fibers. This means, the incidence light must enter at an angle less than (θmax)
12◦ in order to confine light within the fiber core. However, typical Silicon-On-Insulator
(SOI), InP membrane on Si (IMOS), Si3N4 on SiO2 based photonics platforms offer
much higher refractive index difference (for example, in SOI the core refractive index is
n1=3.48 and cladding refractive index is n0=1.45 at λ=1550nm) [6–9]. Which results
in much stronger light confinement, allowing miniaturization of the components with
tighter bends and sub-micron dimensions for waveguide structure [6, 7].
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Figure 2.1: a. Basic structure and refractive index profile of the optical fiber type waveg-
uide [64]. b. Cross-section schematic of a designed hydrogenated amorphous silicon
(a:Si-H) based wire waveguide on 2 µm SiO2 and crystalline silicon substrate. c. In-
tensity of the single mode fundamental TE-mode superimposed on the scanning elec-
tron microscope (SEM) image of the waveguide cross-section.

In this dissertation, hydrogenated amorphous silicon (a:Si-H) photonic devices are dis-
cussed and schematic of the (a:Si-H) based waveguide is shown in Fig. 2.1 b. We in-
vestigated photonic devices with a single-mode fundamental Transverse-Electric (TE)
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mode as it is most commonly used for PIC applications. (a:Si-H) based wire waveguide
structure is designed around 500 nm in width and around 220 nm in height to main-
tain confinement of fundamental TE-mode. As the guiding mode propagates through the
waveguide, it is not fully confined within the waveguide. The evanescent tail of the field
extends into the cladding. So the effective refractive index (neff) of the mode is not the
same as the core refractive index. It is dependent on the core and cladding refractive
index, as well as the geometry of the waveguide and particular mode. A mode solver
simulation tool can reliably determine the neff. For the a:Si-H wire waveguide, the neff
for the fundamental TE-mode is determined to be 2.076 at 1550 nm wavelength. The
intensity of the mode is shown on the SEM cross-section image of the fabricated a:Si-H
waveguide in Fig. 2.1 c.

2.2.2 Optical phase shift and light manipulation

Optical phase modulation is one of the principal technique for manipulating the light. The
number of phase cycles experienced by light can be utilized to get the desired output.
Optical phase, ϕ can be determined by the length of propagation, L, and the effective
refractive index of the optical waveguide, neff:

ϕ =
2πneffL

λ
(2.4)

From the equation, the phase of light can be altered by changing the waveguide length, L
or effective refractive index, neff. It is not trivial to change the length once the photonic
chip is fabricated. Although MEMS assisted and piezo-electric systems have been sug-
gested for changing waveguide length to control optical phase, these systems typically
require much larger footprint compared to the individual device and require significantly
high application of voltage for operation [65–67].

The other possibility is to impart change on the neff. Since the neff depends on both the
core and cladding refractive index, changing either of them or both will result in a change
in the neff. As a consequence, a handful of techniques have emerged to tune the phase of
the light in a photonic chip either based on the core material refractive index change or
the cladding material refractive index change. In 2.3, these are discussed in an organized
manner. These techniques are classified into three categories based on stimulation type,
volatile or non-volatile, and reversibility.



2.2: Fundamentals of reconfigurable photonics 19

b

a

Figure 2.2: Basic structure of feed-forward modular interconnected linear circuit. Opti-
cal phase shifters are shown in red. a. Implementation of 1 × 6 switch by engaging 6
relevant pairs of phase shifters (left) and output of one such system (right). b. Imple-
mentation of 3 × 3 interferometer (a Tritter) using 8 relevant pairs of phase shifters
(left) and output of one such system (right) [50].

2.2.3 Reconfigurable photonic integrated circuit concepts

The optical phase shifters can be used to realize photonic devices that can perform as a
switch as well as a power splitter depending on the tuning of the phase. To realize multiple
programmable functions from one photonic chip, a large number of these devices needs to
be placed in arrays. The core concept behind this arrangement is based on linear optical
circuits [46, 47]. They are tuned in a way that light is guided through this array that
replicates a photonic circuit - a combination of devices that serves a specific function.
Linear optical circuits can be used to demonstrate a plethora of optical functions such
as filters, switches, delay networks, switching networks, as well as quantum logic gates
[26, 32, 52].

One strategy for implementing linear circuit network is a feed-forward network, which
is an arrangement of repeated arrays of elements where the inputs only pass forward
toward the outputs as shown in Fig. 2.2 a,b. The phase shifters are tuned in such a way
that the user or designer can realize an interconnected system that can determines a 1
× 6 switch system or 3 × 3 interferometer system [50]. This is a convenient technique
for implementing reconfigurable PICs. However, feedback and delay lines can not be
implemented with this technique as the signal always propagates forward.

An alternative to the feed-forward network is the mesh lattice topology as shown in Fig.
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2.3 a. In this figure, a rectangular mesh network is shown. Light can pass through any
desired path forming loops and delay lines as shown in Fig. 2.3 b in this topology. This
enables a large number of choices for the designers. Later on, two different geometries
based on triangular lattice and hexagonal lattice are also available. A comparative study
between these geometries concluded that the hexagonal topology is the most flexible
network for implementing a large number of combinations in reconfigurable PICs [68].

a b

Figure 2.3: a. Schematic representation of the rectangular mesh lattice optical core.
Optical phase shifters are shown in blue bars. This generic 2D mesh network is made
of interconnected photonic Mach-Zehnder interferometers (MZIs). Each MZI can be
programmed to act either as a Bar, Cross or Coupler by tuning the phase shifter.
b. Examples of implementable PIC. By selecting the MZIs (yellow) and tuning them
properly one can assume a finite infinite response (FIR) filter or an infinite impulse
response (IIR) filter from one generic topology [25].

2.3 Technique for implementing optical phase shifter

In this section, techniques for implementing optical phase shifting are discussed through
the modulation of the refractive index of the core or the cladding material. These tech-
niques can be classified into three categories - active programming, one-shot non-volatile
programming, and reversible and non-volatile programming.
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2.3.1 Active programming

In this sub-section, techniques for changing the refractive index that requires continuous
stimulation are discussed. Fundamentally these techniques are volatile in nature, hence
continuous stimulation is required to preserve the tuned or programmed state and there-
fore collectively referred as active programming. Techniques that are frequently reported
in scientific articles and implemented for practical demonstrations are considered rele-
vant for discussion and therefore reported below.

• Thermo-optic effect (TOE) : The thermo-optic effect is the most commonly used
technique for realizing the tuning of photonic integrated devices. This phenomenon
is related to the change in the refractive index of the material when the temperature
of the material changes. The extent of change is material property dependent and this
is referred to as thermo-optic coefficient (dn/dT ). For example, crystalline silicon ex-
hibits dn/dT=1.86 × 10−4 while silicon oxynitride exhibits dn/dT=1.84 × 10−5 at
1550 nm [69,70]. Despite the variation of dn/dT based on material, this technique has
been widely adopted because of its simplicity in terms of implementation. A metal-
lic micro-heater on or around the waveguide can be implemented to transfer the heat
from the heating element towards the waveguide in order to locally induce refractive
index variation (Fig. 2.4). In Fig. 2.4 a, a schematic of a structure with metallic
micro-heating patch is transmitting heat towards a waveguide through the cladding. A
simulation of the heat flux from the heating element towards the waveguide is shown
in Fig. 2.4 b.

a b

Figure 2.4: Implementation of optical phase shifter on a photonic waveguide. a. Ar-
chitecture of metallic micro-heater on Si waveguide, b. Simulation of temperature
distribution over the waveguide. White arrows indicate heat flux. [71].

Depending on the required phase shift, one can design the length of this heating el-
ement on the waveguide and implement various photonic devices such as switching
elements, modulators, tunable-delay lines, tunable lasers etc. However, the downside
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of this technique is the continuous high power consumption. For example, the demon-
strated reconfigurable PICs based on this phase shifter requires on an average 0.25 W
per heater [49]. This also complicates thermal dissipation challenges for a densely
packed PIC as thermal-crosstalk between devices becomes an imminent problem. Be-
sides, a large arrays of heaters are required for large scale implementation that com-
plicates fabrication as well as the packaging of the chip. Also, an additional electronic
control circuit is required [25].

Figure 2.5: Schematic cross-section of the lithium niobates based modulator optical
waveguide and electric field interaction region. White arrows indicate field direction.
[72].

• Electro-optic effect : The electro-optic effect refers to the phenomenon where inter-
action of an electric field with a material results in a change in the optical property.
Therefore, modulation of optical phase takes place when a plane wave is traveling
through a medium that is susceptible to change in optical property because of the
modulating electric field (Fig. 2.5). There are different distinct phenomena related
to this effect. Among them, Pockels effect (linear electro-optic effect) and Kerr ef-
fect (quadratic electro-optic effect) are noteworthy to mention. However, these effects
are material property dependent and typically weak in nature. For example, lithium
niobate (LiNbO3) offers a high Pockels effect that can potentially enable the implemen-
tation of ultra-high speed electro-optic modulators [10]. On the other hand, Si does
not exhibit any Pockels effect due to its centrosymmetric crystalline structure. Being
a weak effect, implementation of phase shifter requires longer electrodes, which in-
crease the footprint of the device and efficient implementation requires very specific
material that complicates fabrication. Besides, the requirement of a large number of
electrodes means complication in packaging.
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• Free-carrier dispersion : This phenomenon refers to the change in the real and imagi-
nary part of the refractive index by changing the free carrier concentration of an optical
material. Fast recombination process of these free carriers in semiconductor material
can be exploited for fast optical switching process and enables demonstration of ultra-
high speed modulator. The implementation of phase shifter requires p-n or p-i-n type
diode structures. These diode structures can be classified in three types: (a) carrier
accumulation type, (b) carrier injection type and (c) carrier depletion type as shown
in Fig. 2.6. Implementation of this type of phase shifter requires complicated fabrica-
tion process. Besides, increase of free carrier in the light-guiding waveguide increases
absorption, which results in higher optical loss. On top of this, doping of the waveg-
uide material results in higher optical loss compared to undoped material. Hence, this
technique results in increased optical loss during programming and at the same time,
it requires constant power to hold the programmed state.

a b c

Figure 2.6: Schematic cross-section of device structure for implementing free-carrier
dispersion-based SOI optical modulator. a. Carrier accumulation, b. Carrier injec-
tion and c. Carrier depletion [73].

• Liquid crystal cladding for phase modulator : Liquid crystals (LCs) are organic
materials that are in an intermediate state of matter, between solid and liquid. Because
of their anisotropy, LCs are birefrigerant material. The thermotropic nematic class of
LC can go through a certain degree of orientation under-stimulation. Upon application
of stimulation (e.g. electric field, light), the degree of orientation results in a change
in the refractive index (∆ n) from extraordinary ne to ordinary no state, which can be
as high as 0.5 [74]. Because of such contrasting change, LC can be used as a cladding
material to demonstrate phase shifters by applying the electric field as shown in Fig.
2.7. The evanescent field of the light-guiding mode can interacts with the changing
refractive index in the cladding and results in a change in effective refractive index, neff,
of the mode. This is the basis of such cladding based active phase shifter. However,
LC has to be integrated as a liquid containing cell on the photonic device. Therefore,
fabrication of large scale reconfigurable PICs would require meshes of liquid crystal
cells arranged over the PIC.
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a b

Figure 2.7: Liquid crystal for optical phase shifter. a. Schematic of a device structure
with a liquid crystal cell as a phase shifter. b. Cross-section of the waveguide geometry
and electrode configuration for the LC cladding. ne being the extraordinary (high) and
no being the ordinary (low) refractive index axis. [75].

2.3.2 One-shot non-volatile programming

In this sub-section, techniques proposed for non-volatile and permanent changes in opti-
cal properties post-stimulation are discussed. These techniques are commonly presented
as means for correcting fabrication related issues - commonly referred to as ’trimming’.
The permanent nature makes it difficult to assume reconfigurable photonics with full
potential. For prototyping and ease of implementation, it is desirable to have reversible
property as one can reconfigure utilize one chip multiple times. Also, it opens up the pos-
sibility for updating one’s design with remissions of previous errors. Nonetheless, these
are discussed as one can still use these techniques to realize post-fabrication ’one-shot’
programming of PIC.

• Photodarkening effect : Amorphous chalcogenide glass type materials (e.g. As2S3)
exhibit a certain type of photo-sensitivity that is known as ’photodarkening effect’.
Visible light irradiating on this material results in increase of the effective refractive
index (∆neff) up to 3.2× 10−2, which is non-reversible and non-volatile in nature [76].
Utilizing this effect, a programmable delay line based on As2S3 micro-ring resonator
(MRR) was demonstrated as shown in Fig. 2.8. With selectively irradiating on each
of the cascaded ring structures, the delay can be programmed from 0 ps to 52 ps.
Similarly, ∆neff up to 1.6 × 10−2 can be realized when As2S3 is used as a cladding
material on SOI-based MRR [77].
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Figure 2.8: Demonstration of programmable coupled-resonator delay line based on
amorphous As2S3 waveguide on SiO2. Delay response corresponding to 10 Gbit/s
eye diagram is on the right. a. N=0 reference delay, b. N=3, 32 ps delay and c. N=4,
52 ps delay [76].

• Electric-field driven nano-oxidation : This technique utilizes atomic force microscopy
(AFM) metallic tip for tuning photonic device by locally oxidizing the surface. It has
been demonstrated on a Si-based micro-ring resonator (MRR) device with the con-
stituent waveguide in air cladding as shown in Fig. 2.9. When voltage is applied to the
tip, it locally oxidizes the surface of the Si waveguide. As the surface now has lower
refractive index, the guiding mode shifts downward because of the reduced effective
refractive index. Serially scanning with the tip on the waveguide, one can realize the
desired phase shift to tune the device. In this case, after 25 of these scans on the indi-
cated waveguide section, one full FSR shift of the resonance can be obtained. Because
this technique relies on reducing the refractive index, only blue-shift of the transfer
function can be realized.

• UV-trimming of hydrogenated amorphous silicon : High-intensity UV-light can be
used to tune hydrogenated amorphous silicon (a-Si:H) based photonic devices. A 405
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Figure 2.9: Tuning Si-based MRR with electic-field nano-oxidation enable via AFM
metallic tip. a. Schematic of the setup with metallic AFM tip serially forming lo-
cal oxidation to tune the resonator. b. Scanning electron microscope (SEM) image of
the micro-ring resonator with the scanning section. c. Measurements of the response
over 25 oxidation scans shows a consistent blue-shift [78].

nm UV-light source, irradiating at an intensity of 3.8 × 10−4 W/µm can be used for
tuning of the a-Si:H-based micro-ring resonator device. The tuning range exceeds 8
nm and the spectral accuracy of tuning of around 20 pm can be achieved. Desorption
of hydrogen without increasing substantial loss with dangling bond density can result
in refractive index reduction for a-Si:H [79]. This can be one possible reason behind
the observed blue-shift when irradiating the sample with UV-light [80]. Increasing the
power of the UV-light source increases the effect that eventually saturates. Increasing
the exposure dose can be also applied for engineering shift in response (Fig. 2.10).

a b

Figure 2.10: Tuning a hydrogenated amorphous silicon micro-ring resonator with a 405
nm UV light. a. MRR resonance blue-shift with respect to irradiation time and power.
b. Wavelength shift with respect to exposure dose [80].
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• Electron beam induced compaction : For the SOI-based photonic devices, an in-
teresting means for tuning the device can be irradiation with an electron beam. The
electron beam can induce compaction of the SiO2 layer surrounding the Si waveg-
uides. As a result of this compaction, strain increases in the Si waveguide core [81].
Altogether, this results in increase of the effective refractive index (∆neff). This was
demonstrated with red-shift of the response of the micro-ring resonator (MRR) by 4.91
nm [81]. With a higher beam current, the effect is observed to be accelerated. How-
ever, decrease in Q-factor from 1.7 × 104 at 1527 nm to 1.0 × 104 at 1528 nm is
observed (Fig. 2.11) as well, which indicates an increase in optical loss because of the
electron beam induced defects in the Si waveguide.

a b

Figure 2.11: Tuning of a silicon micro-ring resonator with electron-beam induced com-
paction. a. Three steps with electron-beam currents to tune the device. Red lines
indicate the actual beam induced shift and black lines show settling after the irradi-
ation. Higher beam current induces a faster change. b. Evolution of the resonance
shift during the beam irradiation showing continuously decreasing Q-factor from 1.7
× 104 at 1527 nm to 1.0 × 104 at 1528 nm [81].

2.3.3 Reversible and non-volatile programming

In this subsection, techniques that result in a reversible and non-volatile changes in optical
properties are discussed. These two attributes can be valuable in realizing reconfigurable
photonics.

• Optical-phase change material integration : Optical-phase change materials (O-
PCMs) are a unique class of materials that can go through the transitions between
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amorphous and crystalline states interchangeably in response to a stimulus such as tem-
perature, applied voltage or high-intensity light exposure. Generally, chalcogen based
metalloids (e.g. Ge2Sb2Te5 (GST ), Ge2Sb2Se4Te1 (GSST) etc.) and transition metal
oxides (e.g. VO2) are the most commonly studied O-PCM for photonic applications.
The amorphous-crystalline transition states are stable at room temperature conditions.
Because of such extreme phase transitions, these materials exhibit extreme changes in
optical properties - refractive index, n and extinction coefficient, K.

a b

dc

Figure 2.12: Hybrid GST-Si reconfigurable micro-ring resonator (MRR). a. Optical
properties (refractive index, n and extinction coefficient, K) of GST corresponding to
amorphous and crystalline phase. b. X-ray diffraction (XRD) measurement for crys-
talline GST showing characteristic crystalline orientation peaks, which is not present
when switched to amorphous phase. c. MRR output response concerning the varying
length of GST patch on Si waveguide. d. Optical microscope image of the MRR with
GST patch on the device switched between amorphous and crystalline phases [61].

As shown in Fig. 2.12a, n can change up to 2.2 at 1550 nm between amorphous and
crystalline states for GST. However, K also increases significantly (≈ 1) as the material
switches from amorphous to crystalline state. In Fig. 2.12 b, XRD measurement
confirms the switching on the material properties between amorphous and crystalline
states. The characteristic crystalline orientation peaks are not present when switching
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to amorphous phase. Effect of these transition of photonic device is studied with an
SOI-based 20 µm micro-ring resonators with varying GST patch length (L) and for
20 nm GST thickness. As shown in Fig. 2.12 c, the resonance of the MRR response
corresponding to the crystalline state of the GST is not visible for L>2 µm. Because
of the large increase in the absorption, the extinction of the switching state is lost and
a significant decrease in the Q-factor, which is visible for the L=1 µm case. Therefore,
the full potential of the refractive index change is not realizable for O-PCM integrated
photonic devices. In addition, the amorphous state is not completely loss-less due to
the metallic nature of O-PCM. The optical propagation loss in the amorphous state
is 0.5 dB/µm, which can increase up to 10 dB/µm in the crystalline state for GST
[58, 61]. Because of these reasons, large scale implementation of this technique with
mesh architecture of switch is difficult to realize.

Figure 2.13: Ge ion implantation on Si for reconfigurable photonic device. a. Structure
of the implanted waveguide with Si rib waveguide. b. Ge implantation depth and dam-
age profile. c. 1×2 splitter can be realized with implanted Ge waveguide d. Tuning of
a 1×2 splitter with a implanted Ge waveguide in between two Si waveguides [82].

• Ion implantation for reconfigurable photonics : Germanium (Ge) ion implantation
on Si can significantly increase the refractive index around the irradiation area. In-
terestingly, this effect can be reversed by annealing [83]. This technique is used to
demonstrate the ion-implanted definition of the erasable waveguides and directional
couplers. The schematic cross-section of such an implanted waveguide structure along
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with a conventional Si-based rib waveguide is shown in Fig. 2.13 a. In Fig. 2.13 b,
simulation of the Ge ion-implanted damage profile is presented using Silvaco soft-
ware tool. This implantation damage is the fundamental basis of the refractive index
increase. However, this also means a significant increase in the optical loss within
such a waveguide. For 560 nm wide implanted waveguide, measured waveguide loss
is around 33 dB/mm [82]. With this technique, waveguide can be written to form two
different designs directional couplers (Fig. 2.13 c-f). Also, using a laser annealing
process the defined waveguide structures can be erased by serially annealing the im-
planted waveguide section. However, the need for Ge ion implantation system and
laser annealing setup is not convenient for users and designer with a much lower level
of complexity.

2.4 Conclusions

Arrays of optical phase shifters are the fundamental basis for implementing reconfig-
urable PICs. The background behind the confinement and propagation of light within
an optical waveguide is discussed and it is pointed out that the optical phase tuning of a
propagating light can be achieved either by adjusting the propagation length or the effec-
tive refractive index of the waveguide. Modulating the effective refractive index of the
waveguide has been the practical technique for implementing optical phase shifter and
different techniques have been demonstrated until now. However, continuous high-power
consumption to support the programmed state and high-optical loss associated, and with
the material or with the programming techniques are limiting the realization of the large
scale implementation of reconfigurable PICs. Therefore, novel techniques for imple-
menting reconfigurable photonics are explored in this research work, which supports the
implementation of reversible and non-volatile optical phase shifters with negligible op-
tical loss.



3
Metastable refractive index of a-Si:H in

the near-Infrared

This chapter presents the demonstration of the metastable refractive index of hydro-
genated amorphous silicon (a-Si:H) by exploiting the metastable properties. A brief
description of the metastable properties is presented. A discussion on the sensitive thin-
film Fabry-Pérot cavity-based interferometric system and fabrication of the device is in-
cluded, which is utilized to study the change in refractive index in the NIR spectrum.
Besides, discussions are made with in-depth material characterizations to elucidate the
observed refractive index changes from the interferometric experiment. Finally, the in-
trinsic material properties and their role in the observed refractive index change are
discussed.

31
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3.1 Introduction

Amorphous silicon (a-Si) is the non-crystalline form of silicon that can be deposited
with a variety of plasma-enhanced techniques. From room temperature to higher tem-
peratures, different conditions can be used to prepare a-Si. This is what made this ma-
terial an interesting candidate for substituting crystalline silicon (c-Si) that has been the
backbone of the semiconductor industry. But, intrinsic a-Si contains a large number of
defects called dangling bonds that need passivation using hydrogen for practical applica-
tions (Fig. 3.1). Hydrogenated amorphous silicon (a-Si:H) has been intensively studied
since the 1960s and a variety of applications, such as sensors, displays and (thin-film)
photovoltaic technologies have emerged [84, 85]. Also, a-Si:H has proven to be an in-
teresting material for photonic applications for advantages like low-cost deposition on
virtually any substrate, CMOS back-end interconnects and high optical non-linearity to
name a few [86–89].

Figure 3.1: Schematic representation of silicon structures a. Crystalline silicon (c-Si)
structure where Si atoms are held together in an ordered fashion. b. Amorphous
silicon (a-Si) structure where Si atoms are held together in a random fashion. Oc-
casionally there are dangling bond defects that are unsatisfied valence bond of Si.
c. Hydrogenated amorphous silicon (a-Si:H) with hydrogen passivating the dangling
bonds [90].

One peculiar property of a-Si:H that makes it different from many other materials includ-
ing crystalline Si, are its metastable properties. a-Si:H exhibits light-induced effects that
are stable and reversible after annealing, which are therefore called metastable effects. A
brief discussion of these metastable properties is made in this chapter. However, near-
infrared (NIR) optical property change in connection to these metastable properties has
not been thoroughly investigated. If indeed properly identified and characterized, such re-
versible optical properties may find application in reversible programmable photonic in-
tegrated circuits (PICs). Therefore, the effects of annealing and prolonged high-intensity
light soaking on a-Si:H’s near-infrared (NIR) optical properties are studied in this chap-
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ter. A specifically designed highly sensitive thin-film Fabry-Pérot interferometric system
was used to study the effects of annealing and high-intensity light soaking cycles. Dis-
cussions on the design of this experimental system and associated results are presented
here. To understand the interferometric experimental results better, material characteri-
zation techniques such as Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Pho-
toelectron Spectroscopy (XPS) and Raman spectroscopy measurements are performed
in parallel. These results are elaborated in this chapter as well. Finally, the a-Si:H from
obtained two different deposition temperature conditions were also investigated with the
interferometric setup and a comparative discussion is presented here.

3.2 Metastable properties of a-Si:H

a b

Figure 3.2: Metastable defects or light-induced degradation of a-Si:H. a. Conductiv-
ity with respect to time before, during and after the light soaking with 200 mW/cm2

source in the wavelength 600-900 nm [91]. b. Evolution of a-Si:H and pm-Si:H based
thin-film solar cell efficiency during cycles of 10 hours of light soaking followed by
annealing (160 ◦C for 2 hours) [92].

In 1976, Carlson and Wronski demonstrated the world’s first thin-film solar cell with a-
Si:H that had 2.4 % conversion efficiency [93]. Shortly after this demonstration, Staebler
and Wronski reported an interesting observation in their seminal 1977 paper that later
came to be known as ’Staebler-Wronski effect (SWE)’. A visible light source (600-900
nm) exposure with 200 mW/cm2 intensity at room temperature condition dramatically
decreases both the dark conductivity and photoconductivity of a-Si:H. This is shown in
Fig. 3.2a. The dark conductivity measured before the light exposure is shown to be stable
and indicated as state A. Light exposure increased the photoconductivity initially, which
started to decrease monotonously over the next two hours during exposure. The dark



34 Chapter 3: Metastable refractive index of a-Si:H in the near-Infrared

conductivity measured after the light soaking showed a decrease of conductivity by four
orders of magnitude and indicated as state B. Subsequent annealing in the dark at 150 ◦C
or above recovered the conductivity.

Later, it was discovered that the decrease in conductivity was related to the creation of
defects in the intra-band gap states that are added to the existing native defects. It was
also understood that the existence of hydrogen and associated nano-structures (vacan-
cies and voids) play vital roles in this metastability as intrinsic a-Si or c-Si don’t exhibit
this property [94, 95]. Because of the light-induced defect creation, thin-film solar cells
show the degradation of their efficiency during light exposure that can be recovered by
annealing as shown in Fig. 3.2b. This process can be done in cycles of degradation and
recovery as well. Hereby it should be noted that the SWE is not equally pronounced in all
types of a-Si:H and in some cases, e.g., the so-called polymorphous silicon (pm-Si:H),
irreversible light-induced degradation (LID) has been reported [92].

a b

Figure 3.3: Metastable stress change of a-Si:H. a. Schematic representation of the
optical-cantilever bending method to measure the bending of a-Si:H/quartz bimorph
structure during light soaking and annealing [96]. b. Evolution of displacement sig-
nal during light soaking, light-off and after thermal annealing (200 ◦C for 2 hours)
[97].

After the first observation of the SWE, tremendous effort has been made for the last 40
years to eliminate this deleterious effect of thin-film solar cells. During this time, other
forms of metastable properties of a-Si:H were discovered in connection to the SWE. In
1995, Fritzche postulated that photo-induced structural changes can occur in addition to
the metastable defect creation [98]. To find this connection, an optical cantilever based
experimental system was used (as shown in Fig. 3.3a) to study the stress change of a-
Si:H as a result of light soaking and annealing [96]. These experiments demonstrated that
metastable stress change of a-Si:H during light soaking as indicated by the displacement
of the reflected signal. This change in stress can be annealed out to start again the light-



3.2: Metastable properties of a-Si:H 35

induced displacement of the signal (as shown in Fig. 3.3b). Also, it was shown that the
light-off period between light soaking and annealing is stable [97].

Figure 3.4: Time evolution comparison between light-induced volumetric expansion (∆
V /V ) and defect density (N d) [99].

The deflection measured with the optical-cantilever based system can be translated as
an expansion of the a-Si:H film due to light exposure. Furthermore, It was determined
that the relative volume expansion was 4.2×10−6 [99]. Follow up research with a wide
variety of a-Si:H deposited with different deposition condition found this metastable vol-
umetric expansion to be in the order of 10−3 [100]. Further investigations have also in-
dicated metastable Si-Si binding energy changes, Si-H vibrational energy changes and
specific heat and internal friction changes corresponding to a two-level system (TLS)
that can be explained with the metastable structural changes of a-Si:H [101–103]. Con-
sequently, the relation of these metastable properties with optical properties (refractive
index, n and extinction coefficient, k) was reported by spectroscopic ellipsometry (SE)
measurements predominantly in the UV-spectrum (around 3.5 eV) [104, 105]. More re-
cently, Kuyken observed the degradation of the non-linear property of a-Si:H that can be
recovered by annealing and this was demonstrated in cycles [106].

While considerable scientific effort has been spent on investigating the phenomenon in
photovoltaic cells, its potential application for programmable photonics by exploring po-
tential optical property change in the NIR spectrum has remained unexplored [107,108].
Therefore, the effects of prolonged high-intensity light soaking and annealing on a-Si:H
on the near-infrared (NIR) optical properties are studied in this work.
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3.3 Experimental details

3.3.1 Thin-film Fabry-Pérot interferometry

An interferometric technique based on thin-film Fabry-Pérot cavities was adopted to
study the minute changes resulting from annealing and prolonged high-intensity light
soaking on a-Si:H. Multiple layers of thin-films can be used to engineer the interference
of the reflecting light so that an anti-reflection (AR) response is produced. For a multi-
layer thin-film stack, the accumulated Fresnel reflection coefficient, Γi for M number of
films having M+1 number of interfaces can be determined with the following recursive
equation [109]:

Γi =
ρi + Γi+1e

-2jkili

1 + ρiΓi+1e-2jkili
(3.1)

where:

• i = layer number (M, M-1, ..., ..., 1),

• ρi = Fresnel reflection coefficient,

• kili = phase length,

• ΓM+1 = ρM+1.

Depending on the angle of incidence, the phase length corresponding to the thin-film
layer can be determined from the following expression:

kili =
2π

λ
nidi cos θi (3.2)

where:

• ni = refractive index corresponding to the ith layer,

• di = thickness corresponding to the ith layer,

• θi = angle of incidence of light corresponding to the ith layer,

• λ = wavelength.
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The AR-coating is designed and characterized in the near-infrared (NIR) because of the
fact that the majority of optical communication based PICs are fabricated and used in
this wavelength range (related to the low absorption of light with a wavelength above
1100 nm in silica based optical fibers). To maximize the destructive interference i.e. to
obtain a narrow AR response in the NIR spectrum, a SiO2 thin-film with a-Si:H thin-film
was used in this work as shown in Fig. 3.5. Three interfaces are formed for the light to
reflect from. Since, the substrate is much thicker compared to the thin-films and has an
unpolished back surface, back-reflection from this back surface can be neglected. This is
especially true when the incident light is not perpendicular.

Figure 3.5: Schematic representation of anti-reflection coating with a-Si:H and SiO2 on
the crystalline silicon substrate (unpolished back surface).

Frequency, incidence angle of light and polarization of light along with thicknesses (d)
and refractive indices (n) of the thin-films are all relevant parameters for designing such
a resonant structure. Since the optical property of a-Si:H and SiO2 are constant, design
of the AR-coating in the NIR is done by determining the right combination of the thick-
nesses of these two layers. The angle of incidence of light is also an important criterion
for optimum AR response. Therefore, the optical setup is made such that the angle of in-
cidence can be varied, to overcome the fabrication tolerance like thickness inaccuracy of
the deposited films. The reflection response at the interface 1, Γ1, is related to interface
2, Γ2, by the following equations derived from equation 3.1:

Γ2 =
ρ1 + ρ2e

-2jk2l2

1 + ρ1ρ2e-2jk2l2
(3.3)

Γ1 =
ρ0 + Γ2e

-2jk1l1

1 + ρ0Γ2e-2jk1l1
(3.4)
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The finite polarization extinction ratio of the laser source and the polarization filters can
be a limiting factor in realizing the true reflection response from a fabricated AR-coating.
As a result, the measured reflectance (R1=Γ1

2) expression has to be modified:

R1[dB] = 10×log10[spower×(
ρ0s + Γ1se

-2jk1l1

1 + ρ0sΓ1se-2jk1l1
)2+ppower×(

ρ0p + Γ1pe
-2jk1l1

1 + ρ0pΓ1pe-2jk1l1
)2] (3.5)

where:

• spower = Transverse Electric (TE) polarized light power fraction,

• ppower = Transverse Magnetic (TM) polarized light power fraction.

Figure 3.6: NIR AR-coating and measurement setup. a. The resonant device was fab-
ricated with pre-defined a-Si:H and SiO2 thicknesses on a silicon substrate as shown
by the SEM cross-section. At a certain angle of incidence and wavelength, destructive
interference will occur, yielding a sharp reflectance minimum. b. The schematic of
the measurement setup is shown here. Collimated and polarized light from a tunable
laser (1465 1575 nm) was used to scan the wavelength and measured reflected power
at a power meter from the sample. (PMF: polarization maintaining fiber).

The above reflectance expression was used to design the anti-reflection coating used for
the experiment as well as for the fitting of the measurement data. A thin-film stack con-
sisting of a-Si:H (d = 265 ± 2 nm) on SiO2 (d = 119 ± 1 nm) was fabricated as per the
design to fabricate the AR-coating in the near-infrared spectrum as shown in Fig. 3.6a.
The schematic of the measurement setup is shown in Fig. 3.6b. The sample holder was
maintained at 20 ◦C throughout the experiment. The sample was placed on the holder
and a vacuum pump was used to maintain the position of the sample. A tunable laser
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source (1465− 1575 mn) was used to scan the wavelength with a wavelength step of 0.1
nm. Laser light guided through a polarization maintaining fiber (PMF) was collimated
by a fiber collimator. Then the 3 mm collimated beam was launched through a polariza-
tion filter on the sample and reflected light was collected by a power meter. The sample
holder was held on a rotatable mount so that the optimum angle can be set for obtaining
minimum reflection.

1460 1480 1500 1520 1540 1560 1580
-45

-40

-35

-30

-25

-20

-15

-10

R
ef

le
ct

an
ce

(d
B

)

Wavelength (nm)

Measurement
Simulation

1500 1505 1510 1515 1520
-45

-40

-35

-30

R
ef

le
ct

an
ce

(d
B)

Wavelength (nm)

Simulation
+0.1% n
- 0.1% d

ba

Figure 3.7: NIR AR-coating measured response and sensitivity. a. The reflectance mea-
surement shows a steep drop in intensity at a certain wavelength that corresponds
to the destructive interference condition. The simulation matches well with the mea-
surement. b. The resonant device is extremely sensitive to minute changes in internal
(refractive index, n) and external (film thickness, d) properties.

At an incidence angle (θi) of 11.3◦ , the measured response as reflectance from the res-
onant structure is shown in Fig. 3.7a. The reflectance reaches its minimum because of
the maximum destructive interference at 1508.65 nm. Simulations show a good fit with
the measured reflectance considering the refractive indices (na-Si:H = 3.184 and nSiO2 =
1.456) and thickness of the thin films (da-Si:H = 265.6 nm and dSiO2 = 119.5). These reso-
nant devices are extremely sensitive to changes in refractive index (n) and/or thickness (d)
of the a-Si:H film. Hence, similar devices based on thin-film interferometry are suggested
for switchable high-resolution reflective color displays based on O-PCM [60, 110–112].
A simulation of the sensitivity of the structure (Fig. 3.7b) shows that for an increase in n
as small as 0.1 %, a red-shift of the reflectance minimum position by 1.55 nm is obtained.
And, a blue-shift if n decreases by 0.1 %. Similarly, a 0.1 % decrease in d will result in a
blue-shift (by 1.3 nm) and vice versa for an increase in d. Therefore, this resonant device
is suitable for studying any minute changes that may be induced by annealing and light
soaking.



40 Chapter 3: Metastable refractive index of a-Si:H in the near-Infrared

3.3.2 Sample preparation measurement setup

Crystalline silicon (<100> crystal orientation, un-doped, single side polished (SSP) and
280 µm thickness) crystal orientation was used as a substrate. The substrate was cleaned
in 1 % HF for 1 minute. Subsequently, 119.5 ± 1 nm and 123 ± 1.5 nm silicon oxide
were deposited using a plasma-enhanced chemical vapor deposition (PECVD) reactor
Plasmalab System 100 from Oxford Instruments for two samples. The SiO2 layer was de-
posited at 300 ◦C deposition temperature, 1000 mTorr pressure, and 20 W plasma power
to dissociate 8.5 sccm silane (SiH4), 161.5 sccm nitrogen (N2) and 710 sccm nitrous ox-
ide (N2O) flow. The typical deposition rate was 1.18 nm/sec. The deposited SiO2 was
annealed at 900 ◦C in vacuum for an hour with a rapid thermal annealing system (RTA) by
Jipelec JetFirst. After this post-deposition annealing, 265 ± 2 nm a-Si:H was deposited
on 119.5 ± 1 nm thick SiO2 with an inductively coupled plasma-enhanced chemical va-
por deposition (ICP-PECVD) PlasmaLab 100 system from Oxford Instruments. Silane
(SiH4) precursor gas was diluted with argon (Ar) gas for deposition. The flow-rate of SiH4
and Ar were 12 sccm and 48 sccm, respectively. The plasma power was 600 W and the
pressure during the deposition was maintained at 10 mTorr. The deposition temperature
was 80 ◦C. For these deposition conditions, the typical deposition rate was 0.14 nm/sec.
Another sample was prepared with a-Si:H with 247.7± 1.6 nm thickness deposited with
the following conditions: The flow-rate of SiH4 was 30 sccm and Ar was 30 sccm. The
plasma power was 600 W and the pressure during the deposition was maintained at 10
mTorr. The deposition temperature was 300 ◦C. The deposition rate was 0.21 nm/sec. A
Keysight 81980A (1465 1575 nm) tunable laser was used and scanned with 0.1 nm steps
for the reflectance measurement. The wavelength corresponding power was measured
using a Keysight 81532A power meter. Thorlabs F260FC-550 3 mm beam collimators
were used to launch and collect the light. A Newport 10LP-NIR polarization filter with
a 30 dB polarization extinction ratio was used. A polarization filter and collimators were
mounted on a Newport M-RS65 rotation stage for optimum polarization control.

3.3.3 Light soaking and annealing

The measurement setup was made in such a way that it is was possible to perform light
soaking without moving any parts of the systems. The lamp could be carefully placed
and removed without disturbing any components. In addition, the sample was placed in
a marked position to ensure measurement on the same spot after annealing. The power
intensity was determined to be 470 mW/cm2 using a pyranometer (LSI LASTEM). The
measured spectrum of the lamp extends between 410−800 nm range (see Appendix A.1).
The light soaking treatments on the samples was done using a home-built setup with a
concentrated LED 4000K cool white source. Typically, light-induced degradation (LID)
is studied during 1000 hours at a light intensity of 1 sun (100mW/cm2) at 25 ◦C [105]. In
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this work, light soaking was performed for 300 hours at 470 mW/cm2 intensity to reach
saturation. The ambient conditions during light soaking was the following : temperature
22± 2◦ C and relative humidity around 35− 45%. The sample holder was water-cooled
at 20 ◦C during the light soaking treatment. Annealing was performed in a vacuum oven
at 180 ◦C for four hours in a nitrogen (N2) environment (1 bar pressure). The temperature
ramping condition was 5 ◦C/min and the system was convectively cooled down to room
temperature before opening the oven.

3.3.4 Material Characterization

Film thickness, deposition rate, and optical properties were determined by Spectroscopic
Ellipsometry (SE) using a J.A. Woollam Co. M2000D with a rotating compensator. The
measured spectrum was between 196 nm and 1000 nm at different angles, i.e. 65◦, 70◦
and 75◦. The SiO2 layer was modeled with a Cauchy dispersion relation. The a-Si:H
layer was modeled with a Tauc-Lorentz (TL) oscillator [113]. The analysis was done
using the proprietary software CompleteEASE. Consistency in the Si- and O-bonded hy-
drogen content in the film after every annealing step in the experiment was done by a
Bruker Tensor 27 Fourier Transform Infrared (FTIR) spectrometer. The measurements
were done in transmission mode between 340 cm-1 to 7000 cm-1. The crystallinity in
the film was investigated using Raman Spectroscopy using a Renishaw Invia Raman Mi-
croscope. The measured signals were acquired in backscattering geometry and data ac-
quired between 100 cm-1 to 900 cm-1. The Raman signal was excited using a 514 nm
laser. Measurement parameters were chosen to be 1 % of the laser power with 10 scans
of 10 seconds for each measurement after carefully checking that the crystallinity of the
film remained unaffected by the laser. The corresponding results are discussed in the
following ’Results and discussion’ section (3.4).

3.4 Results and discussion

3.4.1 Annealing and light soaking effects on thin-film interference

The AR-coating response prepared from 80 ◦C a-Si:H was measured after fabrication
and then measured after each annealing and light soaking steps. Measurements were
performed as the sample holder temperature was maintained at 20 ◦C after annealing
and light soaking steps. During light soaking, measurements were performed in steps
to study the dynamics of light-induced change. The annealing and light soaking was
performed in a cyclic manner throughout the experiment. The flow of the measurement
scheme is shown in Fig. 3.8a.
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Figure 3.8: The flow of measurements with the thin-interferometry setup. After fabrica-
tion first measurement was made. Then after annealing and light soaking treatments
were made in a cyclic manner.

The reflectance minimum wavelength of the as-fabricated AR-coating was recorded to be
1508.65 nm as shown in Fig. 3.9a. The as-fabricated device showed a blue-shift of 0.15
nm (1508.50 nm) within 26 hours of ageing, which was sustained even after annealing the
sample for the first time. Ageing refers to the step where the sample was left in the ambient
conditions (temperature 22±2◦ C and relative humidity around 35−45%). A blue-shift of
2.20 nm (1506.30 nm) was observed after annealing the sample at 180 ◦C for four hours in
N2 environment. Ageing 250 hours after annealing, a slow blue-shift of 0.40 nm (1505.90
nm) was observed. The sample was light-soaked for 300 hours until saturation of the blue-
shift effect, which was measured to be 1.05 nm (1504.85 nm). Annealing the sample yet
again showed another blue-shift of 0.95 nm (1503.90 nm). Until this point, we observed
only blue-shifts of the reflectance minimum wavelength position from the as-fabricated
position by a combined shift of 4.75 nm in total. However, the next light soaking period
resulted in a 0.40 nm red-shift (1504.30 nm) indicating the onset of reversibility of the
position of reflectance minimum position. From here onwards, annealing resulted in a
blue-shift of the reflectance minimum wavelength that can be reversed by light soaking
and the magnitude of reversibility is around 0.4 nm, as is shown in Fig. 3.9a. Interesting
to note is that the light-induced reversibility clearly saturated after 120 hours of light
soaking. Also, the data points corresponding to the annealed states showed a saturating
behavior after the sample has passed through a couple of annealing steps. This suggests
that the repeatability of the reversibility improves after a couple of cycles of annealing
and light soaking. Finally, there was an ageing period of 35 hours after the last annealing
treatment, which showed the stability of the measured state, unlike the initial waiting
periods that resulted in blue-shifts.

The initial irreversibility is believed to be related to a higher extent of change (a larger
magnitude), which conceals the comparatively smaller light-induced reversibility. Ox-
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Figure 3.9: Annealing and light soaking experiment with thin-film interferometry. a.
The shift of the reflectance minimum position as the sample went through cycles of
annealing and light soaking treatments (1 cycle = 1 annealing and 1 light soaking
treatment). b. Effective refractive index change obtained from fitting of the measured
data after each annealing and light soaking treatment.

idation of the surface and loss of hydrogen were reported to cause decrease in the re-
fractive index, and therefore can be related to the observed initial-irreversilibity mani-
fested as blue-shift [79, 114, 115]. Also, observation of initial irreversibility is similarly
made for the thin-film solar cells as there is also an initial onset of degradation of the
photoconductivity and solar cell efficiency that cannot be recovered by annealing after
light soaking [116]. The reversibility and repeatability improve once these irreversible
changes have taken place. The changes in the effective refractive index after each cycle
of annealing and light soaking treatments are shown in Fig. 3.9b. As expected, the ini-
tial irreversible blue-shift corresponds to a decrease of the effective refractive index. The
red-shift associated with light soaking is linked with an increase of the effective refractive
index and the reversible effective refractive index change (∆n) is estimated to be around
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0.001.

3.4.2 Annealing and light soaking effects on material property

In parallel with the measurements reported above, Fourier Transform Infrared Spec-
troscopy (FTIR), X-Ray Photoelectron Spectroscopy (XPS) and Raman spectroscopy
measurements were performed to isolate the factors contributing to initial irreversibil-
ity. These are discussed in the following.
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Figure 3.10: FTIR measurements of the thin film resonant Fabry-Pérot cavity with a-Si:H
and SiO2 after several consecutive cycles of annealing and light soaking treatments. a.
Changes in the Si-H stretching mode absorption (lower stretching mode ∼ 2000 cm-1

and higher stretching mode ∼ 2100 cm-1). b. Changes in the Si-O stretching mode
absorption after the annealing and light soaking treatments (in-phase stretching mode
∼ 1075 cm-1 and out-of-phase stretching mode absorption is between 1130 and 1150
cm-1). (cyc : cycle, Ann : annealing, LS : light soaking)

• FTIR spectroscopy is a popular characterization technique for a-Si:H to determine hy-
drogen content, mass density and microstructure parameters, which are relevant to
assess the presence and distribution of vacancies and voids in the film [95, 117, 118].
The lower stretching mode (LSM) and higher stretching mode (HSM) vibrational ab-
sorptions are characteristics of silicon hydride (Si-Hx) bonds, that can be found around
2000 cm-1 and 2100 cm-1 respectively. LSM is associated with silicon monohydride
bond (Si-H) and HSM is associated with silicon hydride bonds (Si-Hx) around vacan-
cies and nano-sized voids [95, 116, 117, 119]. Besides, the change in silicon oxide
(Si-O) was investigated by monitoring stretching mode absorption change from the
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FTIR measurements. The characteristic band peak around 1075 cm-1 corresponds to
in-phase stretching mode absorption and a broad shoulder around 1130 − 1150 cm-1

corresponds to out-of-phase stretching mode absorption [120]. The FTIR measure-
ments corresponding to cycles of annealing and light soaking on the resonant device
are shown in Fig. 3.10.
The peak values of the measurements around 2000 cm-1 corresponding to hydrogen
content and 1075 cm-1 corresponding to oxygen content are extracted and shown in
Fig. 3.11. From Fig. 3.11, it is evident that the peak-absorbance corresponding to
Si-H decreases from its as-deposited condition after the first annealing and continues
to decrease after the first light soaking step as well. This exponentially decreased and
stabilization appeared after more annealing and light soaking cycles. This is a clear in-
dication of the loss of hydrogen during annealing and light soaking that was previously
reported from the study of light-induced degradation of thin-film solar cells [121,122].
From the measurements, the peak-absorbance corresponding to Si-O increased after
the first cycle of annealing and light soaking. It was also clearly demonstrated a satu-
rating behavior for the annealing and light soaking cycles afterward. As a result, it can
be concluded that there is an increase in Si-O species on the as-deposited film after
annealing and light soaking.
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Figure 3.11: Si-H stretching mode peak absorbance around 2000 cm-1 and Si-O in-phase
stretching mode absorbance around 1075 cm-1 change followed by consecutive cycles
of annealing and light soaking treatments. (As-fab : as-fabricated, Ann : annealing,
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• Bare a-Si:H is expected to go through surface oxidation, hence the observed Si-O
changes may be only related to surface oxidation [115]. Subsequently, X-Ray Photo-
electron Spectroscopy (XPS) measurements were also performed, which are limited to
near-surface effects and those results are reported in Fig. 3.12. Chemical fingerprints
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of Si, O and N were specifically investigated for the sample going through annealing
and light soaking cycles and the sample considered as a reference that was left undis-
turbed and stored in dark ambient condition directly after the deposition.
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Figure 3.12: XPS measurements of the thin film resonant Fabry-Pérot cavity with a-Si:H
and SiO2. (a,c). Sample that went through annealing and light soaking and (b,d).
reference sample that was left in a storage box in dark ambient conditions. Reference
sample was measured along with the sample that went through annealing and light
soaking treatments and ’day’ indicate ageing period. (a,b). Silicon characteristic 2p
peak and (c,d). Oxygen characteristic 1s peak. (cyc : cycle, Ann : annealing, LS :
light soaking, age : 14 days)

The Si elemental peak around 99.4 eV reduced and a shoulder peak around 103.5 eV
appeared corresponding to Si-O (Si 2p) during this experiment for both samples. At
the same time, the fingerprint peak of O (1s) around 532.6 eV corresponding to Si-
O chemistry appeared clearly, which was barely visible for the as-deposited samples.
Since annealing was performed in N2 environment, it prohibited the oxidation of sam-
ple going through first annealing when compared to the reference, which was left in an
O2 rich ambient (Fig. 3.12(c,d)). It can be seen that the surface of the a-Si:H oxidized
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and saturated considering the reference sample (Fig. 3.12(b,d)) [115]. The sample that
went through light soaking showed a higher oxidized condition that can be related to
high-intensity light-induced oxidation when compared to the reference sample [105].
Therefore, it can be concluded that the Si-O related to FTIR and XPS measurements
corroborate surface oxidation. In addition, the reference sample going through sur-
face oxidation over time also corroborates the observation made in Fig. 3.9a, with the
measured spontaneous blue-shift over the ageing period after first annealing step when
the AR-coating was left in ambient conditions (Fig. 3.12(d)). Although annealing was
performed in N2 environment, no N chemical fingerprints were found for either of these
samples (see Appendix A.2) nor any change in oxidation post-annealing was observed.

• Multiple steps of annealing can potentially crystallize the a-Si:H film to some extent.
Hence, Raman spectroscopy measurements were performed as this technique is pop-
ularly used with a-Si:H thin-film analysis to determine the crystalline volume frac-
tion [123]. The broad peak around 470 cm-1 is the characteristic peak observed for
a-Si:H. The measurements show a small fraction of nano-crystallinity present in the
material as indicated by the small peak around 520 cm-1 [124]. However, no dis-
cernible change is observed after cycles of annealing and light soaking (Fig. 3.13).
Therefore, the amorphous character of the a-Si:H film was fully preserved during the
cycles of annealing and prolonged high-intensity light soaking, which underlines that
the optical programmability of the material can be preserved when using moderate
annealing temperatures.
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present in the film. (cyc : cycle, Ann : annealing, LS : light soaking)
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Loss of hydrogen in the a-Si:H film was reported to cause a reduction in the effective
refractive index. [79,80] Also, surface oxidation can reduce the effective refractive index
[78,79,114,115]. The initial slow blue-shift of interference resonance wavelength can be
related to oxidation of the pristine surface of the resonant device, which causes a decrease
of the effective refractive index of a-Si:H. The annealing-induced initial blue-shift can be
related to the reduced refractive index of the a-Si:H film. Also, the saturation of the excess
blue-shift after several annealing treatments may be related to the eventual saturation of
the loss of hydrogen. Therefore, these initial irreversible steps can be tied to the loss of
hydrogen and surface oxidation. Since these phenomena subside with repeating cycles,
the reversibility between annealing and light soaking appears clearly in later cycles as
would be desirable for using this material in a PIC.

3.4.3 Annealing and light soaking effects and a-Si:H quality

a-Si:H deposited at 300 ◦C was also tested with the thin-film interferometric configura-
tion to study the effects of annealing and light soaking in the same manner as described
in section 3.4.1. Fig. 3.14 shows the comparison between a-Si:H deposited at two dif-
ferent temperatures subjected to similar annealing and light soaking conditions. A quick
glance at the following figures reveals unmistakable similar features concerning anneal-
ing and light soaking effects for these two samples. From the first annealed condition,
light soaking the sample for the first time showed the familiar exponential decreasing
feature of the resonance wavelength. Following annealing also gave familiar blue-shift
and light soaking samples resulted in the reversible red-shift. However, the magnitude of
shifts for these two samples are quite different. For 300 ◦C a-Si:H, the blue-shift corre-
sponding to first light soaking was around 0.5 nm, 1.1 nm for the 80 ◦C a-Si:H. Annealed
blue-shift corresponding to the annealed state was around 0.4 nm for 300 ◦C a-Si:H. In
comparison, 80 ◦C a-Si:H showed 0.95 nm and 0.8 nm blue-shifts for the second and
third annealing steps respectively. Most interesting, the reversible red-shift correspond-
ing to light-soaking was determined to be 0.2 nm for 300 ◦C a-Si:H, which is half when
compared to 0.4 nm reversibility observed for 80 ◦C a-Si:H. Note that, no change in hy-
drogen content was observed for the sample prepared with a-Si:H deposited at 300 ◦C
with cycles of annealing and light soaking from the FTIR measurements, unlike a-Si:H
deposited at 80 ◦C. This indicates, low-temperature deposited a-Si:H is potentially more
suitable for reconfigurable photonics compared to high-temperature deposited a-Si:H.

a-Si:H film material qualities such as hydrogen content, native defects associated with
nano-structures (vacancies and voids), density etc. are very sensitive to deposition con-
ditions. Deposition temperature is one of the key parameters that determine good quality
PIC compatible material. Deposition temperature between 250 ◦C and 300 ◦C is re-
ported to produce optimum material for PICs with a high refractive index around 3.5,
hydrogen content between 10 - 20 % and low-defect density for waveguide loss as low as
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Figure 3.14: Annealing and light soaking effects related to a-Si:H quality, (a). a-Si:H
deposited at 80 ◦C (extracted from Fig. 3.9a) and (b). a-Si:H deposited at 300 ◦C.

2 dB/cm [125–128]. On the other hand, lower deposition temperature helps the material
to host higher defect density in the form of voids, higher hydrogen content and lower
refractive index [105]. In this respect, FTIR measurement can aid in understanding the
general quality aspects of materials. FTIR measurements performed on the as-deposited
80 ◦C and 300 ◦C a-Si:H are shown in Fig. 3.15, that corresponds to the Si-H stretch-
ing mode absorption peak. This absorption peak can be deconvoluted into two different
peaks - the lower stretching mode (LSM) and higher stretching mode (HSM) vibrational
absorptions. These are characteristics of silicon hydride (Si-Hx) bonds that can be found
around 2000 cm-1 and 2100 cm-1 respectively. LSM is associated with silicon mono-
hydride bond (Si-H) and HSM is associated with silicon hydride bonds (Si-Hx) around
vacancies and nano-sized voids [95, 116, 117, 119]. It is clearly visible in the following,
that the absorbance peak is higher for 80 ◦C a-Si:H compared to 300 ◦C. This indicated
having higher hydrogen content in the film. It was determined that the 80 ◦C a-Si:H con-
tained 20.5 % hydrogen, while 300 ◦C a-Si:H contained 13.7 % hydrogen by following
the calculation technique outlined in [105]. In addition, microstrucuture parameter R*
(the ratio of the integrated absorption of the HSM to the sum of the integrated absorption
of LSM and HSM together) was determined to be 0.21 and 0.06 for 80 ◦C and 300 ◦C
a-Si:H. These results indicate that the 80 ◦C a-Si:H material contains multivacancies and
voids type native defects and often called as porous a-Si:H. In comparison, 300 ◦C a-Si:H
native defects are mostly divacancy type and often called as dense a-Si:H [95,117,129].
Interesting to note, it is well-known from thin-film solar cells research that the porous
a-Si:H with multivacancies and voids type native defects are prone to exhibit large light-
induced degradation (LID), which was also observed in Fig. 3.15.
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Figure 3.15: Fourier Transform Infrared (FTIR) spectroscopy measurement of the as-
deposited a-Si:H, (a). a-Si:H deposited at 80 ◦C and (b). a-Si:H deposited at 300
◦C.

3.5 Conclusions

Metastable property of a-Si:H, known as Staebler-Wronski effect (SWE) or light-induced
degradation (LID) of thin-film has been investigated for the last four decades. In this pe-
riod, other forms of metastable properties were discovered, which potentially suggests
metastable optical properties beneficial for reconfigurable photonics, but remained un-
explored until now. A highly sensitive interferometric technique was devised to study
the effects of cycles of annealing and light soaking on the optical properties of a-Si:H.
Initial irreversible steps were observed with the first few steps through the experiment.
These were discussed with the help of detailed material characterization. While the ba-
sic amorphous nature of the material was contained during the cycles of annealing and
light soaking, initial surface oxidation and loss of hydrogen were found to be the reason
for the observed unavoidable initial irreversibility. After these irreversible effects sub-
sided, it was convincingly demonstrated that a-Si:H exhibits a light-induced metastable
refractive index change by 0.3 % (∆n ∼ 0.001) that is reversible upon annealing. Ad-
ditionally, this reversiblity was demonstrated in cycles and improved repeatability was
suggested following more cycles. Finally, a comparison between two different qualities
of a-Si:H concerning light-induced reversible optical property was made. The porous
category of a-Si:H that contains more hydrogen and void rich defects showed a higher
magnitude of reversibility in refractive index compared to dense a-Si:H. This suggests
an avenue for further research for optimizing material property in order to improve the
magnitude of reversibility while maintaining the waveguide loss for meaningful PIC im-
plementation. These results, therefore, indicate that a-Si:H has the potential of enabling
reconfigurable PICs.



4
a-Si:H for Reconfigurable Photonics

This chapter presents the demonstration of an optical switch that operates between two
distinct metastable states. The optical switch is based on a-Si:H micro-ring resonator and
the demonstration is carried out in the C-Band (1530-1565 nm) of the optical communi-
cation spectrum. The complete fabrication process of this photonic device is discussed.
Results of the stability analysis are included and discussed.

51
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4.1 Introduction

Metastable refractive index change is exhibited by hydrogenated amorphous silicon (a-
Si:H) by light soaking, which is partially reversible by annealing. In addition, this can
be demonstrated in cycles. The reversible change of refractive index is around 0.001
as demonstrated in chapter 3. Such metastable property is interesting for reconfigurable
photonic applications that can benefit from reversible programmability and self-holding
property. A micro-ring resonator (MRR) device was chosen for exploiting the metastable
refractive index property of a-Si:H to demonstrate a reconfigurable photonic device. A
MRR is a versatile photonic integrated device that has been suggested as a building block
for optical filters, memory elements and optical switches [53,58,59,130–133]. By allow-
ing programming of MRRs, a multitude of applications can be further explored. a-Si:H
based MRRs were fabricated that were subjected to cyclic annealing and light soaking
treatments as discussed in the previous chapter. The shift of resonance was studied and
discussions were made in comparison with the results obtained from the thin-film inter-
ferometry based on AR-coating. Also, a discussion of the stability study corresponding
to the annealed and light-soaked state is presented in this chapter.

4.2 Experimental details

4.2.1 Device fabrication

Crystalline silicon wafers (<100> orientation, 525 µm thick, 10 Ωcm, p-type) with 2 µm
wet thermal oxide (Siegert Wafer) were used for the photonic device fabrication. 220 nm
a-Si:H was deposited with an inductively coupled plasma-enhanced chemical vapor de-
position (ICP-PECVD) PlasmaLab 100 system from Oxford Instruments. Silane (SiH4)
precursor gas is diluted with argon (Ar) gas for deposition. The deposition temperature
was 80 ◦C. The flow-rate of SiH4 and Ar were 12 sccm and 48 sccm, respectively. The
plasma power was 600W and the pressure during deposition was maintained at 10mTorr.
These deposition conditions were adopted from chapter 3 and shown to produce better
reversibility between annealing and light soaking when compared to high temperature
deposited material. For these conditions, the typical deposition rate is 0.14 nm/sec. An
electron beam lithography system (Raith EBPG5150 100 kV) was used to pattern the de-
vices on ZEP 520A photoresist that was developed in n-amyl acetate for 80 s and rinsed
in MIBK-IPA (1:2) solution for 60 s. A reactive ion etching system (RIE) was used to
dry etch a-Si:H with an Oxford Instruments Plasmalab 100 PECVD system. The etching
was conducted using 100 W plasma power, at a pressure of 15 mTorr, and using 60 sccm
CHF3. The ZEP photoresist was used as a mask for the etching process. After etching, the
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photoresist was removed completely with an O2 plasma treatment (50 W plasma power,
15 mTorr and 20 sccm O2 flow) for 5 minutes.

PMMA 950K A11 photoresist, compatible for electron beam lithography was used for
transferring the micro-heater pattern. After the device was fabricated, PMMA was coated
on the device by spin coating. The spinning speed was 6000 rpm and the duration was
60 seconds. After pattern exposure, the chip was developed in MIBK developer solution
for PMMA for 1 min 25 seconds and rinsed in isoporpanol (IPA) solution for 1 min 25
seconds as well. Then the chip was exposed to O2 plasma (50 W plasma power, 15 mTorr
and 20 sccm O2 flow) for 20 seconds to make sure the open window was completely clean.
Then metal was evaporated in the following order, 50 nm Ti, 75 nm Pt and 200 nm Au.
After completing the evaporation process, lift-off process was performed to get rid of
excess metal around the heater pattern. The chip was exposed to acetone vapor for 4
hours and then placed in acetone for 4 hours. Then the chip was rinsed with isopropanol
to complete lift-off process. For depositing the cladding between the device and heater,
ICP-PECVD system was used to deposit SiO2. The deposition temperature was 80 ◦C,
plasma power was 1000 W and chamber pressure was 10 mTorr. The deposition was
performed by composing SiH4 (4 sccm) and N2O (13 sccm).

4.2.2 Device characterization setup

The photonic chip was placed on a sample holder that was mounted on a three-axis stage.
The temperature of the chip during the measurement was maintained at 23.8 ± 0.02 ◦ C
by water cooling the sample holder. A C-band erbium-doped fiber amplifier (Amonics
AEDFA-PM-23) was used as a broadband source and the response from the micro-ring
resonator was analyzed using a spectrum analyzer (Advantest Q8384). The scanning
resolution was set to 10 pm with high sensitivity measurement mode. A fiber Bragg
grating (FBG) resonant at 1546.9 nm was used, externally to the chip, to act as a reference
for the measurements. A polarization controller (PC) for optimum coupling of light and
an optical attenuator (OA) was used to reduce the input power to avoid heating of the
waveguide and non-linear effects. An optical circulator was used in combination with
the FBG before measuring the reflectance from the device.

4.2.3 Light soaking and annealing

The light soaking treatments on the samples was done using a home-built setup with a
concentrated LED 4000K cool white source. The power intensity was determined to be
470 mW/cm2 using a pyranometer (LSI LASTEM). The measured spectrum showed that
the lamp emits photons between 410 − 800 nm (see Appendix A.1). In this work, light
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Figure 4.1: Schematic representation of the photonic device characterization setup.
(EDFA: erbium-doped fiber amplifier; PC: polarization controller; OA: optical at-
tenuator; OC: optical circulator; FBG: fiber Bragg grating; OSA: optical spectrum
analyzer)

soaking was performed for 240 hours at 470 mW/cm2 intensity to reach saturation. The
sample holder was water-cooled at 20 ◦C during the light soaking treatment. Annealing
was performed in a vacuum oven at 180 ◦C for four hours in a nitrogen (N2) environment.
The temperature ramping condition was 5 ◦C/min and the system was convectively cooled
down to room temperature before opening the oven.

4.3 Results and discussion

4.3.1 Fabricated device characterization

The schematic of the MRR and the SEM image of its constituent waveguide cross-section
are shown in Fig. 4.2a. The waveguides were designed to be 510 nm in width and 220
nm in height for the propagation of fundamental TE-like mode. The a-Si:H based MRR
devices were patterned using an electron beam lithography (EBL) system. The SEM
image of the fabricated ring resonator device with a diameter of 50 µm is shown in Fig.
4.2b. The devices were entirely made of a-Si:H and have only air cladding.

The measured as-fabricated response from one of these MRRs is shown in Fig. 4.3.
Among the fabricated devices, two devices with high-Q (Q-factor = Resonant wavelength
/ FWHM ∼ 1.3 × 104) were chosen to study the effects of annealing and light soaking.
Besides the characteristic repetitive resonant dips, an additional dip from the fiber Bragg
grating (FBG) can be seen at 1546.9 nm that serves as a reference for measurements.
The MRR resonant wavelength, λres, is proportionally related to the effective refractive
index,neff, of the waveguide and radius of the ring, r, as mλres=2πrneff. Therefore, any
change in neff is supposed to shift the resonant wavelengths according to the expression
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Figure 4.2: The a-Si:H based photonic micro-ring resonator (MRR). a. A simple
schematic representation of the fabricated MRR is shown with the constituent cross-
section SEM image of the fabricated waveguide. The waveguide structure was de-
signed to facilitate fundamental TE-mode propagation. b. SEM image of the fab-
ricated 50 µm diameter MRR (highlighted in pink) with two tapered waveguides to
access the MRR.

above. The shift of one such resonance during cycles of annealing and light soaking is
reported here (marked in Fig. 4.3).

4.3.2 Annealing and light soaking effects on device

The resonant wavelength shift due to annealing and light soaking of the MRR was ex-
tracted and reported in Fig. 4.4a. The resonance wavelength of as-fabricated MRR at
1536.70 nm irreversibly blue-shifted by 1.50 nm including the second annealing step (first
cycle annealing and light soaking and then annealing again) and the resonance reached
1535.20 nm. This was similar to the thin-film interferometry experiment from the pre-
vious chapter (chapter 2). The initial irreversibility of 1.50 nm was observed during the
first three steps in this experiment. This irreversible shift was 4.76 nm for thin-film in-
terferometric device or AR-coating. Experiment on the AR-coating started with freshly
deposited a-Si:H, while the MRR device had seen multiple processing steps after a-Si:H
deposition before the experiment had started. This can potentially explain why the initial
irreversibility is smaller for the MRR when compared to the AR-coating. Subsequently,
light soaking reversed i.e. red shifted the resonance to 1535.45 nm. Proceeding with
cycles of annealing and light soaking showed a similar reversible nature as shown with
the thin-film interferometry experiment. Additionally, the excess drift after annealing
and the repeatability of the reversibility improved from the third cycle of light soaking
onward as it was also observed from the thin-film interferometry experiment. Therefore,
these switching states can be reconfigured for multiple cycles as shown here up to three
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Figure 4.3: The measured transmission response of the fabricated micro-ring resonator.

cycles. This demonstration supports the SWE studies performed for solar cells, as it was
demonstrated that after the initial onset of the irreversible regime, the reversible regime
can be accessed over many subsequent reversible cycles [134,135]. This is shown in Fig.
4.4b as the resonance was reversible by 0.3 nm between the annealed and light-soaked
states of the MRR. This is valid for the resonance under investigation as well as for peri-
odical resonances (see Appendix B.1). These reversible switching states were observed
for multiple cycles, here it is shown up to four cycles.

The optical switching states were well defined with an on/off extinction ratio greater than
20 dB and an unchanged FWHM. Fig. 4.5 shows the Q-factor determined from the above
resonance switching states of the MRR as a function of the nth cycle step. The Q-factor
remained unchanged while switching between annealed and light-soaked states for the
reversible cycles. As the device performance remained unchanged between switching
states, it is expected that there is a negligible change in the imaginary part of the re-
fractive index (absorption). Hence the reversible resonance shift observed here is due to
the change in the real part of the refractive index as determined from the thin-film inter-
ferometric experiment. This is unlike the O-PCM based switching devices, where high
optical losses, related to the crystalline state of O-PCM, compromise the performance
of the MRR switching states [58, 59, 61]. From the reversible resonant wavelength shift
(∆λres), the effective refractive index change (∆neff) can be estimated by the following
equations [136]:

∆neff =
ng∆λres

λres
(4.1)



4.3: Results and discussion 57

1534.5 1535.0 1535.5 1536.0
-30

-25

-20

-15

-10

-5

0

5

N
or

m
al

iz
ed

 tr
an

sm
is

si
on

 (d
B

)

Wavelength (nm)

 3rd cyc LS
 4th cyc Ann
 4th cyc LS
 5th cyc Ann
 5th cyc LS
 6th cyc Ann

0 200 400 600 800 1000 1200 1400
1535.0

1535.2

1535.4

1535.6

1535.8

1536.0

1536.2

1536.4

1536.6

1536.8

R
es

on
an

ce
 w

av
el

en
gt

h 
(n

m
)

Time (hours)

 as-fabricated
 annealing
 light soaking

Light soaking period
a b

Figure 4.4: Effect of cycles of annealing and light soaking treatments on the a-Si:H
based photonic micro-ring resonator (MRR). a. Investigation of the resonance wave-
length shift after cycles of annealing and light soaking. b. The switching condition of
the MRR after repeatable reversibility was achieved between the annealed and light-
soaked states. (1 cycle = one annealing step and one light soaking step, cyc : cycle,
Ann : annealing, LS : light soaking)

ng =
λres

2

FSR.L
(4.2)

where:

• neff = effective refractive index of the waveguide,

• λres = resonance wavelength,

• ng = group index of the waveguide,

• FSR = free spectral range,

• L = round trip length of the ring.

It was estimated that the effective refractive index reversibly changes by 0.8× 10-3 which
is comparable to what was estimated by the thin-film interferometric technique (0.001).
The general trend with cycles of annealing and light soaking is strikingly similar to the
thin-film interferometry experiment. Therefore, it can be concluded that the MRR de-
vices response was similarly reproduced with respect to the response observed from the



58 Chapter 4: a-Si:H for Reconfigurable Photonics

3rd 
cyc
LS

4th
cyc 
Ann

4th 
cyc
LS

5th
cyc
Ann

5th
cyc
LS

6th 
cyc
Ann

5000

6000

7000

8000

9000

10000

11000

12000

13000

14000

15000

Q
-fa

ct
or

Figure 4.5: Effect of cycles of annealing and light soaking treatments on the Q-factor
of the a-Si:H based photonic micro-ring resonator (MRR). Q-factor was determined
from resonance switching state 3 dB points as the repeatable and reversible switching
state between annealed and light soaked states were reached. The error margin was
determined from the variation of one data point corresponding to the measurement
resolution to illustrate the uncertainty of the determined Q-factor. (1 cycle = one
annealing step and one light soaking step, cyc : cycle, Ann : annealing, LS : light
soaking)

thin-film interferometric device i.e. with the AR-coating technique. A similar obser-
vation is made for a second MRR on the same chip that was investigated as well (see
Appendix B.2).

4.3.3 Investigation of stability

In the short-term, the thin-film AR coatings appeared to be stable after light soaking and
annealing. To understand the long-term stability, the fabricated MRR was used while the
device was stored in the dark at room temperature and the measured data are shown in Fig.
4.6. The first two data points (light-soaked and annealed state) are the same as the last two
data points in Fig. 4.4a. It was observed that from the annealed state, there was a slow
monotonous drift (red-shift) of the response during ageing. After 45 days, the response
returned to the light-soaked state (2.62 × 10-4 nm/hour), which would take 240 hours
(10 days) when light soaking the MRR (1.25 × 10-3 nm/hour). Moreover, according to
the thin-film interferometry experiment, light soaking has a saturating effect. Therefore,
light soaking and the drift related to ageing are two different physical interactions that
eventually have two different kinetics.
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Figure 4.6: Stability analysis with a-Si:H MRR post-annealing and light soaking treat-
ments. The ageing data points (green triangles pointing down) correspond to measure-
ments on the membrane after light soaking and annealing steps to investigate stability.

It is interesting to note that, annealing after this ageing period resulted in partial recovery
(blue-shift) but then red-shifted again to align with the drifting kinetics that was observed
from the previous ageing period rather quickly. From this aged state, light soaking yielded
the same faster kinetics (red-shift) as was observed before from the annealed state. Again
annealing from light-soaked state would return (blue-shift) but again to be aligned with
drift which continued with the next phase of ageing. This ageing period of 45 days again
resulted in the same slow kinetics of the drift which was also observed after waiting from
the light soaked state. Although, the last data point may indicate that drift may have
slowed down.

All the ageing data points seem to follow a trend that the complete response is drift-
ing at a continuous rate, irrespective of whether the MRR was left in an annealed or in a
light-soaked state. This also confirms that the physical interactions of light soaking being
different from ageing related drift. To summarize, light soaking and ageing has two differ-
ent kinetics. Ageing is observed from both the annealed and the light soaked state which
suggest retaining the programmed state while drifting. Therefore, it can be concluded
that the light soaking and annealing effects are metastable/non-volatile as expected. The
drifting behavior is likely exclusively related to the MRR waveguide structure and the
constituent layer stack. However, this needs further investigations to understand the rea-
son behind this drift and whether it is possible to eliminate it completely for these specific
device structures.
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4.3.4 On-chip annealing

Local on-chip annealing can give the flexibility needed for realizing selective program-
ming of the components of a PIC that was light soaked to realize specific function from
the PIC. Therefore, techniques for implementing on-chip annealing with micro-heaters
were investigated. Also, on-chip annealing can be effective for optimizing the anneal-
ing conditions for photonic devices. In this dissertation, 180 ◦C annealing temperature
with the duration of 4 hours in nitrogen environment was found sufficient. Annealing
temperatures varying from 110 ◦C till 220 ◦C with various duration have been reported
for annealing out the light induced effects in literature [104, 137, 138]. So, annealing
temperature close to 180 ◦C was targeted from the fabricated micro-heaters. One such
fabricated micro-heater around the MRR device is shown in Fig. 4.7. The MRR is based
on bare a-Si:H waveguides as described in section 4.3.1. The metal strips are 300 nm
thick and constituent metals are 50 nm Ti (bottom), 75 nm Pt (middle) and 200 nm Au
(top). These strips are 2 µm wide and gap between the strips are 2 µm. This architecture
was considered to facilitate light soaking as well as well performing on-chip annealing.

Figure 4.7: Metal micro-heater fabricated around the a-Si:H-based MRR to perform
on-chip annealing.

By applying DC voltage, the micro-heater can be heated and the temperature of the heater
can be analytically estimated. Resistance of the heating element changes with tempera-
ture that can be described by the following formula:

R = Rref ∗ [1 + α(T − T ref] (4.3)

where:

• R = resistance of the metal heater,



4.3: Results and discussion 61

• Rref = resistance at room temperature,

• α = temperature coefficient of resistance for the metal heater,

• T = temperature of the heater,

• T ref = room temperature as reference.

As shown in Fig. 4.8a, as the applied DC voltage was increased up to 8 V, the cur-
rent increased upto 0.06 A. The linear relation between applied voltage and current was
observed upto 2.5 V. After 2.5 V, the temperature of the heater started affecting the re-
sistance and current started dropping with increasing applied voltage as the resistance
started to increase. Therefore,Rref was considered 90.9Ωwhich corresponds to the linear
regime and T ref was considered 23 ◦C. The temperature coefficient of resistance for the
metal heater α was estimated to be 0.00355 ◦C-1 from αAu = 0.0034 ◦C-1, αTi = 0.0038
◦C-1 and αPt = 0.0039 ◦C-1. The heater temperature can be estimated by plugging these
values to the above equation as shown in Fig. 4.8b. By applying 8 V, the heater temper-
ature was estimated to reach 156.7 ◦C.
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Figure 4.8: a. Measured current and determined resistance of the micro-heater cor-
responding to the applied DC voltage. b. Analytically estimated temperature of the
heater with applied DC voltage.

The MRR response was also recorded during the application of DC voltage to the heater.
With a prior experiment, the temperature sensitivity of the MRR response was deter-
mined to be 79.5 pm/◦C (see Appendix B.3). So, the shift of the MRR resonance recorded
can be translated into the device temperature as shown in Fig. 4.9. While the heater was
estimated to reach around 156.7 ◦C at 8 V, the device temperature could only reach upto
48.6 ◦C. It was found that, 0.49 W electric power was dissipated to realize half of the
free-spectral range shift of MRR response. Simulation of the heater structure reveals that
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the heat from the heater strips conducts towards the back of the substrate and only a small
amount of heat can reach the waveguide of the device (See Appendix B.4). Insulating
the back could improve a little, however the possibility for lateral heat conduction in-
creases which can potentially affect devices. Therefore, a different micro-heater design
was considered for efficient heat transfer.
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Figure 4.9: Analytically derived MRR temperature with applied DC voltage.

Figure 4.10: a. Fabricated micro-heater on MRR for on-chip annealing and light soak-
ing. b. Waveguide structure between two strips of metal.

To ensure efficient heat transfer, the heaters should be placed on the device. Placing
the heaters on the device waveguides would give best result. But, metal contact with
waveguide will increase optical loss significantly. Hence, the devices need to be cladded
with SiO2 layer before placing the metal heaters. Simulation of the SiO2 cladding thick-
ness between metal layer and waveguide indicate that the atleast 500 nm thickness of the
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cladding is needed to ensure that no excess optical loss occurs after metallization (see Ap-
pendix B.5). To facilitate light soaking through the metal heaters, the heater strips were
spaced by 2 µm and waveguide was placed in between. Simulation of heat transfer with
such a heater architecture indeed suggest much improved performance (see Appendix
B.6). With these ideas, micro-heater were fabricated with 570 ± 10 nm SiO2 cladding
layer between heater and MRR as shown in Fig. 4.10. In order to preserve the a-Si:H
quality, the SiO2 layer was deposited at 80 ◦C.
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Figure 4.11: Analytically derived MRR temperature show improved performance with
applied DC voltage.

From the MRR response shift under applied voltage, the temperature of the MRR de-
vice was determined to be 165 ◦C at 3 V, as shown in Fig. 4.11. The electric power
consumption was 0.186 W and heater temperature at 3 V was analytically estimated to
be 197.5 ◦C (see Appendix B.7). This clearly indicates improved performance of the
implemented micro-heater to perform on-chip annealing. With further optimization of
the metal composition and critically controlling the SiO2 thickness, it will be possible
to reach even higher annealing temperature. It was observed that the cladded MRR de-
vices were demonstrating instability while the non-cladded MRRs were completely sta-
ble. Careful observation revealed that the SiO2 deposited at 80 ◦C are rather poor in
nature and moisture from atmosphere can penetrate and become adsorbed in the layer
which resulted in this observation (see Fig. 4.12) [139, 140]. Therefore, dense SiO2
cladding material is advised for implementing this heater design. On the other hand, this
cladding material can serve an interesting mean for implementing PIC based humidity
sensor.
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Figure 4.12: a. Non-cladded a-Si:H-based MRR response over time. b. MRR response
over time with SiO2 cladding deposited at 80 ◦C.

4.4 Conclusion

In conclusion, we have demonstrated that metastable properties of a-Si:H can be ex-
ploited for realizing reconfigurable photonic devices. In that respect, a metastable optical
switch based on micro-ring resonator was demonstrated which has two switching states
well-separated by 0.3 nm, with an on/off extinction exceeding 20 dB. No discernible
changes in the optical loss were observed with respect to the switching states. This
demonstration of metastable a-Si:H based reconfigurable photonic devices has the po-
tential to address a multitude of photonic applications. This programming technique can
be suitable for realizing trimming and fine-tuning of photonic devices for tackling fabrica-
tion related errors. Also, a linear combination of reconfigurable photonic switches can be
employed and then locally programmed to obtain a specific functionality [25,48,51,52].
Because of the intrinsic high refractive index of a-Si:H, this technique allows the im-
plementation of photonic devices based on this material. Hence, the implemented re-
configurable photonic integrated circuits will benefit from some of the advantaged offer
by a-Si:H-based photonic platform in addition to reversible refractive index change. For
example, favorable and low-temperature deposition on potentially any substrate, good
compatibility with CMOS back-end optoelectronics interconnect and high optical non-
linearity have established a-Si:H as an attractive material choice for photonic platform
[86, 89, 106, 126, 141]. Furthermore, the demonstration of on-chip annealing can pave
the way towards optimization of annealing conditions for photonic devices and imple-
menting a-Si:H-based generic PIC template to program locally by selective annealing
of photonic devices. One can assume, a generic a-Si:H-based PIC template with local
heating elements and LED arrays assembled on PICs. Then post-fabrication process step
that includes a few cycles of light soaking and annealing to reach the reversible light-



4.4: Conclusion 65

soaked state. Thereafter, the local heating elements can individually tune devices to
obtain a desired PIC functionality. Light soaking the chip will result in erasing of the
implemented function. The programmed functionality would not require any additional
power consumption or control circuitry as it is supported by the metastable nature of
a-Si:H. Additionally, it will be possible to reuse the same template by light soaking it,
through which the programmed state will be erased to allow additional reprogramming
of the PIC’s functionality. With further developments on the metastable refractive index
properties, numerous metastable photonic technologies like reconfigurable PIC or opti-
cal equivalent FPGA, non-volatile optical memories (optical lookup table, OLUT) and
optical logic circuits are within reach [25, 32, 48, 53, 54, 58].



66 Chapter 4: a-Si:H for Reconfigurable Photonics



5
Reversible strain manipulation of a-Si:H

This chapter explores a novel technique with free-standing a-Si:H membranes to study
the material’s strain in connection to the cyclic stimulation for triggering the metastable
properties. The design of the membrane structure and fabrication process flow are dis-
cussed. With a sensitive optical profiler, the stimuli triggered shape deformation of the
membrane is studied. A metastable change in the shape of the membrane is identified.
Also, a possible link between the metastable refractive index property from the previous
chapters and the free-standing membrane response to stimuli and stability are discussed.

67
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5.1 Introduction

Metastable and reversible refractive index change between stabilized annealed and light-
soaked states were presented in chapter 3. This demonstration is potentially related to the
metastable properties of a-Si:H. Furthermore, reconfigurable photonic devices can be re-
alized by exploiting this effect, as demonstrated in chapter 4 by a micro-ring resonator
(MRR) based optical switch, which was reversibly programmed between annealed and
light-soaked states. However, instability of the programmed state with monotonous red-
shift was observed with the device. It was hypothesized that this instability may come
from the specific geometry or the constituent layer stack of the waveguide structure. In
order to understand the origin of the demonstrated reversible refractive index changes
between annealing and light soaking states as well as to further explore the instability
problem, an experiment was performed with a-Si:H-based free-standing thin-film mem-
branes. Metastable volumetric expansion (∆V/V ) as high 10−3 was reported for the
a-Si:H based on a laser cantilever based measurement system [100]. In such an exper-
iment, a bi-morph structure made with a-Si:H and thin quartz or silicon substrate were
observed to change in shape between annealing and light-soaked conditions. So, it was
expected that the cyclic annealing and light soaking treatments can potentially cause de-
formation of the membrane due to strain or stress change within the film as well. If
this was observed for the thin-film a-Si:H membrane with similar cyclic annealing and
light soaking treatments, this can be used to correlate the strain change with the ob-
served metastable refractive index property. Then, this technique can be used for further
study and optimization of material properties such as intrinsic stress, hydrogen content
etc. with desired reversible refractive index property. Also, stability analysis with these
membranes that were free from its substrate, can isolate whether the substrate or the con-
stituent exposed layer stack has any role in the instability observed. A highly sensitive
3D surface metrology tool was used to determine the 3D profile of the free-standing a-
Si:H membrane that was subjected to cycles of annealing and light soaking treatments
under similar conditions as discussed previously in chapter 3 and 4. The tool that was
used for such measurements employs an interferometric technique that can effectively
measure vertical height with accuracy up to 0.1 nm. The profile change of the membrane
measured with this highly sensitive tool can then be used to determine the strain changes
in the membrane during cycles of annealing and light soaking and waiting in between
light-soaked and annealed states. Therefore, in this chapter the results of experiments
employing a-Si:H-based free-standing thin-film membrane structures are discussed go-
ing through cycles of annealing and light soaking treatments.
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5.2 Experimental details

5.2.1 Light soaking and annealing

The light soaking was done with the same setup that was discussed in the previous chap-
ters. The light soaking treatment was limited to 168 hours (7 days) since it was observed
in the previous experiments to be sufficient time to reach saturation. Annealing was per-
formed in a vacuum oven at 180 ◦C for four hours in a nitrogen (N2) environment. The
temperature ramping condition was 5 ◦C/min and the system convectively cooled down
to room temperature and then the oven was opened.

5.2.2 Membrane characterization setup

The fabricated free-standing membrane structures (bridges) were studied with a 3D sur-
face metrology (Bruker NPFLEX) tool. The measurements recorded the states of the 3D
membrane profile after fabrication and cycles of annealing and light soaking treatments.
The corresponding results are discussed in the following ’Results and discussion’ section
(5.3).

5.2.3 Free-standing membrane fabrication

The schematic illustration of the complete process steps for the fabrication of the free-
standing membranes is shown in Fig. 5.1. Crystalline silicon (<100> crystal orientation,
un-doped, SSP and 280 µm thickness) was used as a substrate. First, 1 µm silicon oxide
was deposited on the silicon substrate using a plasma-enhanced chemical vapor deposi-
tion (PECVD) reactor Plasmalab System 100 from Oxford Instruments. The SiO2 layer
was deposited at 300 ◦C deposition temperature, 1000 mTorr pressure, and 20 W plasma
power to dissociate 8.5 sccm silane (SiH4), 161.5 sccm nitrogen (N2) and 710 sccm ni-
trous oxide (N2O) flow. Unlike the AR-coating, SiO2 was not annealed to facilitate wet
etching that was performed with the later in the processing steps.

Subsequently, around 220 nm a-Si:H was deposited on SiO2 with an inductively coupled
plasma-enhanced chemical vapor deposition (ICP-PECVD) PlasmaLab 100 system from
Oxford Instruments. The deposition condition of the a-Si:H was the same as the one used
for the demonstration of device in chapter 4 and 80 ◦C was the deposition temperature.
Silane (SiH4) precursor gas was diluted with argon (Ar) gas for deposition. The flow
rates of SiH4 and Ar were 12 sccm and 48 sccm, respectively. The plasma power was set
to 600 W and the pressure during deposition was maintained at 10 mTorr. Electron beam



70 Chapter 5: Reversible strain manipulation of a-Si:H

lithography (Raith EBPG5150 100 kV) was used to define the patterns. Two layers of
ZEP 520A photoresist, spin-coated at 2500 rpm for 30 s was used as a mask for etching
the a-Si:H layer. After developing in n-amyl acetate for 80 s and rinsing in MIBK-IPA
(1:2) solution for 60 s, the ZEP thickness was 850 nm. Subsequently, reactive ion etching
(RIE) was performed in a Plasmalab 100 RIE-PE system (Oxford Instruments, 100 W
plasma power, 15 mTorr and 60 sccm CHF3) and etched until the SiO2 layer was reached.
UV exposure lithography (Karl Suss MA6 aligner) was used to define patterns on a-
Si:H to enable selective wet etching of SiO2 underneath the a-Si:H bridges. AZ4533
positive photoresist was used to obtain 2 µm thickness (3000 rpm; 30 sec), which blocks
vertical HF diffusion. Subsequently, the samples were dipped in 1 % HF for 15 minutes
to release the free-standing bridges. Once rinsed with de-ionized water, the sample with
free-standing membranes was dried on a hot plate for 2 minutes at 105 ◦C.

Photoresist
a-Si:H film
SiO2 film
c-Si substrate

(1) Film deposition
(2) Lithography for 
membrane pattern

(4) Lithography to protect 
the boundary

(5) SiO2 Wet etch(6) Polymer RIE 

(3) a-Si:H RIE processing

Figure 5.1: Process steps used to fabricate an a-Si:H free-standing thin-film membrane.
(1) Thin-film deposition started with 1 µm SiO2 followed by 220 nm a-Si:H on a crys-
talline silicon substrate. (2) Electron beam lithography was used to pattern the bridge
structures. (3) Reactive ion etching (RIE) of the a-Si:H layer. (4) Another lithography
step was used to protect the boundary of the free-standing bridges with photoresist.
(5) With photoresist protecting a selected portion of the a-Si:H film, the sample was
dipped in a 1 % HF solution to sacrifice the SiO2 layer under the patterned bridges.
(6) After the wet etching process, the sample was placed in polymer RIE to remove the
photoresist.

If the dry etching was performed until the Si substrate, it was observed that the right angle
corners were distorted to become bent corners as shown in Fig. 5.2a after fabrication of
the membranes. This effect is most likely related to prolonged plasma etching process
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and high stress in the a-Si:H thin-film. These distorted bent corners are failure prone and
it was observed that the membranes break during experiment as shown in Fig. 5.2b. So,
the dry etching process was limited to etching upto SiO2 and the right angled corners
were rounded off to improve endurance of the membranes.

20 µm 20 µma b

Bent corners
Failed corner

Figure 5.2: a-Si:H free-standing thin-film membrane corner failures. a. After membrane
fabrication, the corners were bent instead of being at a right angle according to the
design. b. It was observed that these bent corners were the weak areas where the
membrane would break during experiment.

5.3 Results and discussion

Figure 5.3: SEM image of the fabricated a-Si:H free-standing bridge.

Two bridge features were extensively investigated that are 365 µm in length with widths
being 10 and 15 µm. As soon as the membranes were released, they expanded in the
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upward direction. The Fig. 5.3 demonstrates this buckling of the released film up-
wards due to the high compressive stress in the a-Si:H film. The expansion of the free-
standing membrane is indicative of compressive stress, which is a typical characteristic
of a-Si:H deposited by plasma-enhanced processes [142]. Consequently, the changes are
pronounced in one plane (z-axis) and hence making it easier to study them.
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Figure 5.4: a-Si:H free-standing thin-film membrane to study the effects of cycles of
annealing and light soaking treatments. a. Using an optical profiler the spatial profile
of the free-standing a-Si:H bridge was measured for a 365 µm in length and 15 µm in
width bridge. b. The extracted line profile that goes across the bridge as shown by the
dashed white line in (a.).

The measured spatial profile of a bridge with 365 µm in length and 15 µm in width is
shown Fig. 5.4a, that was measured using a 3D optical profiler. The extracted line profile
across the free-standing bridge (white dashed line in Fig. 5.4a) is shown in Fig. 5.4b.
The free-standing membrane peak height was 10.43 µm from the film plane and from the
crystalline silicon substrate the height was 11.65 µm.

The free-standing membrane was subjected to cycles of annealing and light soaking treat-
ments. In this section, results from the membrane structure with 365 µm in length and
15 µm in width are discussed. Changes in the free-standing membrane profile magnified
around the peak during three cycles of annealing and light soaking are presented in Fig.
5.5a. It is clear that the peak height of the free-standing membrane changed between
the annealed and light-soaked states and the differences between them are distinctly vis-
ible. The peak heights were extracted and reported in Fig. 5.5b. The as-fabricated peak
height changed from 11.65 µm to 10.50 µm after annealing. After the light soaking, the
peak height recovered back to 11.73 µm. During the subsequent cycles of annealing and
light soaking treatments, the peak heights reversibly changed between 11 µm and 11.30
µm, which was not the same as the first cycle. Generally, it was observed that the light
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Figure 5.5: a-Si:H free-standing thin-film membrane peak height changing during cy-
cles of annealing and light soaking treatments. a. The membrane line profile after
annealing and light soaking cycles focused around the peak (1 cycle = 1 annealing
and 1 light soaking treatments, cyc : cycle, Ann : annealing, LS : light soaking). b.
Reversible changes in the extracted peak heights from (a.) were observed between
annealing and light soaking. The ageing data points (green triangles) correspond to
measurements on the membrane after light soaking and annealing steps to assess the
stability of the annealed and light-soaked states as the sample was stored in the dark
and the ambient conditions.

soaking increased the peak height, which yielded an expansion of the membrane, while
annealing decreased the peak height and resulted in a contraction of the membrane. This
is in line with the previous observations that light soaking treatment increases the intrin-
sic stress and annealing decreases the stress in the a-Si:H film [100,143]. The reversible
peak height change is 300± 30 nm. Similar changes in the membrane profile and height
were observed for another membrane structure (length 365 µm and width 10 µm) during
cycles of annealing and light soaking as shown in Appendix C.1.

By a simple first-order linear fitting of the line profiles, the excess length changes (∆l)
due to the expansion and contraction of the membrane were extracted. From a base length
of the membrane (l), the strain, ε (=∆l/l ) was derived and monitored the changes therein
during cycles of annealing and light soaking, as shown in Fig. 5.6. Similar to the thin-film
interferometry experiment and MRR response (chapter 3 and 4), the initial irreversibility
persisted until the second annealing step (first cycle annealing and light soaking and then
annealing again) when compared to the follow-up steps. However, this initial irreversibil-
ity was not one-directional as it was observed for the previous experiments. This is an
unclear aspect, as it is difficult to fully understand the effects of surface oxidation and
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Figure 5.6: a-Si:H free-standing thin-film membrane peak height changing during cy-
cles of annealing and light soaking treatments. Strain change in the membrane cor-
responding to annealing and light soaking cycles (1 cycle = 1 annealing and 1 light
soaking treatments). Reversible strain and stable strain changes in the free-standing
membrane were observed. The ageing data points (green triangles) correspond to
measurements on the membrane after light soaking and annealing steps to assess the
stability of the annealed and light-soaked states as the sample was stored in the dark
and the ambient conditions.

initial loss of hydrogen in addition to annealing and light soaking that affect the intrinsic
strain in the free-standing membrane. In the reversible regime, it was approximated that
the strain of the membrane increases by 1.5 × 10−4 compared to its annealed state.

Interestingly, the light-induced increase of strain can be related to the increased effective
refractive index as consistently observed in the experiments discussed in the previous
chapter 3 and 4, since the increase of strain has been reported to increase the refractive
index [144, 145]. It was reported that the strain increase in the order of 10−4 results in
0.1 nm red-shift for c-Si-based MRR response [145]. It is possible that the strain change
under similar conditions can be different for membrane-like, free-standing thin-films and
substrate-bonded thin-films. Therefore, it is not possible to make a direct comparison
between the refractive index change observed for the MRR device or AR-coating and the
membrane strain change. However, the results demonstrated above present a reasonable
similarity between strain change and refractive index change i.e. device performance shift
with photonic devices under applied strain as has been reported elsewhere [145,146].

In addition, it is interesting to note that the light-soaked state was retained at least up
to one month. After one month of waiting, annealing can return the membrane to its
previous annealed state. Also, the annealed peak height of the membrane remained un-
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changed after waiting for a month. The stability of the programmed state confirms that
the fundamental nature is metastable as the SWE is known to be. As discussed in chapter
4, the observed unstable nature can indeed be related to the specific geometry and the
layer stack of the device. Aging showed only a red-shift, which can be associated with
an increase of strain over time. The exposed SiO2 around the waveguide may contribute
towards the observed effect. As post-annealing stress instability issues with the aging of
amorphous SiO2 stored in different ambient conditions have been reported [147,148]. In
that case, optimizing the annealing conditions, local annealing, cladding layers etc. will
be directions towards mitigating the drift. On the other hand, similar red-shifting insta-
bility in SOI-based MRR response was reported after imparting electron-beam induced
compaction. It has been also suggested that, 200 nm to 400 nm light can cause simi-
lar compaction of the SiO2 layer [81]. Therefore, prolonged exposure to high-intensity
source that emits light close to 400 nm may contribute to the observed instability. If
proven, this can be averted by choosing a suitable filter for the light source or redesign-
ing the waveguide with under-etched a-Si:H footing such that high energy photons cant
reach SiO2. However, this issue requires further study in order to identify the specific
reason and come up with ways to mitigate the drift. The fact that the membranes are
stable suggests that their application in reconfigurable photonic devices can come within
reach if the devices are made with air-suspended waveguides [149].

5.4 Conclusions

In conclusion, the strain in the a-Si:H thin-film free-standing membranes changed when
subjected to annealing and light soaking treatments. After a few initial steps with anneal-
ing and light soaking, reversible change in strain was observed, which corroborates the
thin-film interferometry experiment as well as the micro-ring resonator resonance shift.
Although it wasn’t possible to correlate the measured metastable refractive index change
with the magnitude of the strain change. However, the increase in strain corresponding
to light-soaked state, as manifested by the increase in refractive index as demonstrated in
chapter 3 and 4 proves that strain change is the principal contributor towards the real part
of the refractive index change. Therefore, the technique demonstrated here with the free-
standing membrane can be used to study the relation between reversible strain change and
magnitude of reversible refractive change with different qualities of a-Si:H. The hydrogen
content and intrinsic stress are two properties that have been suggested to be correlated
with metastable volumetric expansion [97, 100]. Besides, wavelength, the intensity of
light and mode of illumination (continuous or pulsed) have also been suggested to affect
the light-induced saturation time for volumetric expansion [100]. These are some of the
possible avenues to be explored for improving the magnitude of the metastable refractive
index reversibility. Also, the stability of the membrane corresponding to annealed and
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light-soaked states up to a month were observed. This indicates that the layer stack or the
geometry of the waveguide is the reason behind the instability that was observed for the
device. Few potential directions for further research to tackle the instability issue were
also suggested. While metastable refractive index change has potential in reconfigurable
photonic applications, the non-volatile and reversible shape-changing properties of a-
Si-H freestanding membranes can potentially open a new route towards reconfigurable
metamaterials and novel optomechanical devices [150,151].



6
Responsive PEM Cladding for

Reconfigurable Photonics

This chapter presents a proof-of-concept demonstration of reconfigurable photonic de-
vice with a responsive polyelectrolyte multilayer (PEM). The synthesis of PEM layer
is discussed and the effects of stimulus are investigated. The effect of responsive PEM
cladding on photonic devices are discussed.

77
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6.1 Introduction

Responsive polymer thin films have shown great potential for many different applications,
ranging from temperature-responsive reversible wetting behavior to nanomembrane-based
sensors [152, 153]. There are many established methods for preparing such polymeric
films, such as grafting to or from surfaces, network or gel formation and self-assembled
multilayers [154–156]. Layer-by-layer deposition of such polyelectrolytes results in thin
polymer films that are intrinsically multi-responsive due to the nature of their constituents.
These polyelectrolyte multilayers (PEMs) represent a uniquely versatile class of polymer
coatings that are easily prepared onto flat surfaces, spherical particles, capsules or high-
aspect-ratio patterns [157–159]. A plethora of PEMs varying in composition, nanostruc-
ture, responsivity, and functionality have been investigated in recent years to shed light on
key structure-function relations. The solvent-mediated electrostatic interactions between
the polymer chains in the alternating layers comprising the PEM are readily modulated
to alter the nano to macroscopic architecture of the thin-film eliciting considerable vari-
ations in its macroscopic properties [160]. Significant changes in PEM porosity, surface
roughness and thickness resulting in differences in permeability, refractive index, ion flux
and cargo release have been demonstrated upon the application of acids, bases, salts, heat,
enzymes, specific molecules and electrical fields [161–166]. A particularly intriguing
demonstration of a large and reversible refractive index change manifested in a dry poly-
mer film (∆n = 0.275) was reported for a multilayer of poly(allylamine hydrochloride)
(PAH) and poly(acrylic acid) (PAA) upon exposure to an acidic solution [161]. Previous
work demonstrated the change in reflectivity of a PEM coating by altering the degree of
swelling and thereby the surface roughness, leading to changes in the amount of reflected
and transmitted light [161,167,168]. This demonstration inspired further research in the
direction of optical fiber based sensor applications [169, 170]. However, exploiting the
thin-films contrasting refractive index for photonic integrated circuits applications was
not considered yet.

In this work, by controlling the refractive index, the PEM is transformed into a functional
coating for light-guiding materials, with the aim to design reconfigurable multipurpose
photonic integrated circuits (PICs) [25, 26, 48, 52]. To create such reconfigurable PICs,
recurring arrays of optical phase tuning elements are combined and the refractive in-
dex of either the light-propagating waveguide material or of the surrounding material,
known as cladding, is controlled. Recently, reconfigurable PIC-based systems have been
suggested for applications including sensing, signal processing, quantum logic gates and
emerging communication technologies [17, 26, 29, 33, 55, 171, 172]. Previous attempts
towards post-fabrication user-programmable PICs have been hindered by issues like high
continuous power consumption, high optical losses, poor reversibility or complexity of
implementation [25, 26, 52].
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A novel approach to enable non-volatile, i.e. no continuous power input required, re-
versibly programmable photonic devices using PEMs as a cladding material is demon-
strated in this chapter. Since the evanescent field of an inorganic waveguide is very sen-
sitive to small changes in the surrounding, their effective refractive index (neff) can be
widely tuned by employing this reversibly expandable cladding. By exposing the PEM
to solutions with different acidities, the thin film can be changed between two distinct
dry states with contrasting refractive indices, thereby manipulating the light that travels
through the underlying photonic device. Because of the high sensitivity of (resonant)
photonic structures, a thin silicon dioxide layer was included between the waveguide and
the cladding to desensitize the change in neff upon (de)swelling the PEM. Using this
approach, the programming of a simple optical filter based on a silicon micro-ring res-
onator (MRR) was established. The refractive index change in the polymer film leads
to a shift of the MRR transfer function by half of the free spectral range, offering two
distinct operating states for the reconfigurable photonic device. As only the evanescent
part of the field is propagating in the PEM cladding, no measurable drop in performance
due to scattering losses is experienced by the light-guiding modes. This ability to alter
the photonic device response allows for post-fabrication functionalization, which opens
up a facile pathway towards reconfigurable PICs on virtually any photonic platform.

6.2 Experimental details

In this section, the materials, deposition methods and characterization techniques used for
this experiment are presented. The corresponding results are discussed in the following
’Results’ section (6.3).

6.2.1 Materials

Polyallylamine hydrochloride (PAH) (Alfa Aesar, Mw ≈ 120, 000 200, 000 g·mol-1) was
purchased from Fisher Scientific. Polyacrylic acid (PAA) (Mw ≈ 100, 000 g·mol-1, aque-
ous solution 35 wt%) was purchased from Sigma Aldrich. Hydrochloric acid (37 % solu-
tion) was purchased from VWR and sodium hydroxide (pellets, Emplura) was purchased
from Merck. The polyelectrolytes were prepared as 10−2 M (monomer concentration)
solutions in 18.2 MΩ· cm ultrapure water (Sartorius Arium filtration system). The pH of
the PAH and PAA solutions were adjusted to 7.5 and 3.5 by addition of 1 M NaOH and
HCl respectively. Ultrapure water was adjusted to pH 5.5 and NaCl was added to obtain
10−3 M salt concentration, serving as rinsing solution during the layer-by-layer assembly
process. ZEP 520A was purchased from Zeon Chemicals, while methyl isobutyl ketone
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(MIBK) and isopropanol (IPA) were purchased from Sigma Aldrich. All chemicals were
used as received.

6.2.2 Multilayer assembly and treatment

-

-
- -
-

+ +
+

+ + H2O

pH 7.5 pH 5.5 pH 3.5

Figure 6.1: Schematic illustration of PEM coating process on Si wafers by alternatingly
dipping in PAH and PAA solutions until 6.5 PAH/PAA bilayers were deposited.

The substrates used were silicon wafers with native 6.3 nm oxide, as well as the fabricated
photonic devices described below. Substrates were cleaned with oxygen plasma treatment
for 5 min (Oxford Instruments Plasmalab 100 RIE-PE system with 50 W plasma power,
15 mTorr pressure and 20 sccm O2 flow). Then, polyelectrolyte multilayers (PEMs) were
assembled at room temperature by alternatingly dipping the substrates in the PAH and
PAA solutions for 15 min, rinsing in water for 1 min in-between steps, until 6.5 bilayers
of PAH/PAA was obtained. The simple schematic of this layer-by-layer deposition tech-
nique is shown in Fig. 6.1. Then, the substrates were blown dry with N2 flow and dried
at 80 ◦C in the oven for 1 hour. A morphology change to a swollen, porous film was
induced by exposing the PEMs to a 0.01 M HCl solution (pH = 2.0) for 60 s followed
by a water bath (pH = 5.5) for 30 s and drying at 80 ◦C for 1 hour. Subsequently, to
collapse the film, dipping in HCl solution (pH = 2.0, 120 s) was done. To re-swell the
PEM, dipping firstly in HCl solution (pH = 2.0, 60 s) and then directly in water (pH =
5.5, 30 s) was used, again followed by drying.

6.2.3 Film characterization

Film thickness and refractive index were determined using a M2000 rotating compensator
spectroscopic ellipsometer with a goniometer stage and UV-vis source (J.A. Woollam
Co.) over a range of 196 to 1000 nm at incident angles of 65◦, 70◦and 75◦. The PEM
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was described with a Cauchy model on top of the silicon oxide and crystalline silicon
substrate, which were modeled before the dipping process.

The surface morphology was imaged in dry conditions with an MFP 3D atomic force mi-
croscope (Asylum Research) in AC mode using silicon cantilevers (NanoSensors, PPP-
NCSTR) with a nominal spring constant of 7.4 N·m-1. A scan rate of 1 Hz and a resolu-
tion of 256 by 256 pixels were used. In addition, scanning electron microscopy (SEM)
images were acquired using a JSM 7500FA High-Resolution SEM (Jeol) at 2 kV acceler-
ation voltage after coating the samples with a 5 nm gold layer in a K550X sputter coater
(Emitech).

EDFA
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3-axis 
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3-axis stage 
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Figure 6.2: Schematic of the set up used for the photonic device characterization. (TLS:
tunable laser source; EDFA: erbium-doped fiber amplifier; PC: polarization con-
troller; OA: optical attenuator; TEC: thermoelectric cooler; OC: optical circulator;
FBG: fiber Bragg grating; PS: power sensor; OSA: optical spectrum analyzer). The
alternative route was used for MRR characterization.

6.2.4 Photonic device fabrication and measurement

The device fabrication process steps are described in chapter 4. Fiber grating couplers
were defined with a separate overlay exposure with a single ZEP layer for etching 65 nm
approximately. The 104 nm desensitizing cladding SiO2 was deposited by Plasmalab
100 PECVD system (Oxford Instruments, 20 W plasma power, 300 ◦C, 1 Torr, 8.5 sccm
SiH4, 161 sccm N2 and 710 sccm N2O). The photonic chip was then annealed at 180 ◦C
for 4 hours in N2 environment. A vertical coupling measurement set up was used to test
the fabricated devices and details are presented below.

The fibers were mounted on 3-axis stages with changeable fiber insertion angle. This
was set at 7.5◦ and left unchanged for the remainder of the experiment. The chips were
mounted on a vacuum-assisted holder. The temperature of the chip was controlled with a
thermoelectric cooler (TEC) and maintained at 21.95 ± 0.03 ◦C using a TEC controller
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(TED 8020 module installed on Profile PRO 8000 system). Two different approaches
were used to characterize the device reported in the manuscript. Fiber grating couplers
were characterized with a tunable laser source (HP81989A) scanning the spectrum from
1463 to 1577 nm with 1 nm resolution while measuring power output with a power sen-
sor (HP 81532A). Micro-ring resonators (MRRs) were characterized (alternative route
in Fig. 6.2 ) using a C-band erbium-doped fiber amplifier (Amonics AEDFA-PM-23)
as a broadband source. The spectrum was measured using an optical spectrum analyzer
(Advantest Q8384) with 10 pm resolution in high sensitivity mode. For optimum cou-
pling, a polarization controller and an optical attenuator were used to avoid waveguide
heating and non-linear effect. To accurately determine the shift of the MRR over multiple
measurements, a fiber Bragg grating (FBG resonance at 1547.675 nm from TeraXion)
external to the chip was used as a reference position.

6.3 Results

6.3.1 pH responsive polyelectrolyte multilayer

The silicon wafers were coated with 6.5 bilayers of PEM using the process described in
6.2.2. After coating, the layer thickness (δ) and refractive index (n) were determined by
spectroscopic ellipsometry (SE) (details in Appendix D.1). The as-prepared PEM had a
thickness, δ = 99.2± 1.9 nm, with a refractive index, n = 1.550 (Fig. 6.3), corresponding
to a dense polyelectrolyte film. Next, the PEM was subjected to cyclic acidification to in-
duce reversible changes in its optical properties (Fig. 6.3). Dipping the as-prepared PEM
into acidic solution (0.01 M HCl, pH = 2.0, 60 s) led to an irreversible morphological
rearrangement in the film. At this low pH, the carboxylic acid groups on the PAA become
protonated, which swelled the film due to electrostatic repulsion between the positively
charged PAH chains. This swollen, hydrated film was transferred directly to water at pH
= 5.5 for 30 s to create a hydrated, physically cross-linked network, as PAA deprotonation
leads to ionic crosslinks between the cationic PAH and anionic PAA polyelectrolytes in
the film (Fig. 6.4). Then dried the PEM for 1 hour at 80 ◦C and found by SE that the dry
film thickness was increased by 40% (δ = 142.2 ± 8.8 nm), while the refractive index
was reduced to 1.25 (step 1 in Fig. 6.3).

Because the ionic crosslinks greatly enhance the mechanical stability of the PEM, water
is removed without fully collapsing the film, which generates many air-filled pores in
the dry state originating from water pockets in the original hydrated network. By re-
immersing the PEM in the acidic solution at pH = 2.0, the ionic cross-links were broken,
such that the film collapsed upon drying (δ = 79.4± 0.7 nm), resulting in the recovery of
a high refractive index coating (n = 1.47, step 2 in Fig. 6.3). Importantly, acid treatment
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Figure 6.3: PEM thickness and refractive index change by acid and water treatment.
Changes in PEM thickness (black circles) and refractive index (red triangles) in three
distinct dry states: as-prepared (step 0), swollen (step 1, 3, 5, 7) and collapsed (step
2, 4, 6, 8).

was required, to produce a swollen hydrated film, before transferring the film to pH 5.5
solution to form ionic cross-links [173]. Simply dipping the collapsed film in pH 5.5
will not result in swelling and thus no voids will be formed. The process routes for
realizing these reversible changes are shown in Fig. 6.4. It should be noted that the as-
prepared film thickness and refractive index were not fully recovered (5 % lower) due to
the irreversible structural rearrangement that takes place in the first step. This was not
obstructing to our purpose, as thereafter, two states with reversibly contrasting properties
were obtained. The above process could be repeated (steps 3 to 8 in Fig. 6.3) to alternate
between a thick, porous PEM with low refractive index (δ ∼ 132 ± 9 nm; n ∼ 1.28
± 0.02) and a thin PEM with high refractive index (δ ∼ 79 ± 3 nm; n ∼ 1.48 ± 0.01).
With an increasing number of treatments, the swollen films thickness and refractive index
slightly change over time and seem to reach a plateau. The properties of the collapsed
PEM remain more constant as the treatments were repeated. It has been shown previously,
however, that good reversibility can be achieved over many cycles with recovery of optical
properties and thus fine-tuning of the exact conditions could be of importance to obtain
good reversibility [161, 174].
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Figure 6.4: Cartoon representation of mechanism underlying microstructural changes
in the PEM upon acid and water treatment. To swell the film, the PEM was dipped in
an acidic solution at pH 2.0, transferred to water at pH 5.5 and dried at 80 ◦C (odd
steps). The ionically crosslinked network dried up to a δ > 100 nm, highly porous
PEM. To collapse the film, the PEM was dipped in an acidic solution at pH 2.0 and
dried at 80 ◦C (even steps). The lack of a network structure crosslinked by ion pairs
led to a denser, δ < 100 nm, dry film with low porosity.

6.3.2 Tunability of (de)swelling polyelectrolyte multilayer

So far, modulation between two states with distinctly different (optical) properties is
demonstrated. But interestingly, the extent of expansion in acidic solution can be tuned
further. By changing the exact pH of the acidic solution for the treatment to trigger
(de)swelling, it is possible to obtain different changes in the refractive index of the PEM,
as a result of a difference in porosity. By employing a pH 2.0 solution for both swelling
and collapsing steps, as shown before, refractive index tuning was obtained between 1.25
and 1.47 (Fig. 6.5). Changing the pH to 2.2 resulted in refractive indices of 1.19 in the
swollen state and 1.38 in the collapsed state. Exposure to a pH 2.2 (instead of pH 2.0)
solution, expanded the hydrated film to a lesser extent, which generates a higher ionic
cross-link density at pH 5.5 and thereby a higher porosity and lower refractive index af-
ter drying was obtained. Finally, by using pH 2.3 before dipping into water (pH 5.5) to
swell (step 1), dry film with an even lower refractive index of 1.15 was obtained. Then,
collapsing using pH 2.0 (step 2), a larger increase in refractive index, to 1.43 was found,
than when pH 2.2 is used. These results demonstrate how the exact pH of the dipping
solution can be chosen for a specific step to tune the final refractive index and thereby
obtaining the desired shift in device response. In addition, changing the pH of the water
bath for swelling and controlling the pH solution exposure time also have been reported
as techniques for partially swelling or collapsing the PEM such that fine tuning of the
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Figure 6.5: Refractive index of dry PEM during cyclic acid treatment in three distinct
states: as prepared (step 0), swollen (odd steps) and collapsed (even steps) as induced.
The treatment used for swelling was 60 s immersion in low pH solution (△: pH 2.0,
�: pH 2.2, ⃝: pH 2.3) and transferring for 30 s to pH 5.5. To collapse the film,
immersion in low pH solution (△: pH 2.0, �: pH 2.2, ⃝: pH 2.0) was done, directly
followed by drying. Note the exception for the third sample (⃝), where different pH
solution was used in the swelling and collapsing steps.

refractive index can be realized [161,173, 175].

6.3.3 Material characterization

To understand the origin of the cyclic variations in the PEMs refractive index, the sur-
face topology and nanostructure of the PEMs upon swelling and collapse were visualized
by atomic force microscopy (AFM) and scanning electron microscopy (SEM). The sur-
face roughness of the multilayered thin films was dramatically different in the two states
(Fig. 6.6a-c). The swollen state had a fourfold larger root-mean-square surface rough-
ness (RRMS = 25 nm, averaged over 4 images) on a 10× 10 µm area compared to that of
the collapsed state (RRMS = 6.3 nm).
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Figure 6.6: PEM surface roughness and porosity change with (de)swelling. a. 3D im-
ages of PEM surfaces on a silicon wafer in swollen and collapsed state. b. AFM
topographies of PEMs, with average RMS from 4 images indicated, in the swollen and
c. collapsed states. Scale bar is 2 µm. d. SEM micrographs of PEM surfaces on sili-
con wafers after swelling showing high porosity and e. after collapse showing lower
porosity. Scale bar is 100 nm. f. Pore diameter distribution in swollen (black stripe
pattern) and collapsed (red filled) states. Lines correspond to a Weibull fit to the dis-
tributions. g. The number of pores per µm2 in respective states, averaged over three
images each, with standard deviation as error bars.



6.3: Results 87

Nanometric pores were clearly visible in the electron micrographs of both the swollen
and collapsed state (Fig. 6.6d-e, see also Appendix D.2). For both states, the pore sizes
were broadly distributed with a mean value of Dpore ∼ 25 nm and a total range of 1 6
Dpore 6 75 nm. The distinct difference between the states lies in their pore density, which
is 60 % higher in the swollen state with about 120 pores per µm2 compared to 75 pores
per µm2 in the collapsed state. These microstructural differences explain the observed
variations in refractive index, which alternatingly approached the limiting values of a
dense PAH/PAA film (n ∼ 1.5) and a solid foam with large air pockets (n ∼ 1.2).

6.3.4 Photonic device with PEM

Now that the reversible refractive index alteration of the PEM was obtained, it was ap-
plied on photonic integrated circuits (PICs) based on hydrogenated amorphous silicon
(a-Si:H) photonic structures. The fabricated devices with PEM cladding were treated in
the same manner as outlined previously to trigger the swollen and collapsed state of the
PEM. Note that the measurement of the PIC was performed in its dried state after drying
at 80 ◦C for an hour following each treatment. The photonic chip contained fiber grat-
ing couplers (GCs), often used for vertically coupling light in and out of optical fibers
to, among other types, silicon-based photonic circuits, so that individual devices can be
accessed on the chip. Based on coherent interference between multiple reflections of the
optical field travelling in the waveguide, GCs are highly sensitive to small deviations in
fabrication accuracy. A 15 nm increase in the etching width of the grating elements re-
sults in 5 nm red-shift in the center wavelength response of such a grating (see Appendix
D.3). When covering the grating coupler with the PEM, the high refractive index change
found affecting the GC response. Since the GC response position is sensitive to the fiber
insertion angle and physical parameters of the grating section, all the measurements were
performed at a fixed angle of 7.5◦.

As the PEM covering the GC was changed between swollen and collapsed state by cyclic
acid treatment, the response of the peak coupling position of the grating shifted as well
(Fig. 6.7a). Namely, the peak response position red-shifted by 6 nm when the PEM
was in the collapsed state compared to the swollen film (Fig. 6.7b). This shift was
accompanied by a small increase in coupling loss due to the specific combination of
parameters related to the fiber GC rather than the PEM itself. However, this can be
possibly averted by carefully designing GCs considering the condition of (de)swelling of
PEMs. 2D finite-difference time-domain (FDTD, using Lumerical software) simulation
of the fabricated a-Si:H fiber gratings along with PEM properties extracted from SE
shows good agreement with the measurement (Fig. 6.7c) in terms of peak position shift
and a small increase of coupling loss (details in Appendix D.3). The measurements
show higher loss and narrower bandwidths compared to the simulations, which may be
related to roughness on the grating teeth and uneven etching (areal non-uniformity) that
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Figure 6.7: Fiber grating coupler response shifts by (de)swelling PEM cladding. a.
Schematic representation of PEM in swollen and collapsed states on the gratings and
their cyclic change by acid treatment b. Measured response of the GC reversibly
shifted as the PEM cladding changes between swollen and collapsed state; numbers
corresponding to the steps as in Fig. 6.3. c. Simulation of the GC with PEM in re-
spective states matched well with the experimental result.

are not accounted for in the simulation. The large 6-nm reversible shift indicates that
the PEM can be used to correct up to 0.75◦ fiber insertion angles and hence a peak-
to-peak power coupling improvement of as much as 0.8 dB. For a basic GC design, the
alternative method to achieve such a shift would be to apply constant heating to trigger the
thermo-optic effect [176]. The same programmable shift is also suitable for correcting a
fabrication-induced error of up to 6.9 % due to loss of critical device dimension (details
in Appendix D.3). The potential correction of 6 nm and/or 0.8 dB in performance may
be of crucial importance when considering the challenges involved in optical packaging
of photonic chips with GCs [177].

Next to the grating couplers, all-pass micro-ring resonator (MRR) was chosen to demon-
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strate the reversible programmability. Briefly, the rings with a radius of 25 µm were fab-
ricated by electron-beam lithography and dry etching of a-Si:H waveguides. To ensure a
high-Q response, MRRs with different gaps were fabricated. Two MRRs, indicated as 1
and 2, with optimum performance (Q-factor ∼ 6000) were chosen to monitor the effect
of the PEM cladding undergoing (de)swelling. While such a high refractive index change
in PEMs as cladding is useful for tuning a broadband device like a grating coupler, for
highly resonant photonic devices such as MRRs, only a fraction of this change is suffi-
cient to sweep the response through its full free spectral range (FSR). Waveguides made
in a a-Si:H PIC will experience large effective index changes when a (de)swelling PEM
cladding is in direct contact with the waveguides. This is particularly true for silicon-on-
insulator (SOI), indium phosphide (InP), InP membrane-on-silicon (IMOS) and highly
confining Si3N4 on SiO2 photonic platforms, where the refractive index of the waveguide
is significantly different from the surrounding [6, 8, 9].
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Figure 6.8: Desensitization with SiO2 layer between waveguide and PEM. a. neff of the
guiding mode at 1550 nm of a-Si:H versus desensitized SiO2 layer thickness with(out)
PEM cladding in the swollen and collapsed states. b. The difference in neff of guiding
mode at 1550 nm between the collapsed and swollen states of the PEMs versus SiO2
layer thickness. Inset shows a schematic cross-section of the device layers, not to scale,
with blue arrows indicating the direction of light travelling through the guiding mode.

By modal analysis, the effects of swollen and collapsed PEM on such a waveguide were
determined as shown in Fig. 6.8a (details in Appendix D.4). While the neff of the bare
a-Si:H at 1550 nm is 1.993, between swelling and collapsing of the PEM it can be altered
by 0.027 from 2.041 to 2.068, respectively. This change is so significant that it resulted
in an MRR response shift over multiple FSRs, including a change in the ring coupler
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Figure 6.9: MRR response shifts with (de)swelling of the PEM cladding. a. Micrographs
of a-Si:H MRR with 100 nm desensitizing SiO2 either bare, with as-prepared, swollen
and collapsed PEM; scale bars are 50 µm. b. Normalized transmission spectra over
2 cycles of (de)swelling the PEM cladding showed good reversibility for MRR-1 and c.
for MRR-2; FSR = 3.75−3.94 nm, numbers in legend corresponding to steps as in Fig.
6.3. Arrows indicate the position of the fiber Bragg grating (FBG) resonance position
at 1547.675 nm serving as a reference. Simulated transmission spectra (dashed lines)
matched very well with the experimentally obtained results for d. MRR-1 and for e.
MRR-2.
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power splitting ratio (details in Appendix D.5). Therefore, a desensitizing layer between
the waveguide and the PEM was suggested to tailor the (de)swelling effect on the neff
of the waveguide, depending on the requirement for a specific device (Fig. 6.8b). Here,
SiO2 was used for this purpose, but in principle any dielectric layer that does not absorb
light and has a comparable refractive index can be used as an alternative. Desensitization
is a powerful means to control the behavior and adapt ∆neff as required by design. For
experimental demonstration of programmable MRR, around 100 nm SiO2 was consid-
ered, which means ∆neff = 0.0053 at 1550 nm between the swollen and collapsed PEM
states separated by half FSR.

Before and after the deposition of the cladding, optical microscopy images of the fabri-
cated MRR-1 were taken during different steps of the experiments (Fig. 6.9a). Construc-
tive interference makes certain wavelengths of light prominent upon reflection, which is
dependent on the phase of the reflected light as ruled by the optical path length (OPL: Λ
= nδ) in the film [178]. The OPLs for as-prepared PEM (Λ = 155 nm), swollen PEM (Λ
= 175 nm) and collapsed PEM (Λ = 116 nm) change significantly, which is confirmed by
the micrographs taken with a white light source, where certain colors became dominant
in the different images.

Next, from the normalized transmission spectrum of both MRR-1 and MRR-2 in the
wavelength range of 1530− 1560 nm, a shift was clearly observed between swollen and
collapsed states of the PEM cladding. The magnitude of this shift was around half of
the FSR, approximately 1.9 nm (FSR ∼ 1550 nm = 3.9 nm, Fig. 6.9b-c). The meticu-
lous programming of these MRRs by (de)swelling the PEM cladding unveiled two stable
states. The extinction ratio between the pass and block values for the resonant wave-
lengths in the MRRs was larger than 20 dB and not limited by the cladding but only
by the quality factor of the MRRs. This fairly reversible resonance shift was observed
for two cycles of (de)swelling of PEM. Furthermore, numerical simulations of the MRR
transmission spectra show an excellent match with the experimentally obtained response
upon (de)swelling the PEM cladding for the first cycle (Fig. 6.9d-e, details in Appendix
D.4). Simulation of the device response with PEM cladding in respective states can aid
designers in the selection of treatment to obtain the desired output. Importantly, the
measurements of the MRRs were done after drying the acid-treated samples. Hence,
the incurred changes are non-volatile in nature, since the programmed device can retain
its state without requiring continuous input. Additionally, no discernible change in Q-
factor nor any notable changes in transmissions were observed, which means no excess
loss was introduced during (de)swelling of the PEM, in contrast to high-loss PCM-based
PICs [58, 61].
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6.3.5 Stability assessment by storing in ambient conditions

The stability of the PEM cladding was assessed by storage for a period of 15 weeks under
ambient conditions. The temperature was around 22±2◦C and the relative humidity was
around 35 − 45% but both were not controlled beyond the conditioned environment of
the laboratory. The samples were cladded with a swollen PEM (third cycle; step 5) and
measured directly after the treatment, as well as after the storage. The ellipsometry anal-
ysis indicates no changes in the polymer film during this period of time since both the
thicknesses and refractive indices significantly match (Table 6.1). Furthermore, measure-
ments of the transmission spectra of the two MRRs before and after the 15 weeks show
satisfactory overlap corresponding to their (de)swollen state (see Fig. 6.10). These out-
comes imply that storage in a controlled environment is not required to prevent changes
in the (de)swollen PEM cladding, and thus the device performance over time.

Table 6.1: PEM thickness and refractive index after third swelling treatment during stor-
age

t(weeks) δ(nm) n(-)
0 124.82± 6.68 1.294± 0.012
15 124.87± 5.24 1.301± 0.010
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Figure 6.10: Normalized transmission spectra measured directly after triggering the
PEM and again after storing in ambient conditions for 15 weeks (red dashed line)
showed good stability for coated devices a. swollen PEM and b. collapsed PEM.
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6.4 Discussion

Exploiting responsive PEMs to reconfigure photonic devices offers several advantages
over previously demonstrated methods. Crucially, the demonstrated approach to design
reconfigurable PICs is readily scalable, providing a significant advancement in the field
as previously suggested methods are hindered by scalability issues. For instance, cir-
cuits with programmability have been designed using a combination of recurring arrays
of phase-tuning elements and linear transformations, but large-scale adaptation would
require high power consumption (0.25 W per heater), controlled heat dissipation (to re-
duce thermal cross-talk) and complex control circuits [25]. To circumvent challenges
associated with manipulation of the light-guiding material itself, existing photonic plat-
forms can be functionalized with materials that undergo reversible changes in refractive
index in a controlled manner. Phase changing materials (PCMs) have been receiving
widespread attention in the photonics community as they can sustain reversible refrac-
tive index changes (∆n > 1) and are very stable [56, 57]. Disadvantageously, owing to
their metallic nature, PCMs have a large imaginary part of the refractive index when crys-
tallized leading to increases in loss of up to four orders of magnitude when compared with
their amorphous state. Although the induced∆n of PCMs is non-volatile, these excessive
losses limit scalability, making cointegration on PICs impractical [58, 61]. Integration
of other materials with tunable optical properties has not yet delivered on user-based
programmability either, because they were hampered by poor reversibility and required
elaborate and expensive equipment [77, 78, 80, 81].

Aspiring to overcome these issues, an easily applied material that undergoes a non-
volatile change in its refractive index without requiring elaborate integration and without
compromising on loss was employed. A large degree of control over the photonic de-
vices response to (de)swelling of the PEMs by introducing a desensitizing layer between
the PEM and waveguide was demonstrated, which could be precisely regulated with the
thickness of this layer. Two other strategies can be proposed to realize similar control
that may offer more flexibility in terms of integration with PICs. Firstly, the degree of
swelling of the polymer network can be tuned by changing the pH of the acidic solution
or by controlling exposure time, thereby controlling the dynamic range of the refractive
index variation of the PEM [161, 173, 175]. Therefore, the neff of the guiding mode can
be tuned by selecting a suitable pH to obtain the desired refractive indices corresponding
to the swollen and collapsed PEM cladding. Secondly, patterning or selective deposition
the PEMs on the photonic device can offer control over the effect of (de)swelling and
can aid towards large-scale implementation of programmable PICs [161, 179, 180]. In
addition to controlling the extent of the changes in the optical properties, local treatment
of the PEM to trigger (de)swelling) can be achieved by employing on chip embedded
nano- or microfluidic channels or inkjet printing [20, 161, 179, 181]. Exploitation of
these strategies should enable the implementation of programmable splitter/directional
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couplers and photonic integrated Mach-Zehnder interferometers in addition to the pro-
grammable MRR demonstrated here. Such devices, with responsive PEM cladding, open
up routes towards the linear combination of programmable photonic devices that address
applications like reconfigurable PIC i.e. optical FPGA, non-volatile photonic memory
for optical look up table (OLUT) and optical logical circuits for computation with a self-
holding capability and user-defined configurability [25,32,48,50,130,133]. As photonic
devices are adversely affected by fabrication related imperfections, similar easy-to-apply
strategies can be used to tune photonic devices in a way that does not require continuous
power consumption nor employment of specialized tools [79–81,83, 133].

6.5 Conclusion

In summary, a novel application for responsive polyelectrolyte multilayers (PEMs) is
demonstrated by cladding them onto photonic integrated circuits. Upon exposure to aque-
ous solutions varying in pH, the PEMs were reversibly (de)swollen to obtain dry films
with either high or low porosity. These alterations of the porosity lead to highly contrast-
ing changes of the optical properties of the PEM in its dry state, which were reversible
over several cycles. Two types of applications were demonstrated for reconfigurable pho-
tonic devices. First, the tuning of devices to tackle fabrication-related imperfections were
explored with direct cladding of the PEM. Reversibly altering the PEM cladding on fiber
grating couplers resulted in up to 6 nm peak wavelength tuning ability that can be particu-
larly useful for correcting grating coupler based optical packaging losses. Second, a pro-
grammable non-volatile device was demonstrated that can lead towards reconfigurable
PICs benefiting wide application fields. To this end, a micro-ring resonator was pro-
grammed, shifting its response by half of the free spectral range, for two reversible cycles
with a carefully designed SiO2 desensitization layer between the waveguide and PEM.
This demonstration paves the way towards compact reconfigurable photonics, which re-
quire no continuous power consumption nor additional control systems to maintain their
operation and are virtually loss-less. Furthermore, the proposed cladding is easily ap-
plied on a wide range of substrates and is therefore applicable to all the existing photonic
platforms, while remaining stable under ambient conditions for a significant amount of
time. These results are the first steps towards PEM-assisted reconfigurable photonics
and with other possible activation schemes in mind, field programmable photonic de-
vices (FPPDs) analogous to field programmable gate arrays (FPGAs) may be within our
reach.



7
Reconfigurable Photonic Filter via

Area-selective PEM Cladding

This chapter investigates an alternative route to tailor the high-contrast reversible re-
fractive index changes offered by PEM for reconfigurable photonic applications. Here
the technique for selectively accessing PEM on the photonic device and design of the
device is discussed. Furthermore, a drop-through filter operating between two states in
multiple cycles is demonstrated. In addition, performance of the device is evaluated with
a high-speed data transmission scenario.

95
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7.1 Introduction

In chapter 6, a novel approach to enable non-volatile i.e. no continuous power input re-
quired, reversibly programmable photonic devices using polyelectrolyte multilayer (PEM)
as a cladding material was demonstrated. Upon exposure to aqueous solutions varying
in pH, the PEM was reversibly (de)swelled to obtain dry films with highly contrasting
refractive index change. This high contrasting refractive index was engineered by using
a designed desensitization layer based on SiO2 between the PEM layer and the waveg-
uide. Using this technique, a micro-ring resonator (MRR) was programmed between two
distinct reconfigurable states. An alternative technique for engineering this large degree
of change for photonic devices is to meticulously apply PEM on the device. This can be
done by patterning the PEM on the device or by area selectively depositing PEM on the
device [161,179,180]. In this chapter, a novel approach towards area-selectively activated
responsive PEM for reconfigurable photonic devices is discussed, which includes design
aspects and implementation as well. This technique opens up a path towards the real-
ization of a multitude of novel reconfigurable photonic devices. Among these, the scope
for implementing Mach-Zehnder interferometer (MZI) is the most important one, as ar-
rays of this device have been used to realize programmable photonic processors [25,48].
Using a ring resonator as a pass-drop channel filter, the filter can be programmed for
multiple cycles, in a passively and statically, into one of the two states. Bit error rates
(BERs) for both the drop and pass ports, in both states, were only limited by the cross-talk
and a penalty of up to 1 dB in receiver sensitivity was found at a bit rate of 28 Gb/s for
non-return-to-zero on-off keying (NRZ-OOK) modulation format with pseudo random
bit sequence (PRBS) length of 231 − 1.

7.2 Experimental details

7.2.1 Device design and fabrication

MRRs are extremely sensitive to small changes around their surrounding environment,
because of their resonating nature. As a result, MRRs have been already applied as sen-
sors for a variety of applications [19]. Similarly, it was demonstrated in chapter 6, without
having a desensitization layer between the (de)swollen PEM and waveguide, it is difficult
to manage such highly contrasting refractive index change associated with (de)swollen
PEM. The PEM deposition and pH activation are limited to dipping processes in this
work, the (de)swollen PEM is expected to cover homogeneously over the complete pho-
tonic device. In that case, it is not possible to realize the localization of (de)swollen
PEM. However, it was also demonstrated in chapter 6 that, as the thickness of the SiO2
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increases, the waveguide can sense lesser change originating from the (de)swollen PEM.
At a thickness above 350 nm, MRR will not be able to sense any change due to (de)swollen
PEM. Therefore, having a thick cladding on the device with a well-defined sensing win-
dow where the (de)swollen PEM can directly access the waveguide structure. With this
strategy, area-selective activation of the PEM (de)swelling will be possible. In this work,
pass-drop MRR filter was chosen for the demonstration of reconfigurable photonic device
availed via area-selectively activate (de)swelling PEM. The device is based on a-Si:H
and the fabrication process steps are presented in chapter 6. SEM image of the fabricated
pass-drop MRR filter is shown in Fig. 7.1. This device is only a small variation from the
all-pass MRR device previously demonstrated in chapters 4 and 6. As shown in Fig. 7.1,
the ring resonator is coupled to two waveguides. The input field split into the ring with
cross-coupling coefficient (k1) and rest passes towards the output ’pass’ port with self-
coupling coefficient (r1). These two coefficients satisfy, r1 +k1 = 1 condition assuming
the coupling section has no loss. The light coupled into the ring then splits towards the
output ’drop’ port with cross-coupling coefficient (k2). And rest of the light is retained
in the resonator with self-coupling coefficient (r2).

10μm

r1

k1

r2

k2

PassInput

drop

Figure 7.1: Fabricated pass-drop micro-ring resonator filter with a-Si:H-based waveg-
uide and 25 µm radius ring.

The transfer functions of the pass-drop MRR outputs are the following equations [136]:

T p =
Ipass

I input
=

r2
2a2 + r1

2 − 2ar1r2 cosϕ

1 + (r1 ∗ r2 ∗ a)2 − 2ar1r2 cosϕ
(7.1)

T d =
Idrop

I input
=

(1− r1
2)(1− r2

2)a

1 + (r1 ∗ r2 ∗ a)2 − 2ar1r2 cosϕ
(7.2)



98 Chapter 7: Reconfigurable Photonic Filter via Area-selective PEM Cladding

where:

• ϕ = βL = single-pass phase shift,

• L = round trip length of the ring,

• β = 2πneff
λ = propagation constant,

• neff = effective refractive index,

• a = exp(−αL)= round trip loss coefficient, which is related to α attenuation coef-
ficient (cm-1),

• r1 = self-coupling coefficient of the 1st splitter,

• r2 = self-coupling coefficient of the 2nd splitter.

For a fabricated device, tuning of the device is achievable by changing the effective re-
fractive index, neff of the ring waveguide. Poly(methyl methacrylate) (PMMA) electron
beam photoresist was used as the thick cladding layer, which covers the waveguide ex-
cept for the open window where the PEM is directly covering on top of the waveguide.
Therefore, the ring waveguide is composed of two parts. For the total ring length of L
and effective length of the open window being x, the single-pass phase shift, Φ for the
ring can be expressed with the following equation:

ϕ = k0neff(PMMA)(L− x) + k0neff(PEM)x (7.3)

where:

• k0 = 2π
λ is the propagation constant of the field in vacuum,

• neff(PMMA) = effective refractive index of the a-Si:H with thick PMMA cladding,

• neff(PEM) = effective refractive index of the a-Si:H with PEM cladding,

• L = round trip length of the ring,

• x = effective waveguide length of the waveguide with the open window for PEM.

The a is assumed to be unchanged for either of the waveguide structures. The fabricated
a-Si:H waveguide was considered to be 480 nm in width and 210 nm in height. As
described in chapter 6 and appendix D.4, FIMMWAVE software was used to determine
the TE-like mode effective refractive index for the a-Si:H waveguide with swollen and
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collapsed PEM cladding. Similarly, TE-like mode effective refractive index for the a-
Si:H waveguide with 1.1 µm PMMA cladding was also determined. The refractive index
of the PMMA was extracted from a previously reported article by Baedi et.al. [182].
Determined effective refractive index for the a-Si:H waveguide with different cladding
conditions are shown in Fig. 7.2a. According to these simulations, the effective refractive
index of the a-Si:H waveguide change between swollen (neff(swell) at 1550 nm = 2.041) and
collapsed (neff(collapse) at 1550 nm = 2.068) state of PEM by 0.027. With these conditions,
the effective length of the open window on the ring waveguide, x was determined to be
30 µm for half FSR shift between two states. This is shown in Fig. 7.2b for the pass
output of the simulated device.
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Figure 7.2: a. Effective refractive index of the a-Si:H with (de)swollen PEM cladding
and thick PMMA cladding. b. Simulated pass output of the 25 µm radius pass-drop
filter with PEM programmed between swollen and collapsed state.

PMMA 950K A11 photoresist, compatible for electron beam lithography was used as
the thicker cladding. After the device was fabricated, PMMA was coated on the device
by spin coating. The spinning speed was 6000 rpm and the duration was 60 seconds.
Subsequently, the chip baked at 185 ◦C for 3 minutes. Then the chip was patterned for
the 30 µm open window using electron beam lithography system (Raith EBPG5150 100
kV). After exposure, the chip was developed in MIBK developer solution for PMMA for
1 min 25 seconds and rinsed in isoporpanol (IPA) solution for 1 min 25 seconds as well.
Then the chip was exposed to O2 plasma (50 W plasma power, 15 mTorr and 20 sccm
O2 flow) for 20 seconds to make sure the open window was completely clean. After
following these processes, the thickness of PMMA can be found to be around 1.1 µm
with profilometer step height measurement. The optical image of the fabricated device
with an open window is shown in Fig. 7.3a. The schematic cross-section of the open
window (red dashed line) is shown in Fig. 7.3b.
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210 nm a-Si:H

2 µm SiO2

1.1 µm PMMA

a b
50 µm

Waveguide

Figure 7.3: a. Fabricated device with open window with 30 µm effective length. b.
Simple schematic representation of the open window cross-section.

The programmable PEM cladding was deposited in a layer-by-layer fashion as described
in chapter 6 and was then dried for any of the programmable states. PEM cladding is
composed of alternating polyallylamine hydrochloride (PAH) and polyacrylic acid (PAA)
bilayers. The source of these materials and synthesis techniques are described in chapter
6. This was done by alternatively dipping the samples in solutions of PAH and PAA for
15 min and, in-between steps, rinsing in water for 1 min. This was done until 6.5 bilayers
are formed, starting and ending with PAH. Then the PEM film was blow-dried with N2
and subsequently dried in the oven at 80 ◦C for 30 minutes.

7.2.2 Device characterization and BER measurement setup

The device was fabricated with fiber grating couplers for providing input signal and mea-
suring the output signals. As shown in Fig. 6.2, tunable laser source and power sensor
were used along with the vertical fiber coupling set up to measure the device response
with the PEM switched between swollen to collapsed state. The resolution of the mea-
surement was 0.2 nm. The temperature of the chip was controlled with a thermoelectric
cooler (TEC) and maintained at 21.95± 0.03 ◦C during the measurements.

Bit error rates (BERs) were measured for both the drop and pass output ports correspond-
ing to both of the PEM states. To characterize the filtering performance, two laser sources
were used representing two channels for the BER measurements. These two channels
were combined and connected to a modulator through a polarization controller (PC). The
modulation format was non-return-to-zero on-off keying (NRZ-OOK) with a bit rate of
28 Gb/sec and pseudo random bit sequence length of 231− 1. The modulated signal was
amplified with an erbium-doped fiber amplifier (EDFA pre-amp) because of the excess
14 dB loss arising from the modulator. After the amplifier, the signal was filtered (1 : 2
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filter) back to two channels in order to de-correlate the channels and then coupled back
to a 2 : 1 coupler. The excess loss incurred due to filter and other component connection
were matched again with an erbium-doped fiber amplifier (EDFA power-amp). The sig-
nal then was passed through a polarization controller (PC) to couple into the device as
indicated by the red box. The output of the device was passed towards photo-detectors
(part of BER tester) through in-line fiber power meter and variable optical power attenu-
ator. The modulator and BER tester were synced with a clock generator for consistency.
The corresponding results are discussed in the following ’Results and discussion’ section
(7.3).

λ1

λ2

2:1

Modulator

Laser sources EDFA 
pre-amp

1:2

Filter

PC

PC 3m

EDFA 
power-amp

PCPICBER
Tester

Clock generator

In-line power meter
& variable attenuator

2:1

ab,c

Spectrum analyser

Figure 7.4: Experimental setup for demonstrating reconfigurable channel dropping
WDM filter and performing bit error rate (BER) measurement. PC: Polarization con-
troller. a - Input spectrum measurement point and b,c - through and drop port mea-
surement point. EDFA: erbium-doped fiber amplifier; PC: polarization controller.

7.3 Results and discussion

7.3.1 Reconfigurable pass-drop MRR characterization

The fabricated device, as shown in Fig. 7.3 was PEM cladded with a layer-by-layer depo-
sition technique as discussed before. The homogeneous coverage of the PEM cladding
will coat the open window waveguide section as well as PMMA cladding. The pass-
drop MRR was characterized before the application of the cladding and afterwards, in
both the swollen and collapsed states for both the pass and drop ports. The acid treat-
ments to trigger reversible swollen and collapsed cycles are described in 6.3. Because of
the high contrasting refractive index and thickness change corresponding to (de)swollen
PEM, the color of the open window changed where the PEM was directly cladded on



102 Chapter 7: Reconfigurable Photonic Filter via Area-selective PEM Cladding

50 µm 50 µm

1.1 µm PMMA

210 nm a-Si:H

2 µm SiO2

Swollen Collapsed

Figure 7.5: Microscope image of the fabricated device with open window with
(de)swollen PEM cladding. Simple schematic representation of the open window
cross-section (red dashed line) with (de)swollen PEM cladding. White dots indicate
air-filled pores.

the waveguide. This was observed with optical microscope imaging of the device, as
shown in Fig. 7.5. A cartoon representation of the cross-section of the open window
with (de)swollen PEM is shown in Fig. 7.5. Swollen PEM cladding is represented with
thicker and porous (white dots) PEM layer and collaped PEM cladding is represented
with thinner and denser (white dots free) PEM layer.

The measured responses from the device with (de)swollen PEM cycles are shown in Fig.
7.6. As per the design, approximately half of the FSR tuning of the device was observed
between swollen and collapsed PEM. Also, this reversibility was demonstrated up to three
and a half cycles. The drop port demonstrated a maximum rejection of non-desirable
channels by 10 dB while the through port showed a 15 dB rejection. The FWHM pass-
band of the drop channel is 0.87 nm and the FSR is 4 nm. This yields a Q-factor of
1.8 × 103, which is relatively low but was unaffected by the coating with PEM as well
as switching between the swollen and collapsed PEM states (see Fig. E.1, Appendix
E). This suggests that the tuning of neff was achieved solely by changing the density of
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air-filled voids in the cladding, so that no additional losses incurred in the process of
programming the PEM. As the Q-factor is only intrinsically related to the fundamental
device property, one can assume applying PEM to improved SOI-based devices for better
performance. In addition, we have realized switching of the device performance between
swollen and collapsed state by approximately half of the FSR over multiple cycles.
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Figure 7.6: Pass-drop MRR response with PEM switching states for a. drop output port
and b. pass output port.

7.3.2 Reconfigurable channel dropping WDM filter

A micro-ring resonator (MRR) in pass-drop fashion can natively perform as a channel
drop filter for an incoming wavelength-division multiplexed (WDM) signal [183]. It was
demonstrated that such a filter can be programmed, in a passive and static way, into one
of the two states. The performance of this filter for the collapsed state was characterized
first. The experimental set-up used for the demonstration of the device performance is
discussed in 7.2.2. Two equalized and modulated channels with a power of 6.8 dBm at
wavelengths 1552.8 and 1554.7 nm were coupled into the device. The spectra of these
input channels were measured with an optical spectral analyser before going into the chip
as shown in Fig. 7.7 (Point ’a’ in Fig. 7.4). The obtained spectra at the outputs of the
device in the collapsed state of the PEM are shown in Fig. 7.7a. As shown in Fig. 7.6,
the pass port had 15.4 dB adjacent channel suppression while the drop port had 9.4 dB of
channel suppression. The output of the device switched i.e the channels swapped output
ports when the device was switched by converting to the swollen state of PEM. The pass
port had 9.5 dB extinction while drop port had 10 dB extinction channel to channel (see
Fig. 7.7a). This is due to the reversibility of the PEM that resulted in a slight mismatch
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between channel wavelengths and optimum device output responses. This is shown in
Fig. E.2 (appendix E), with the output responses of the pass-drop MRR corresponding
to the collapsed and swollen state and the position of the channel wavelengths.
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Figure 7.7: Spectra of two modulated channels as input and outputs corresponding to a.
the swollen state of PEM and b.the collapsed state.

In Fig. 7.8, the BER curves are plotted together with the back-to-back curve as refer-
ence. The performance of the drop port for both the swollen and collapsed states show
a receiver sensitivity penalty of 1 dB for error-free transmission (at BER = 1 × 10−9).
The performance of the pass port shows no penalty for collapsed state and 1 dB penalty
for the swollen state. The penalty is due to the non-coherent cross-talk arising from the
limited rejection of the out of band signal. This can be circumvented by improving the
control over the reversibility of PEM switching. In this work, manual dipping of sample
technique was used. However, doing this via automatic dipping or droplet control (ink-jet
printing) can potentially result in better control over the switching of PEM states [161].
Error-free operation was also achievable for 35 Gb/s data streams but only on the pass
port due to the additional insertion losses and the filtering effect of the drop port.

7.4 Conclusion

A novel technique for reconfigurable photonic devices using an area-selective non-volatile
tuning of the polyelectrolyte multilayer-based cladding was demonstrated. With its ease
of use, this technique is applicable to any commercially available photonic platform. Ad-
ditionally, this tuning results in static states that require no continuous power consumption
and can be accessed reversibly over multiple cycles. Also, it was further demonstrated
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Figure 7.8: BER curves together with back-to-back as reference and device outputs cor-
responding to the collapsed and swollen states of PEM.

that the switching of the PEM cladding results in no additional optical losses. Here, only
two distinct programming states were demonstrated, but by changing the treatment time
or acidity it is possible to access different degrees of porosity and thereby programming
states in between. Based on this technique, the programming of a micro-ring resonator
as a channel dropping filter, capable of supporting error-free transmission at bit rates up
to 28 Gb/s with a modest power penalty of 1 dB for the pass and drop ports was demon-
strated.
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8
Conclusions and Recommendations

This is the final chapter concluding this dissertation by summarizing the main findings,
highlighting the general contributions and formulating recommendations for future re-
search.

107
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8.1 Conclusions

In this research work, efforts have been made towards innovative materials and tech-
niques towards realizing novel reversible and programmable photonic integrated devices.
Three criteria were considered critical for realizing large-scale reconfigurable PICs - 1.
reversibility, 2. non-volatility and 3. loss-less integration. Two novel viable techniques
pertaining the above mentioned attributes are presented in this dissertation.

The first technique is established by exploiting the metastable optical property of hydro-
genated amorphous silicon (a-Si:H). Followings are the key findings from the research
work made towards this direction:

B By exposing a-Si:H to cyclic annealing and light soaking cycle to enable metastable
refractive index property in the near-infrared spectrum was demonstrated for the first
time. This was achieved by employing a highly sensitive thin-film interferometric sys-
tem based on Fabry-Pérot cavity. Initial irreversible refractive index change was ob-
served with the first few steps, which followed by a reversible refractive index change
(∆n) of 0.001. Initial surface oxidation and loss of hydrogen were found to be the
reason behind the observed unavoidable initial irreversibility. Also, it was confirmed
that the basic amorphous nature of the material was contained during the cycles of an-
nealing and light soaking. Additionally, the reversibility was demonstrated in cycles
and improved repeatability was obtained as the number of cycles grew. Finally, a com-
parison between two different qualities of a-Si:H indicated that the porous category of
a-Si:H that contains more hydrogen and void rich defects showed higher reversibility
compared to dense a-Si:H.

B A metastable optical switch based on micro-ring resonator was demonstrated, which
has two switching states well-separated by 0.3 nm and extinction of the on/off state
exceeding 20 dB. No discernible changes in optical loss were observed with respect
to the switching states. It was estimated that the effective refractive index reversibly
changes by 0.8× 10-3, which is comparable to what was estimated by the thin-film in-
terferometric technique (0.001). In addition to comparable reversible refractive index
change, cycles of annealing and light soaking showed strikingly similar trend observed
with the thin-film interferometry experiment. Unlike thin-film interferometry exper-
iment, a long-term instability of the programmed state was observed for the device.
After prolonged analysis with different variations in conditioning, it was concluded
that the drifting behavior is likely exclusively related to the MRR waveguide structure
and the layer stack. This needs further investigation. Also, studies towards on-chip an-
nealing with micro-heater were conducted that can potentially enable selective on-chip
programming of photonic devices.
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B Investigations were made with a-Si:H-based free-standing thin-film membranes to-
wards understanding the origin of the demonstrated reversible refractive index changes
between annealing and light soaking states as well as to further explore the insta-
bility problem. It was observed that the strain in the a-Si:H thin-film free-standing
membranes changed when subjected to annealing and light soaking treatments. Simi-
lar to the thin-film interferometry experiment and the micro-ring resonator, reversible
change in strain was observed after a few initial steps with annealing and light soaking.
The increase in strain corresponding to light-soaked state, as manifested by the increase
in refractive index for other thin-film intereferometry and MRR device proves that,
strain change is the principal contributor towards the real part of the refractive index
change. Therefore, the technique demonstrated here with the free-standing membrane
can be used to study the relation between reversible strain change and the magnitude
of reversible refractive index change with different qualities of a-Si:H. Also, the stabil-
ity of the membrane corresponding to annealed and light-soaked states up to a month
were observed. This indicates that the layer stack or the geometry of the waveguide is
the reason behind the instability that was observed for the device.

The second technique is established based on the exploition of the stimuli responsive na-
ture of a versatile class of polymer coating known as polyelectrolyte multilayers (PEMs).
Followings are the key findings from the research work made towards this direction:

B A novel approach for realizing reversible programmable photonic devices is presented
by cladding the devices with PEM based on bilayers of poly(allylamine hydrochlo-
ride) (PAH) and poly(acrylic acid) (PAA) by the layer-by-layer deposition technique.
PEM based on these polyelectrolytes can undergo large reversible macroscopic prop-
erty changes that are manifested as reversible (de)swelling by consecutive exposure
to acidic and neutral pH solutions. This yields highly contrasting reversible refrac-
tive index changes (∆n = 0.22) in the dry state. The effect of direct cladding on
a photonic device was observed with reversible response changes from fiber grating
couplers. Reversibly altering the PEM cladding on fiber grating couplers resulted in
up to 6 nm peak wavelength tuning ability that can be particularly useful for correcting
grating coupler based optical packaging losses. Therefore, this tuning technique was
suggested for tackling fabrication-related imperfections. Moreover, another technique
was presented for programming highly sensitive photonic devices since only a fraction
of this highly contrasting change is enough for sweeping the entire response. To this
end, a carefully designed SiO2 desensitization layer between the waveguide and PEM
was used to demonstrate a programmable micro-ring resonator shifting its response by
half of the free spectral range for two reversible cycles. This demonstration facilitates
compact reconfigurable photonics, which requires no continuous power consumption
nor additional control systems to maintain their operation and are virtually loss-less.



110 Chapter 8: Conclusions and Recommendations

B Based on area-selectively deposited PEM, an alternative technique to engineer the
high-contrast refractive index change was proposed to realize reconfigurable photonic
device. This technique offers further flexibility in realizing a wide variety of reconfig-
urable photonic devices. A programmable micro-ring resonator in pass-drop fashion
with area-selective PEM was designed and demonstrated. This filter was statically
programmed for multiple cycles into one of the two states. Also, the switching states
were demonstrated with no additional optical losses. The performance of this pro-
grammable filter was determined with bit error rates (BERs)for both the drop and pass
ports. These two states were only limited by the cross-talk and a modest power penalty
of 1 dB for error-free transmission in receiver sensitivity was found at a bit rate of 28
Gb/s for non-return-to-zero on-off keying (NRZ-OOK) modulation format with pseudo
random bit sequence (PRBS) length of 231 − 1.

These first-hand demonstrations with these two techniques can be multifaceted. In ad-
dition to employing the reconfigurable photonic multipurpose circuits, applications like
static read-only memory (SROM), static-optical look up table (S-OLUT) for photonic
processors and reconfigurable metasurfaces and metamaterials type novel optical struc-
tures. The demonstrations around the a-Si:H based free-standing membrane stress ma-
nipulation can be exploited by the MEMS assisted photonic devices and novel nano-
mechanical devices that rely on opto-mechanical properties of materials. Also, these
techniques can be valuable in effective tuning to compensate fabricate-related imperfec-
tions corresponding to photonic devices. However, further studies need to be made to
understand their practicality. Based on the findings reported in this dissertation, some
recommendations for future research are made in the following section.

8.2 Future outlook

The following are the recommendations regarding future research directions with the first
technique by employing metastable a-Si:H for reconfigurable photonics:

♦ A higher magnitude of reversibility of the metastable refractive index is needed to
realize practical and compact a-Si:H based reconfigurable PICs. In chapter 3, it was
demonstrated that the porous category of a-Si:H that contains more hydrogen and void
rich defects showed a higher magnitude of reversibility in refractive index compared
to dense a-Si:H. Material properties of a-Si:H such as hydrogen content, band-gap,
microstructure, intrinsic stress etc. can be widely tuned based on the deposition con-
ditions [95, 105, 124, 129, 142, 184]. Also, a-Si:H intrinsic material properties such
as hydrogen content, microstructure parameter (defect states and nanostructures) and
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intrinsic stress are known to influence the extent of light-induced degradation experi-
enced for thin-film solar cells and metastable volumetric expansion [97,100,116,138].
Therefore, a rigorous analysis is needed in terms of these material properties with re-
spect to the magnitude of the reversible refractive index change while maintaining the
waveguide propagation loss within an acceptable margin.

♦ Further research is needed on the stability and aging issues. It was suggested that
the observed unstable nature can be related to the specific geometry and the layer
stack of the device. Two possible reasons for such observation were suggested. The
first suggestion was related to post-annealing stress instability issues with the aging
of amorphous SiO2 in different ambient conditions [147, 148]. Because, aging of the
micro-ring resonator showed only a red-shift, which can be associated with an increase
of strain over time. Therefore, the exposed SiO2 around the waveguide may contribute
towards the observed effect. In that case, optimizing the annealing conditions, local
annealing, cladding layers etc. will be directions towards mitigating the drift. On the
other hand, crystalline substrates such as quartz and sapphire can be suitable alterna-
tives to amorphous SiO2. Device stability on these substrates should be checked. The
second suggestion was related to the reported observation of similar red-shifting insta-
bility in SOI-based MRR response after imparting electron-beam induced compaction.
It has been also suggested that, 200 nm to 400 nm light can cause similar compaction of
the SiO2 layer [81]. Therefore, prolonged exposure to high-intensity source that emits
light close to 400 nm may contribute to the observed instability. If proven, this can be
averted by choosing a suitable filter for the light source or redesigning the waveguide
with under-etched a-Si:H footing such that high energy photons cant reach SiO2.

♦ Time required to impose light-induced changes needs to be shortened. Saturating
the light soaking effect takes up to 120 hours according to the thin-film interferometry
experiments presented in chapter 3. In order to reduce the light soaking time for a faster
effect, more studies need to be made towards optimization of the light soaking param-
eter, e.g. light soaking wavelength (photon energy), intensity, mode of illumination,
temperature during illumination etc. Studies on light-induced degradation for thin-film
solar cells and metastable volumetric expansion have indicated that these parameters
have a role in realizing saturating light soaking effect [100,138,185,186]. Higher inten-
sity generally means faster degradation or expansion, however, this has to be met with
better temperature management of the sample. Besides, the mode of light soaking can
have a significant difference in realizing the time required for saturating light soaking
effect. It has been demonstrated that light soaking using short laser pulse can reach
saturation of volumetric expansion faster when compared to continuous-wave laser
exposure [187]. Study of non-linear optical properties of a-Si:H indicated that non-
linearity led by a two-photon absorption mechanism has an effect in the material that
shows similar slow light induced degradation and can be restored by annealing [106].
Perhaps, studying further in this direction may lead to an on-chip light soaking tech-
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nique without the need for bulky additional programming apparatus.

♦ Optimum annealing conditions (temperature and time) need further research, spe-
cially in the context of on-chip annealing. In this dissertation, only one annealing
condition (180 ◦C for 4 hours in nitrogen environment) was followed. In literature,
annealing temperatures varying from 110 ◦C till 220 ◦C with various duration have
been reported for annealing out the light induced effects [104,137,138]. Although hy-
drogen effusion temperature has been reported from 300 ◦C, depending on the quality
of the material this can happen even for lower annealing temperatures [118]. In this
work, loss of hydrogen was observed with a-Si:H deposited at 80 ◦C. Perhaps it can
be investigated. The role of the loss of hydrogen with the attainable magnitude of re-
versible refractive index as the presence of hydrogen is important for the observation
of the metastability [138, 171]. Also, a deeper understanding of the defect characteri-
zation may benefit obtaining faster annealing conditions, as it has been demonstrated
that there are ’slow’ and ’fast’ annealing of light-induced defects [188]. The same
also applies to light soaking optimization. Finally, investigation on on-chip annealing
conditions and heater architectures can be beneficial, as one can assume providing a
generic PIC template that has been light-soaked and stabilized and on-chip local an-
nealing to program the device for specific functionality.

♦ Future research is needed for utilizing metastable shape changing properties of a-
Si:H free-standing membrane for realizing low-power consuming advanced metama-
terial structure as well as novel reconfigurable optomechanical devices [150,151].

The following are the recommendations regarding future research directions with the
second technique by employing responsive PEM for reconfigurable photonics:

♦ Improved reversibility of the PEM states need further research by fine tuning the
process parameters. It was observed that the reversibility with the PEM states is not as
robust as the photonic devices would require. As a result of this, the increase of power
penalty for error-free transmission was observed in chapter 7. In this work, the activa-
tion with acid was done by manual dipping in wet solutions. However, implementing
a mechanical system that accurately controls droplet volume for controlled soaking
of an area and accurately timing the process may improve the reversibility. Perhaps,
looking into other PEM constituent electrolytes or solution of the acid with salt may
help to realize better reversibility [161,189].

♦ Technical solutions for acid activated reconifurable photonics need further research
to realize a practical solution that can program PIC and realize various complex func-
tions. In this dissertation, reconfigurable photonic devices were demonstrated based
on PEM activation via wet (acid) chemical treatments. This route for activation has
been well studied and known to produce highly contrasting refractive index change
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[161,174,189]. However, in order to make progress with this technique towards com-
mercial products, further research is needed to understand practical aspects and en-
gineering challenges. Implementing local changes with the ink-jet printing technique
has been already demonstrated [161]. Also, with the advent of 3D printing technolo-
gies, one can assume employing a similar system for realizing a platform for program-
ming the PICs cladded with PEM. In this case, second generation programmable and
erasable ICs such as erasable programmable read-only memory (EPROM) and electri-
cally erasable programmable read-only memory) (EEPROM) that required additional
programming module can inspire PEM assisted programmable PIC.

♦ Alternative PEM activation routes need to be assessed in the context of reconfigurable
photonics to present a solution that is user-friendly and economically viable [162–166].

In addition to these technique-specific research directions, future research towards hybrid
reconfigurable PIC systems that employ both active and passive programming techniques
as outlined in this dissertation may help realize power-efficient systems with greater flex-
ibility in assuming a plethora of applications.
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1. As discussed in Chapter 1, the spectrum of the LED light used for light soaking
was done using Oceanoptics HR2000+ modular spectrometer. The measured
spectrum shows that the lamp emits photons between 410− 800 nm.
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Figure 8.1: The measured spectrum of the LED light source used for light soaking.

2. X-Ray Photoelectron Spectroscopy (XPS) measurements:

Figure 8.2: XPS measurements of the thin film resonant Fabry-Pérot cavity with a-Si:H
and SiO2. (a). Sample undergoing annealing and light soaking and (b). reference
sample that was left in a storage box in dark ambient conditions. (a,b). Characteristic
N 1s peak typically spans between 397 - 405 eV depending chemical species. No such
peak was observed. (cyc : cycle, Ann : annealing, LS : light soaking, age : 14 days)



Appendix B : Chapter 4 supplementary
information

117



118 Chapter 8: Conclusions and Recommendations

1. Measured response of a-Si:H MRR (ring 1) during cycles of annealing and
light soaking:
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Figure 8.3: The measured resonance of the MRR after repeatable reversibility was
achieved between annealing and light-soaked states.

2. Measured response of a-Si:H MRR (ring 2) during cycles of annealing and
light soaking:
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Figure 8.4: The measured resonance of the MRR after repeatable reversibility was
achieved between the annealed and light-soaked states for the second MRR investi-
gated on the same chip.



Appendix B 119

3. Measured temperature sensitivity of a-Si:H MRR:
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Figure 8.5: a. The measured resonance of the MRR with respect to varying sample
holder temperature. b. Resonance wavelength shift with respect to temperature

4. Micro-heater around MRR waveguide heat transfer simulation:

Waveguide
Heater

K

SiO2

Figure 8.6: Lumerical DEVICE software was used to simulate the heat transfer from the
heater strips. The heat from the heater strips tend to conduct towards the back of the
substrate and only a little heat can reach the waveguide of the device.
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5. SiO2 cladding thickness between metal layer and waveguide:
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Figure 8.7: Transmitted light intensity through wavegide with varying SiO2 thickness
between wavegide and metal layer.

6. Micro-heater on MRR waveguide heat transfer simulation:

K

Heater metal stack

Waveguide

SiO2

Figure 8.8: Lumerical DEVICE software was used to simulate the heat transfer from the
heater strips. The heat from the heater strips tend to conduct towards the waveguide
now.
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7. Micro-heater on MRR waveguide performance:
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Figure 8.9: a. Current measured and determined resistance of the micro-heater cor-
responding to the applied DC voltage. b. Analytically estimated heater temperature
with applied DC voltage.



122 Chapter 8: Conclusions and Recommendations



Appendix C : Chapter 5 supplementary
information

123



124 Chapter 8: Conclusions and Recommendations

1. Thin-film membrane optical profile measurements with cycles of annealing
and light soaking treatments and analysis (second investigated membrane struc-
ture):
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Figure 8.10: The experimental results from the second a-Si:H free-standing thin-film
membrane with cycles of annealing and light soaking (1 cycle = 1 annealing and 1
light soaking, cyc : cycle, Ann : annealing, LS : light soaking). a. The measured
spatial profile of the free-standing a-Si:H bridge that is 365 µm in length and 10 µm
in width. b. The extracted lateral profile that goes across the bridge as shown by the
dashed white line in (a). The free-standing membrane has a peak height of 10.9 µm.
c. The magnified profile around the peak of the membrane after annealing and light
soaking cycles. A reversible change in peak height is seen between annealing and light
soaking. d. The change in the extracted peak height as the membrane went through
cycles of annealing and light soaking. The ageing data points (green triangles) cor-
respond to measurements on the membrane after light soaking and annealing steps to
assess the stability of the annealed and light-soaked states as the sample was stored
in the dark and the ambient conditions.
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1. Spectroscopic ellipsometry (SE) measurements and data analysis:

Figure 8.11: a. Layer stack considered for extracting thickness and refractive index of
PEMs. b. The fit of the Cauchy dispersion model of as-prepared, c. swollen (corre-
sponding to step 1 in Fig 6.3) and d. collapsed (corresponding to step 2 in Fig 6.3)
PEM showing good agreement with the measured data. The wavelength dependence
of the fitted refractive index is given on the left for each sample.

The polyelectrolyte multilayer (PEM) film thickness and refractive index were de-
termined using a spectroscopic ellipsometer (SE). SE measures the change in ellip-
tical polarization parameters (Psi - amplitude ratio and Delta - phase shift) over a
spectrum of light that reflects from a thin-film stack. Data analysis involves the fit-
ting of film thicknesses and optical properties of this layer stack (Fig. 8.11a) using
CompleteEASE software. First, measurements were performed on clean wafers to
determine the native oxide layer thickness using a Cauchy dispersion model, which
is suitable for non-absorbing materials [190]. The fitted parameters for the oxide
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layer (thickness and optical parameters) were kept constant during the fitting of the
PEM. For the PEM, a Cauchy dispersion model resulted in the satisfactory fitting
of the measurement and from it we obtained the wavelength-dependent refractive
index (Fig. 8.11b-d).
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Figure 8.12: Fitted refractive index over the measured spectrum (190-1000 nm, open
symbols) with extrapolation between 1000-1700 nm (closed symbols) for as-prepared
and (de)swollen PEMs. The error bar in the figure is determined from statistical vari-
ation between from multiple measurements.

Fitting of the SE data (Fig. 8.11b-d) shows good agreement between measured data
and model predicted for as-prepared, swollen and collapsed PEMs respectively.
These represent a single measurement for each state. The average fitted refractive
index with statistical error is shown in Fig. 8.12 with open data points. Since the
measurement system allows up to λ = 1000 nm, the model was extrapolated to
determine the refractive in near-infrared (NIR) range (1000 1700 nm), which is
shown with solid data points. For as-prepared PEM, the statistical error is smaller
(∼± 0.006) compared to (de)swollen states (∼± 0.011), which may be related to
increased surface roughness or the porosity of PEM. The extrapolated refractive
index between 1000 - 1700 nm was used for simulation of the photonic devices.

Similarly, the optical properties of hydrogenated amorphous silicon (a-Si:H) used
for photonic device and silicon oxide (SiO2) for the desensitizing layer were de-
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Figure 8.13: a. Refractive index and extinction coefficient of a-Si:H obtained by fitting
measured data (open symbols, only every fifth data point shown for visibility) and ex-
trapolating (closed symbols) the model towards NIR (1000 - 1700 nm). b. Refractive
index of desensitizing SiO2 layer used between PEMs and a-Si:H, fitted to measure-
ment up to 1000 nm (open symbols, only every fifth data point shown for visibility)
and extrapolated up to 1700 nm (closed symbols)

termined using SE. As a semiconductor, a-Si:H was modeled using Tauc-Lorentz
model, which determines band-gap and above band-gap absorption [191]. There-
fore, refractive index (n) and extinction coefficient (k) were determined simulta-
neously for a-Si:H (Fig. 8.13a). The bandgap of the a-Si:H is 1.84 eV. The de-
sensitizing SiO2 layer was modeled using a Cauchy dispersion model to extract the
refractive index (Fig. 8.13b, open symbols). For simulation and design of the pho-
tonic devices, both of these models were extrapolated up to 1700 nm as represented
by the solid data points.

2. Porosity analysis from SEM micrographs:
Firstly, the surface of the PEM directly after preparation and drying was imaged
using scanning optical microscopy (SEM). The surface looked very smooth both
at 25, 000× and 100, 000× magnification (Fig. 8.14).
Next, SEM micrographs were taken at 100, 000× magnification of PEM surfaces
in the swollen (Fig. 8.15a-b) and collapsed state (Fig. 8.15e-f). Using ImageJ soft-
ware (available from https://imagej.nih.gov/ij/) the images were converted to 8-bit
followed by applying a 120 greyscale threshold to create a mask (Fig. 8.15c,d,g,h).
Then, particle analysis was run using the originally embedded SEM scale bar as a
reference, to measure the areas of all the pores in the image in nm2 (applied lower
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Figure 8.14: SEM micrographs of smooth PEMs without additional treatment after
preparation at a. 25, 000× and b. 100, 000× magnification. Scale bars are 500
and 100 nm respectively.

limit: 10 nm2). This analysis was run for at least 3 images of either state to obtain
sufficient data for a pore size distribution. The areas were converted to diameters
of an equivalent circle and the frequencies (counts) versus pore diameters were
plotted as histograms. A Shapiro-Wilk normality test (Table 8.1) showed that nei-
ther of the samples pore sizes were normally distributed. Therefore, probability
density functions (PDFs) were fitted, according to a lognormal and Weibull distri-
bution, respectively. The best fit quality was found using the Weibull distribution,
but the difference is rather small (see Table 8.2 and Table 8.3 and Fig. 8.16). For
the swollen PEM, only a slightly larger mean pore size was obtained, <Dpore> =
26.8 nm, compared to the collapsed state, <Dpore> = 25.2 nm. The difference in
porosity between the states is more evident from the pore density, which was found
by dividing the (counted) number of pores from image analysis by the total ana-
lyzed area. For the swollen PEM, it was found to be 120 pores per µm2, in contrast
to 75 pores per µm2 for the collapsed state.
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Figure 8.15: SEM micrographs at 100, 000× magnification of a,b. swollen and e,f.
collapsed PEMs. c,d,g,h. Corresponding overlay masks of the images above created
in ImageJ, showing the highlighted pores that were analyzed to create a pore size
distribution. Scale bars are 100 nm.
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Table 8.1: Normality test (Shapiro-Wilk) on pore size distributions in two distinct states
of the PEM

degrees of freedom p-value decision at 5% level
swollen 367 5.49−10 Reject normality

collapsed 221 1.17−9 Reject normality

Table 8.2: Pore size distribution parameters obtained by fitting to a lognormal PDF

µ σ mean(nm) st.dev(nm) adj.R2

swollen 3.157 0.520 26.9 15.0 0.935
collapsed 3.076 0.549 25.2 16.0 0.966

Table 8.3: Pore size distribution parameters obtained by fitting to a Weibull PDF

µ σ mean(nm) st.dev(nm) adj.R2

swollen 30.26 2.160 26.8 13.1 0.979
collapsed 28.45 1.96 25.2 13.4 0.977

Figure 8.16: Pore sizes fitted to lognormal (black line) and Weibull (red dots) distribu-
tions for a. swollen and b. collapsed PEM. Fitting output parameters are reported in
Table 8.2 and 8.3

.
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3. Grating coupler design and simulation details:
Grating couplers (GCs) are considered as an attractive technique for inserting light
from fiber to waveguide and for collecting light from waveguides to fiber. For
densely packed photonic integrated circuit, this technique offers vertically coupling
light from any position on the chipas well as simple automated wafer-level testing
[6]. Substantial research on grating couplers not only improved coupling efficiency
but also offered practical solutions towards optical packaging as well [177, 192].
Grating couplers are composed of waveguides connected to a diffraction grating
section. The grating section is designed in such a way that the first-order diffrac-
tion is radiated from the grating structure in a certain angle towards optical fiber
where the light is collected. This constructive diffraction is formed by satisfying
the Bragg condition [193] -

sin(θ) =
neff − λ

Λ

ncladding
(8.1)

where:

• θ = radiation angle from the grating,

• neff = effective refractive of the grating section,

• λ = wavelength of the radiating light,

• Λ = pitch of the grating tooth ,

• ncladding = refractive index of the cladding material on top of the grating sec-
tion (for a bare GC ncladding = nair = 1).

1 μm

2 μm SiO2

c-Si substrate

210 nm a-Si:H

Λ = 690 nm pitch
ed = 65 nm etch depth
w = 334.7 nm grating tooth
θ = 7.5o fibre angle 

Λ
edw

θ

PEMs

a b

Figure 8.17: a. SEM micrograph of the fabricated grating coupler without PEM
cladding. b. Schematic of the a-Si:H grating coupler with PEMs cladding with spec-
ifications shown in grating profiles as determined from SEM image inspection.
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The SEM image of the fabricated grating coupler is shown in Fig. 8.17a. The
grating coupler is 16 µm × 16 µm in the dimension that connected to waveguide
via 250 µm tapered waveguide. From SEM inspection of the fabricated grating
coupler, the parameters of the grating coupler were determined. The pitch was
690 nm and the duty cycle of the grating tooth was 48.5%. Therefore, the un-
etched section of the grating tooth is 334.7 nm in length. Fiber angle was kept at
7.5◦ for the experiment.
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Figure 8.18: Grating coupling peak position shift with respect to fabrication tolerance.
Red dashed lines indicate peak position shift as a response to (de)swelling of the PEM
cladding and corresponding fabrication tolerance that can consequently be corrected
for. The grey dashed line is only to guide the eye.

2D finite-differnce time-domain (FDTD) from Lumerical was used to perform
simulation of the grating coupler structure shown in Fig. 8.17b with the above-
mentioned parameters. The PEM refractive indices corresponding to (de)swelled
state were used as described in the above section. The thickness associated to
the swollen PEM was considered 140 nm and the collapsed PEM was considered
80 nm for simulation. In addition to the simulation presented in the manuscript,
additional simulations were performed to understand the relation between the cou-
pled light peak position shift and fabrication tolerance of the gratings (Fig. 8.18).
The positive fabrication tolerance indicates a decreasing duty cycle after fabrica-
tion, which means the un-etched teeth become narrower; vice versa for negative
fabrication tolerance. The positive fabrication tolerance is often referred to as crit-
ical dimension loss (CDL), which is related to fabrication imperfection originating
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from overexposure during lithography. Here it is demonstrated that the 6 nm tuning
of the grating coupler with reversible PEM cladding (dashed red lines) can be used
to correct positive fabrication tolerance up to 6.9% and for negative fabrication
tolerance up to 8.6%.

4. Waveguide mode solutions for determining desensitization layer thickness:

Collapsed PEM Swollen PEM

PECVD SiO2
PEMs

Thermal SiO2
Air

(c) (d)

(a) (b)

Figure 8.19: The a-Si:H waveguide mode solution for guiding TE-like mode at 1550 nm
is shown. Here, the Ex-field distribution is shown for the case with (a-b) (de)swollen
PEM cladding on a-Si:H waveguide and (c-d) with desensitizing SiO2 and PEM
claddings on a-Si:H waveguides

FIMMWAVE software from photon design was used to simulate waveguide mode
solutions. The refractive indices of the associated layers of the waveguide were
taken from the SE measurements (extended fitted part in Section 1 of Appendix D).
The thickness associated to the swollen PEM was considered 140 nm and the col-
lapsed PEM was considered 80 nm for simulation. The fabricated a-Si:H waveg-
uide cross-section was estimated to be 480 nm in width and 210 nm is the height
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from SEM inspection. These dimensions were used for simulation. For highly
confining a-Si:H waveguides, the propagating field extends in an area much larger
than the waveguide. The field that extends outside the waveguide can interact with
the surroundings, which if subjected to changes, can result in an overall change
in the light guiding field properties. Careful examination of Fig. 8.19a-b shows
that the collapsed PEM induces interaction of the field around the boundary of the
waveguide whereas the swollen PEM results in a more continuous field. Because
of such strong interaction, the mode effective refractive index difference between
de(swollen) PEMs is very high: ∆n = 0.027. Therefore, a thin layer between the
waveguide and PEMs can reduce the sensitivity as depicted in Figure Fig. 8.19c-d.
In these cases, there is not much appreciable change in the field distribution as the
effective index difference has become only 0.0053.

With 100 nm SiO2 desensitizing cladding, changes in the effective refractive index
of the a-Si:H waveguide by (de)swelling of PEMs are shown in Fig. 8.20. The error
bar is determined from the statistical error of the refractive index of the (de)swollen
PEM as shown in Fig. 8.12. By scanning the thickness of the SiO2 between PEMs
and a-Si:H waveguide, the figures in the manuscript are produced.
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Figure 8.20: a. Schematic of the a-Si:H waveguide with 100 nm SiO2 desensitizing
cladding. b. The wavelength-dependent effective refractive index obtained from the
waveguide mode solution.

5. Micro-ring resonator with desensitizing SiO2 cladding:

An MRR is a versatile photonic device with a multitude of uses such as a sensor,
optical filter and optical switch [19, 52, 194]. A generic all-pass MRR consists
of a straight optical waveguide in close proximity to a looped waveguide. This
close proximity allows evanescent power coupling and the coupled light in the
loop will resonate if the wavelength is an exact multiple of the optical path length
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(m × λres= neff×L; m = 1,2,3,.). As a result, MRRs support periodic resonance
and the spacing between each resonance is called the free spectral range (FSR).
SEM image of the fabricated MRR is shown in Fig. 8.21.

Figure 8.21: SEM image of the fabricated a-Si:H microring resonator. The etched struc-
tures are false colored pink. The light pink colored ring indicates the a-Si:H ring
waveguide and in close proximity of a straight waveguide. Input light is coupled via
grating coupler with tapers and connected to this waveguide, which is also tapered out
to collect light for analysis. (a : round trip loss coefficient, r: self-coupling coefficient,
k : cross-coupling coefficient)

The transfer function of the all-pass ring resonator is the following [136]-

T n =
Ipass

I input
=

a2 + r2 − 2ar cosϕ

1 + (r ∗ a)2 − 2ar cosϕ
(8.2)

where:

• ϕ = βL = single-pass phase shift,
• L = round trip length of the ring,

• β = 2πneff
λ = propagation constant,

• neff = effective refractive index,
• a = exp(−αL)= round trip loss coefficient, which is related to α attenuation

coefficient (cm-1),
• r = self-coupling coefficient.

Several MRRs with different coupling gaps were fabricated to obtain optimum
performance. Amongst these, two rings with high-Q factor (∼ 6000) were selected
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for the experiment. MRRs are extremely sensitive to changes within the waveguide
and surroundings. Here, it was demonstrated that without the desensitizing SiO2
cladding layer, reversible changes in PEMs due to swollen and collapsed state were
not clearly distinguishable. Even a variation of effective refractive in the order of
10−4 will manifest in a significant shift in the high-Q (Q = resonance wavelength /
FWHM) MRR response. As a result, the statistical variation of PEM (de)swelling
diminishes the response overlap of MRR-1 and MRR-2 as a consequence of a slight
mismatch in thickness and refractive index between cycles (Fig. 8.22). However,
this complication was overcome by applying around 100 nm desensitizing SiO2
layer as shown in the manuscript. Another strategy can be to only locally apply a
PEM on the waveguides to control the extent of change.
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Figure 8.22: The transmission spectrum of a-Si:H micro-ring resonator with only
(de)swelling PEMs cladding. a. MRR-1 and b. MRR-2, with reference FBG position
(1547.675 nm) indicated, both show poor overlap between corresponding (de)swelling
steps, as no desensitizing layer is applied.

Fitting of MRRs response was done using the transfer function shown above, which
is a function of ring round trip length (L), round trip loss coefficient (a), effec-
tive refractive index (neff) and self-coupling coefficient (r). The effective refrac-
tive index, neff of the waveguide from the previous section was used as a basis
to fit the measured spectrum of the MRRs. Since the self-coupling coefficient is
wavelength-dependent, a Mach-Zehnder interferometer (MZI) was used to deter-
mine the splitting ratio of the ring splitter as shown in Fig. 8.23a-b. The measured
spectrum from such an MZI device is shown in Fig. 8.23c for ring 1 and Fig. 8.23e
for ring 2.
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Figure 8.23: a. Mach-Zehnder interferometer method to determine ring coupler splitting
ratio with ring splitter and 3dB 2 × 1 multi-mode interference (MMI) coupler. b.
Optical microscope image of the fabricated devices. From the measured spectrum,
adjacent minima and maxima were extracted with an envelope function to determine
the self-coupling coefficient, r, and cross-coupling coefficient, k. Measured spectrum
and calculated r and k for: c-d. MRR-1 and e-f. MRR-2.
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Figure 8.24: Effective refractive index for fitting the MRR-1 and MRR-2 spectrum cor-
responding to (de)swollen PEM states. Black and red solid lines correspond to the
effective refractive index of the waveguide determined with refractive indexes mea-
sured by SE for swollen and collapsed PEM respectively (previously shown in Fig.
8.20b). The fitted effective refractive index for the MRR-1 and MRR-2 correspond-
ing to the swollen state are light green and pink dash-dotted lines respectively, which
fall within the error margin. Similarly, fitted effective refractive index for the MRR-1
and MRR-2 corresponding to collapsed state are deep green and blue dashed lines
respectively, which fall within the error margin.

From the adjacent maxima and minima, the wavelength-dependent extinction ra-
tio (ER) was determined. Then, using the following equations, the self-coupling
coefficient, r, and cross-coupling coefficient, k, were determined [136] -

r =

√
0.5 + 0.5 ∗

√
1− (

ER− 1

ER+ 1
)2 (8.3)

k =

√
0.5− 0.5 ∗

√
1− (

ER− 1

ER+ 1
)2 (8.4)

With a fixed ring diameter, the wavelength-dependent self-coupling coefficient r
and effective refractive index neff were used for fitting both of the rings measured
spectra. The attenuation coefficient was found to be 10.5 cm-1. The fitted effective
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index for MRR-1 and MRR-2 is shown is in Fig. 8.24, which is within the error
margin of the effective refractive index shown in Fig. 8.20b.
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1. Pass-drop MRR with as-deposited and (de)swelling PEM cladding:
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PEM cladding switching states for a. pass output port and b. drop output port.
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