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Introduction

Motivation

In this communication age, consumer internet traffic continues to grow at an
exponential rate year on year. As a result, communication networks need to be
continually upgraded to keep up with ever increasing bandwidth demands. Diverse
research is currently being undertaken at a global level to produce cost effective
solutions to maximize network performance. One such area focuses on the
development of photonic integrated circuits (PICs), which strives to replicate the
same compact design and low power consumption achieved by integrated circuits in
the electronics industry. However, photonic components are more complex and
diverse than their electrical equivalents, such as transistors. As these components
can have large footprints, involve multiple electrical contacts and require different
material properties for optimal performance, the best approach is not obvious when
cost is considered. While platforms such as heterogenous integration and monolithic
regrowth have produced PICs with advance functionality, they rely on complex
fabrication processes, which increase production time and cost. This thesis
investigates the feasibility of a monolithic, regrowth free transmitter for long range
telecommunications which requires less sophisticated fabrication techniques and

would therefore be more cost effective to manufacture.
Thesis Outline

This thesis consists of seven chapters. Chapter 1 beings with an overview of optical
communications networks and a brief introduction into the avenues of research
currently being undertaking to continually increase their capacity. It then describes
the evolution of wavelength division multiplexing (WDM) in such systems, while
exploring the properties of one of the newer forms: namely coherent wavelength
division multiplexing. Finally, the concept of photonic integrated circuits to reduce

cost and power consumption of transmitters and receivers is introduced.

In Chapter 2, photonic integrated circuits are discussed in detail. The fundamental

properties of semiconductive materials, which makes them suitable for such

iX



Introduction

applications are examined as well as the processes involved in the production of
multiple quantum well structures. Since there is a difference in the optimal material
properties of lasers and modulators for given wavelength, the pros and cons of
various integration formats are also summarized. The chapter concludes by
proposing a novel monolithic regrowth free photonic integrated circuit for use as a

coherent WDM transmitter suitable for long rang communications.

Chapter 3 describes the design and fabrication processes that were undertaken as
part of this thesis. This begins with a review of current design software packages and
a discussion on the development of a process which utilizes a composite hard mask
to integrate rib and ridge waveguide structures. This is followed by a detailed
description of the DC and High-Speed processes which were employed to fabricated

the devices and circuits, as discussed in later chapters.

Utilizing the composite hard mask process, an integratable laser, which is based on
the self-imaging properties of propagating multimode waves and total internal
reflection is developed in Chapter 4. The work includes an investigation of the effect
of various slot types on a laser’s output spectrum and the characterization of single
port and dual port multimode interference reflector test structures on indium
phosphide. This laser design offers multiple advantages such as UV compatible

lithography, regrowth free and does not require a cleaved facet to lase.

Chapter 5 outlines the integration of core components required for the WDM
transmitter proposed in Chapter 2. A PIC consisting of couplers, splitters, lasers and
DC modulators is fabricated and characterized. The feasibility of integrating a laser
with an EAM by means of injection locking is also verified by producing a 2.5 Gbps
open eye diagram. It is concluded that the high-speed performance of these PICs can

be improved by using more advanced modulator designs.

Following the conclusions drawn in the previous chapter, high speed modulators are
investigated in Chapter 6 with the aim of to increase the data rate of the developed
PICs. This includes a discussion on lumped and traveling wave electrode designs as

wells as optimal epitaxial structures. A range of lumped modulators are then
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designed and characterized. A curved modulator suitable for heterogeneous

integration using flip chip packaging was also developed.

To conclude, chapter 7 summarises the main points of this thesis and proposes
future work to continue development towards a monolithic regrowth-free WDM
transmitter. These include the addition of a pre-existing comb source design to the
developed PIC, and integration of the characterized high-speed modulator designs.
Finally, the number of optical carriers can be increased by adding additional arms to

the current design.

Xi
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Chapter 1

Optical Communications

1.1 Introduction

The invention of the internet has changed how the world communicates with the
advent of applications such as high-speed internet access, multimedia broadcast
systems and high capacity remote storage. This shift has been driven by the circular
trend whereby increases in available bandwidth result in a reduction in the price per
bit of transmitted data, which in turn increases customer demand and the need to
develop new technologies to further increase the bandwidth. Industrial analysts
have concluded that the global consumer internet traffic has risen by a factor of five
in the last 5 years with similar trends likely to continue as areas such as high
definition video streaming, internet of things (IOT) and immersive experiences

continue to grow [1] as illustrated in Figure 1.1.

4.3 ZB/year

2.6 ZB/year

hOStINg

M sitrorrent

1.0 ZB/year

=

1970 1990 1995 2000 2005 2010 2015 2020

Fig 1.1: Data transfer projections to 2020. [1]

Several communications technologies are used to address the widely different
bandwidth demands of various applications in a cost-effective way, each with their

own advantages and limitations. One way of comparing these technologies is to
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guantify their maximum supportable data rates and regeneration free transmission
distances which is defined as the distance that can be bridged without detecting and
retransmitting the digital information, as shown in Figure 1.2. Optical
communications can support Th/s capacities over thousands of kilometres, making it
an ideal technology base for high capacity data transfer. As a result, almost any
network based services will at some point involve the conversion of data into a
modulated optical signal traveling down a network of optical fibres. The inventions
of the ruby laser [2], which provided an optical signal that could be modulated to
encode information, and low loss optical fibre [3] were the first two breakthroughs
in fibre-based communication systems. With these two technologies, it became

feasible to transmit optical signals across significant distances.

2 T T Ty Ty
E 10,000km E Satellites
R . (Microwave links)
2 1,000km - Optical communications i
'g E (Fiber, Free-space)
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E  100kmF om——
g F Fixed \rw.r‘e.fess a CCQ
T 10km ¥Oaxial capg
@
tl ol R Tw’s’
5 1km & ’0;;% %02 '
— P /‘f'.v_ Q,
o ! <
% ‘
g 100m ; m’,e/
g “Uu%
10m
1kbit/s 1Mbit/s 1Gbit/s 1Tbit/s
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Fig 1.2: Regeneration-free transmission distance versus data rate for various

communication technologies [4].

Subsequent research yielded numerous technological advancements such as low loss
optical filters and optical amplifiers for lasers operating at the low loss portion of the
fibre. Erbium doped fibre amplifiers (EDFAs) [5] and Raman amplification enabled
transmission over increasing long distances by providing low-noise, high-gain
response over a wide range of transmission wavelengths. The resultant modern

optical networks can be divided into three categories: core networks, metropolitan
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area networks (MAN) and access networks. Core networks primarily focus on long
haul point-to-point data transfer but networking capabilities can be included with
the addition of optical cross connects and optical add drop multiplexers. MAN refers
to the interconnection of networks in a geographic area such a city into a single
larger network, offering efficient connection to the core network. Access networks
provide the final connection to the end user. This can be achieved using copper wire

or optical approaches such as fibre to the home (FTTH).

Fig 1.3: Undersea cables connecting the world's core networks [6].

The constant need to increase the data transfer rate of the core networks is
hindered by the limited transmission bandwidth of optical fibres due to a
combination of Rayleigh scattering, water absorption and the infrared absorption of
silica [7]. One solution for increasing bandwidth focuses on improving existing long-
haul networks for transport of larger capacities by the development of advanced
optical fibres with wider transmission bandwidths. However, an extensive network
of submarine cables has been installed to allow communications between countries
(Figure 1.3), facilitating global communication. The total length of all currently
installed optical fibres is estimated to be approximately two billion kilometres and
upgrading theses cables is both difficult and expensive [8]. Therefore, such a radical
change to the existing infrastructure would only be adopted if it provided ground
breaking improvements, resulting in a substantial increase in revenue. A second

shorter term solution to the capacity demand is to maximize the data rate of the
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existing infrastructure by focusing on advancements in the design of the transmitters
and receivers. The ideal solution would yield a simple transmitter and receiver
configuration which is spectrally efficient and has a high tolerance for fibre induced
impairments and inter channel crosstalk. However, due to inherent limitations that
will be discussed in the following sections, there are unavoidable trade-offs which

must be made.
1.2 Wavelength Division Multiplexing

Wavelength division multiplexing involves the transmittance of multiple optical
carriers simultaneously along an optical fibre at different wavelengths. Each
wavelength is independently modulated and multiplexed to form one signal which is
launched into the optical fibre. At the receiver end, the signal is demultiplexed into
its individual carriers and the data is recovered. The primary advantage of WDM is
that it facilitates large increases in data transfer rates without the need to upgrade
the existing optical fibre network. The usage of WDM for optical communications
was first proposed in 1970 [9] and WDM systems were widely implemented during
the 90’s [10],[11], fuelled by the ever-increasing demand for bandwidth intensive
applications. The quantity of information which can be transferred over a given
bandwidth in a communication system can be quantified by its information spectral

density (ISD).

Total Capacity _ No.of Channels x Bit rate

ISD = =
Total Occupied Bandwidth  Total Occupied Bandwidth

This equation demonstrates that the data transfer rate of a WDM signal can be
improved by increasing the number of wavelengths in the fibre or by increasing the
bit rate of the carriers in the system. However, increasing either of these values
comes at a cost, either in terms of the technology required or the degradative
effects which must be accounted for. The primary impairment that limits the
increase in the ISD of WDM systems is crosstalk between neighbouring carriers as
they propagate through the optical fibre, which increases the error rate. Increasing
the data rate broadens the spectral width of a channel while adding extra channels

provides less space between channels. Both of these cases can potentially lead to
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increased crosstalk. Such crosstalk can be minimized by maintaining wide guard
bands in-between the channels, but this negatively affects the maximum ISD of a

system.
1.3 Dispersion and Non-Linear Effects

Singled mode sources are implemented in WDM systems due to reduced dispersion
penalties. Chromatic dispersion is the wavelength dependence of a material’s
refractive index, resulting in carriers of different wavelengths traveling at different
speeds as they propagate. This dispersion can cause pulses to spread and overlap
within an optical fibre, increasing the bit error rate (BER) of the signal. The dispersion
limited fibre distance for a non-return-to-zero (NRZ) signal can be expressed as a
function of the speed of light (c), the linear material dispersion coefficient (D), the
wavelength (A) and the carrier baud rate (B) [12].

c

L=5pzpe

Assuming D to be approximately 10ps/nm-km in standard single mode fibre, the
maximum transmission distance for 10 and 40 Gb/s signals are calculated as 63.5

and 4 km respectively, highlighting the significance of this effect [13].

Polarisation mode dispersion (PDM) is a form of modal dispersion where two
orthogonally polarised components of a mode will travel at different speeds due to
random defects in the waveguide. These deformity induced birefringences result in
the spreading of optical pulses due to the different refractive indices experienced by
the two polarisations. PMD can prove difficult to compensate for as it varies
randomly with time, wavelength, and is different for each individual fibre. This issue
becomes increasing problematic as the bit rate increases because the pulse

spreading effect of PDM increases as the pulse with becomes shorter [14].
By = |ny — nyl

The modal birefringence of a fibre for a given wavelength (B,,,) can be expressed as
the absolute differential of the two refractive indices (n,,n,) and is typically in the

order of 1077 [15].
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The quality of an optical signal is often quantified by is optical signal to noise ratio
(OSNR). The launched signal must be transmitted at high power to maximise this
OSNR value. This can prove problematic however, as non-linear effects begin to
impact the systems performance at these high launch powers. A dominant non-
linear effect known as the Kerr effect occurs when high signal power interacts with
bound electrons, resulting in a phase shift of the optical field due to changes in the

refractive index [15].

p
Acrr

ﬁ=n+n2

A material’s intrinsic material properties and therefore the electronic nonlinearities
are summarised by its electric susceptibility coefficients. Since silica is a perfect
centro-symmetric medium, its nonlinear effects are determined by ¥ only and can
be represented in terms of a refractive index (n,). Therefore, the refractive index
experienced by a high-powered signal (fi ) can be expressed as a function of the
signal power (P), the effective area of the fibre A.sr and n, which is also known as
the Kerr coefficient. The Kerr effect can induce multiple impairments such as self-
phase modulation, four wave mixing and cross phase modulation which all become

more evident at increasing bit rate [16].
1.4 Traditional WDM

Traditional WDM systems are divided into three different formats: binary WDM,
coarse WDM and dense WDM. These formats are all based on the same concept of
using multiple carriers at different wavelengths propagating through a single fibre,
but differ in the spacing and number of channels as well as the applicable
amplification technologies. Another common factor to these formats is that the
optical power of each of the channels is created by discrete optical sources as in
Figure 1.4. As previously discussed, this requires the application of a minimum
carrier spacing to minimize inter-channel crosstalk due to the in-coherence of the

light sources and potential wavelength drifting.

Binary WDM uses only two wavelengths at 1310nm and 1550 nm and therefore has

a very limited ISD. According to current international telecommunication union (ITU)

6
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standards, coarse WDM utilises channels ranging from 1271 nm to 1611 nm with a
wavelength spacing of 20 nm [17]. As coarse WDM has a bandwidth which is
incompatible with EDFAs, its use is restricted to metropolitan applications. An
advantage of coarse WDM over dense WDM however is that its wide channel
spacings facilitate the use of less sophisticated and therefore cheaper transceivers.
Dense WDM refers to the compact multiplexing of optical signals in the C band (1530
nm to 1565m) to take advantage of the properties of EDFAs for long range data

transfer.

Source 1 - Modulator |—-
Source 2 Modulator |—> ITH T A

Source 3 Modulator H

Source 4 Modulator |—>
Source 5 ~ Modulator |—-

I

Fig 1.4: Schematic of traditional WDM transmitter.

»
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Dense WDM formats vary but a typical (fully implemented) system is composed of
either 40 channels at 100 GHz spacing or 80 channels at 50 GHs spacing [18]. The
addition of Raman amplification has increased the number of useable wavelength
into the L-band (1565nm-1625nm), effectively doubling the number of useable

channels.
1.5 Coherent WDM

As previously discussed, inter channel crosstalk in standard WDM systems occurs
when two channels are closely spaced. This interference is chaotic when
independent lasers are used for each channel as their phases are incoherent.
Techniques such as transmitter pre-filtering or polarisation multiplexing can be
applied to limit this interference [19]. However, if the phase difference between the
channels is controlled, the interference can become deterministic. For example, if a

series of closely spaced coherent channels of equal amplitude are used, a periodic
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pulse train is produced. The variation in power of this pulse train can be express as a
function of the number of channels (N) and the frequency of the spacing (w).
Crucially, if the period of this train (T) is an integral multiple of the bit period used,
the pulse peak always occurs at the same point within a bit [20].

; Z(Noot)
sin“(——
2

Advanced control of the relative phase of the carriers can be used to increase or
decrease an eye opening using the pulse train. This phase control of the channels is
the fundamental principal of coherent WDM. Coherent WDM is conceptually similar
to orthogonal frequency division multiplexing (OFDM), which is used to increase
spectral efficiency in the electrical domain. As a result, coherent WDM is also
referred to as all optical OFDM. However, the bandwidth of the transceivers used in
electrical OFDM systems must scale with the data rate as multiplexing and
demultiplexing occurs in the electrical domain using digital signal processing (DSP)
[21]. This means that the bandwidth of the transceivers used must scale with the
data rate of the OFDM system. In the case of CoWDM however, since the sub-
channels are modulated, multiplexed and demultiplexed in the optical domain the
operating speed of the transceivers only scale with the sub channel bit rate resulting

in a much larger potential bandwidth.
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Fig 1.5: Schematic of coherent WDM transmitter.
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Due to the pulse train considerations described above, it is necessary to have optical
channels which are spaced by a specific frequency and have a stable inter channel
phase relationship. One approach to achieve coherent optical channels is to
demultiplex, modulate and multiplex the lines of a coherent optical comb (Figure
1.5). There has been extensive work published on the production of these coherent
optical combs for a wide variety of applications in addition to coherent WDM. Such
techniques included the amplitude or frequency modulation of mode-locked lasers
[22] or fibre ring lasers [23] which provide suitable channel spacings for WDM
applications but require precise control of the laser cavity length, significantly
increasing the system’s complexity. A wide band LiNbO; phase modulator arranged
in such a way that it is driven with a feedback signal from its output has been shown
to produce a 10-channel optical comb with 9.95 GHz channel spacing [24]. While this
method is easier to maintain that mode-locked lasers, it requires large RF power
amplifiers with precise control of the output voltage for the feedback loop. It is also
possible to create an optical comb using two cascaded MZMs which are driven by
sinusoidal electrical waves [25]. Each modulator will create a set of side bands whose
spacing can be adjusted by varying the applied RF frequency. Nine optical sidebands
with a spacing of 12.5 GHz and intensity uniformity within 2 dB have been
demonstrated using this approach. It is also possible to cascade components such as
phase modulators (PM) or a combination of PMs and MZMs to achieve similar
results. Finally, comb generation is also achievable by injection locking a gain
switched Fabry-Pérot laser. An optical comb consisting of eight clearly resolved 10
GHz sidebands within a 3 dB envelope peak has been reported using such a
technique demonstrating tunability over the entire C band [26]. Further expansion of
the comb was achieved with the aid of an optical phase modulator, resulting in near

doubling of comb tones as seen in Figure 1.6.



Chapter 1: Optical Communications

20 -20f f

A'ZO' ~ ~

£ £ (b) E

2 .40} .40 @40

o 9.60 9.60

;-60» ;60 ;60

(] 0 0

o= ‘ | Q gop™ | : Q.80 ‘ ,
1532 1533 1534 1535 1536 1537 1568 1569
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig 1.6: Optical combs consisting of between 14 and 16 tones which are expanded via phase

modulation [26].
1.6 Modulation Formats

In single mode fibres, the optical field has three properties which can be used to
carry encoded information: intensity, phase and polarisation. A wide range of
modulation formats have been developed for use in optical communication systems
and will be briefly discussed in this section. Amplitude shift keying (ASK) encodes
data on an optical carrier by modulating the intensity. Direct detection using a
photodiode is performed at the receiver to recover the encoded data. On-Off keying
(OOK) is the simplest case of ASK modulation where no carrier is present during the
transmission of a zero while a second symbol is found at a finite amplitude, resulting
in a one bit per symbol format [27]. Two common version of ASK are non-return-to-
zero (NRZ) and return-to-zero (RZ) OOK, both are show in Figure 1.7 below. NRZ-OOK
maintains an on state for the entire bit period and its amplitude remains constant for
two consecutive identical bits. RZ-OOK consists of optical pulses which are shorter
than the bit period so that the amplitude returns to zero at the end of every bit slot.
While RZ-O0K has superior tolerance to single channel nonlinear effects, NRZ-OOK is
less susceptible to dispersion and therefore more suitable for closely spaced WDM

systems [28].
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Fig 1.7: NRZ-OOK (left) and RZ-OOK (right) modulation formats.

A more sophisticated binary modulation format is known as binary phase shift keying
(BPSK). Phase shift keying (PSK) is a modulation scheme which maintains the
amplitude of the carrier but encodes the information in the optical phase instead
[29]. BPSK consists of two symbols with identical amplitudes which are separated by
a 1t phase difference. This format is the most robust of the PSK formats as it takes
the highest level of noise or distortion to create an error, but is only able to
modulate at 1 bit per symbol. It is also less susceptible to non-linear effects present
in an optical system than OOK due to its lower overall peak power. Since it is not
currently possible to detect absolute phase, it is common to use the phase of the
preceding bit as a reference for demodulation. This results in differential phase shift
keying (DPSK) whereby the information is carried in the optical phase change of the
bits [30].

Polarisation shift keying (PoSK) is the transfer of data by switching the
polarisation of a carrier between two orthogonal states to produce a modulated
signal [31]. However, polarisation mode dispersion and fibre non-linearities limit the
performance of such a modulation format. As a result, polarisation is more often
used to reduce impairments such as inter channel crosstalk by transmitting signals in
orthogonal polarisations, enhancing the ISD of the system. Typically, modulation
states are represented on a constellation diagram as shown in Figure 1.8 [32]. These
diagrams allow for a straight forward visualization of possible symbols that may be
selected by a given modulation scheme by representing them as complex points on a

two-dimensional scatter diagram. The real and imaginary axis are often referred to
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as the in-phase (l) axis and the quadrature (Q) axis respectively. Measured
constellation diagrams can be used to identify the types of interference which are
distorting a given signal. For example, attenuation causes the corner points to move
towards the centre while phase noise results in a rotationally spreading of the

points.

Fig 1.8: OOK (left) and BPSK (right) modulation formats.

One method of increasing the data rates of an optical system is the use of advanced
modulation formats, which offer a higher bit per symbol ratio and therefore a higher
bit rate. Pulse-amplitude modulation (PAM) is a form of ASK modulation where the
amplitudes of a train of carrier pulses are varied according to the sample value of the
message signal [33]. While the number of possible pulse amplitudes in analog PAM is
theoretically infinite, possible digital PAM amplitudes are reduced to some power of
two. For example, in PAM4 there are 22 discrete amplitudes. Quadrature phase shift
keying (QPSK) is an enhancement of BPSK, offering four points on a constellation

diagram, equispaced around the circle [34]. These points correspond to four phase
shifts of 0O, g, T and 3771 to encode two bits per optical symbol (Figure 1.9). PSK

formats with higher symbol rates such as 8PSK are possible but suffer from

increasing error rates.
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Fig 1.9: PAMA4 (top left) QPSK (top right) 16QAM (bottom left) and 64QAM (bottom

right) modulation formats.

Quadrature amplitude modulation (QAM) conveys data by changing the amplitude
of two waves of equal frequency which are g out of phase with each other [35].

Amplitude modulating two carriers in quadrature can be equated to modulating
both the amplitude and phase of a single carrier. A variety of forms of QAM exist
such as QAM16 and QAM®64, which provide increased bit per symbol ratios for
optical fibre systems. QAM constellations can be constructed in many ways such as
square, rectangular and non-square layouts. While rectangular constellations can be
comparatively easily demodulated, they are not as spectrally efficient as square
constellations. Non-square constellations achieve marginally better bit-error rates,

but they are harder to modulate and demodulate.

Table 1.1: Summary of bit rates of different modulation formats.

Modulation Bits Per Symbol Symbol Rate
OOK 1 bit rate
BPSK 1 bit rate
QPSK 2 0.50 x bit rate
PAMA4 2 0.50 x bit rate

16QAM 4 0.25 x bit rate
640QAM 6 0.16 x bit rate

13
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1.7 Photonic Integration

Significant focus has been directed towards the integration of multiple discrete
optical components into a single device, drawing inspiration from the electronics
world. The research into such integration techniques is driven by the many potential
benefits such as reduced cost, greater reliability, and lower power consumption.
Despite the first photonic integrated circuit (PIC) being proposed in 1969 [36] it is
only in the last 15 year that PICs have been realised for commercial applications [37].
This research has yielded dense circuitry such as an InP based monolithic tuneable
optical router (MOTOR) consisting of eight Mach-Zehnder modulators (MZMs),
semiconductor optical amplifiers (SOAs) and a passive arrayed-waveguide grating
(AWG) router [37], shown in Figure 1.10. In light of this, semiconductor devices and
integrated circuits for use in coherent WDM systems will be discussed in detail in the

next chapter.
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Fig 1.10: Photograph of fabricated MOTOR chip [38].
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Photonic Integrated Circuits

2.1 Introduction

Photonic integrated circuits involve the integration of a range of optoelectronic
devices such as lasers, modulators, amplifiers, splitters and filters to create a cost-
effective solution for applications such as long haul optical communications.
However, this integration has proven to be more difficult to achieve than electronic
ICs due to the comparatively diverse and complicated component design. The
primary difficulty centres around the difference in optimal material for active
sections such as lasers and amplifiers and components like waveguide sections and
phase based modulators which favour a passive medium. For semiconductor
materials, the difference between active and passive regions is largely defined by the
band structure. This chapter will introduce semiconductor based technologies
including epitaxial structures and the fundamental operation of key devices such as
lasers and modulators before discussing various integration formats. It will conclude

by proposing a novel monolithic transmitter design for use in a CoWDM network.
2.2 Semiconductor Based Technology

From quantum mechanics, electrons from isolated atoms can have only discrete
energy values, with these allowed energy values being calculable by solving
Schrodinger’s equation using the appropriate energy potentials. However, as the
spacing between atoms is reduced, their orbitals being to overlap. Each atomic
orbital splits into numerous molecular orbitals corresponding to the number of
atoms in the crystal due to the Pauli Exclusion Principal [1]. Since the number of
atoms in a crystalline structure can be extremely large, the molecular orbitals
become densely packed and can be considered as a continuous band. The two bands
of interest are the conduction and valence bands. The valence band is the highest set
of energy levels in which electrons are present at 0 K, while the conduction band is

the first group of levels which are entirely empty at 0 K. Above 0 K, some electrons
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have sufficient thermal energy to transition to the conduction band creating holes
(missing electrons) in the valence band. Both carrier types (electrons and holes) can

contribute to conduction.

Conduction Band

Conduction Band

Increasing eV

Conduction Band

Valence Band Valence Band Valence Band

Insulator Semiconductor Conductor

Fig. 2.1: Representation of the band gap for insulating, semiconductor and

conductive materials.

The energy between the valence band and conduction band is an extremely
important parameter. Figure 2.1 provides a representation of the band gap of three
common material types. Large band gap materials are good electrical insulators as
few carriers will have enough energy to transition from the valence to conduction
band. A material is considered electrically conductive if the band gap is small or
overlapping as carriers readily move between bands. Finally, semiconductors are the
intermediate case and are an essential component of most electronic and photonic
circuits. The energy bands can be expressed as a function of the magnitude of the
crystal momentum (k-vector) and can also depend on the crystalographic direction
of the momentum. If the minima of the conduction band and the maxima of the
valence band correspond to the same k value, the band gap is considered direct and
photons can be readily emitted or absorbed provided they have sufficient energy.
Conversely, an indirect bandgap occurs if the respective k vectors are different, as
shown in Figure 2.2. In this case, carriers must undergo significant changes in
momentum to transition between levels which can be achieved with the aid of
lattice vibrations known as phonons [2]. As a result, direct bandgap semiconductors
are much more efficient at radiative absorption and emission which is important for

many photonic devices such as LEDs and lasers.
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Fig. 2.2: Direct and indirect band gaps found in semiconductor materials.

A heterojunction is an interface that occurs when two materials of unequal
bandgaps are joined at the atomic level. The resultant interfaces restrict the
movement of charge carriers which can be highly advantageous. A quantum well is a
particular kind of double heterostructure where a thin “well” layer is enclosed by
two “barrier” layers. This layer is so thin (about 40 atomic layers) that the allowed
electron states as a function of energy have distinct steps instead of the square root
dependence of bulk material [3]. This quantum confinement of the charge carriers
leads to improved performance of electro optic devices such as lasers and
modulators by exhibiting interesting properties which will be discussed later in this
chapter. The successful fabrication of double heterostructures involves the
combination of multiple materials with similar lattice constants to form single
crystal, defect free films which can be epitaxially grown on each other. In this way,
compound materials of group Il and V of the periodic table have played a major role
in the realisation of various active and passive photonic components. Industrial scale
substrate wafers of binary compounds such as InP and GaAs are currently available.
Ternary and quaternary compounds are grown epitaxially onto these substrates to
form heterojunctions with the appropriate band profile. A popular quaternary for
wavelengths suitable for long-distance optical communication is InGaAsP. This
qguaternary can be grown on InP to form layers with band gaps corresponding to a
wavelength range which includes the important minimal loss fibre-optic bands of
1.31 pm and 1.55 pum. Such quaternaries can be specified by an x and y value where
the ratio between these values is fixed for a given lattice constant. For example,

In;_yGayAsyP,_y can be lattice matched to an InP substrate by setting x
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approximately equal to 0.46y [4]. Alternatively, the lattice constant for a quaternary
of given composition can be calculated from Vegard’s law [5]. For example, the

lattice constant for InGaAsP can be expressed as:

a(x,y) = xyagaas + X(1 —y)agap + (1 — x)yammas + (1 —x)(1 — y)app

Using a similar approach, the lattice constant for other alloys can be calculated and
Figure 2.3 plots the lattice constant, band gap energy and corresponding wavelength
for a range of 1lI-V semiconductor materials. Corners represent binary compounds;
the adjoining lines signify ternary compounds and quaternary compounds can be
located in any region enclosed by four binary points. Moreover, solid lines
connecting the binary compounds are direct band gaps and dotted lines represent

indirect band gaps.
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Fig. 2.3: Band energies and corresponding wavelengths for a range of IlI-V

semiconductor compounds [6].

Finally, lattice matching is necessary to avoid crystalline defects such as dangling
bonds. These bonds result in intra-band electron trap states which can increase the
rate of non-radiative transitions. However, small lattice mismatches can be tolerated
up to a certain critical thickness without any defects forming. This critical thickness
(t;) can be expressed as a function of the substrate lattice constant (ag) and the

layer lattice constant (a;) [7].
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Therefore, a thin layer with a slightly different lattice constant will distort to fit the
substrate’s crystalline structure. This distortion occurs both parallel and
perpendicular to the interface, so that the film approximately retains its unit cell
volume. Such an approach can be used to create strained quantum wells, achieving
more favourable electrooptic properties without introducing any undesired defects.
A secondary limit that must be considered is the cumulative stress on the entire
structure, which can result in relaxations at the top and bottom of the epitaxial

stack. This issue can be compensated for by adjusting the strain of the barrier layers.

In order to make the multilayer structures required for quantum well epitaxy,
processes which grow lattice-matched layers with precisely controlled thicknesses
are required. Liquid phase epitaxy (LPE) is the original method used to form epitaxial
layers [8]. An InP or GaAs substrate is placed in a slider that can be moved across the
surface of molten liquid which has been saturated with the desired material and
dopants. The temperature difference between wafer and the melt is such that atoms
solidify onto the crystal substrate. This process could be repeated using multiple
melts to form a layered deposition. While it was widely used in early laboratory
work, it proved unsuitable for industrial applications due to difficulties in growing
uniform layers over large surface areas. In vapour phase epitaxy (VPE) methods,
atoms (which can include dopants) are introduced to the substrate in a gaseous
phase [9]. Under carefully controlled conditions, reactions occur between the gases
and substrate, resulting in atoms being deposited on the surface. These newly
deposited layers replicate the underlying crystalline structure. A popular form of VPE
known as metalorganic vapour phase epitaxy (MOVPE) transports material using
organic molecules to produce lll-V compounds [10]. For example, indium phosphide
can be grown on a heated substrate by introducing trimethylindium and phosphine
in an oxygen free environment. This pyrolysis results in the deposition of atoms onto
the surface of the substrate. Molecular beam epitaxy (MBE) is another way in which
epitaxy can be formed and could be described as a sophisticated evaporation

technique performed at high vacuum [11]. Elements are evaporated from ovens and
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deposited onto the heated substrate where they assemble in crystalline order. With
proper control of the sources, a wide range of material compositions and doping
levels can be achieved. Finally, atomic layer deposition (ALD) is a variation of the
MBE process in which single atomic layers of material are deposited at a time [12].
The majority of ALD reactions use two gas phase chemicals which are introduced in a
series of sequential, non-overlapping pulses. Consequently, the reaction terminates
once all the available area on the surface of the substrate is consumed, limiting the
deposition of a pulse to a single atomic layer. ALD is used in a wide range of research

fields such as photonics, photovoltaics and energy storage applications.
2.3 Optical Waveguides

The fundamental behaviour of light as it propagates through a medium is described

by Maxwell’s equations which are listed below in time-harmonic form.

VXE = —jwB
VXH =]+ jwD
V-B=0
V-D=p

The quantities above are the electric field (E), magnetic flux density (B), magnetic
field (H), current density (J), electric flux density (D) and charge density (p).
Important relationship between these quantities include D = ¢€E, B = pH and ] = oE
where ¢, 1 and o are the electrical permittivity, magnetic permeability and electrical
conductivity of the medium respectively. Any medium of interest can be placed into
one of the four categories listed below, where w is the angular frequency of the

wave [13].

Vacuum (0 = 0, = g, L = o)
Lossless dielectric (o0 = 0,& = €,.&p, L = Ltllp, 0T 0 K WE)

Lossy dielectric (o # 0, € = €,.&p, L = Urlp)

P w N R

Good conductor (0 = 00,& = gj, L = L}l OF 0 > WE)
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A lossy dielectric is defined as a medium in which an electromagnetic wave loses
power as it propagates and can be considered as a general case from which the
other types of media can be derived. Therefore, considering an isotropic,
homogeneous, lossy dielectric medium that is charge free (p =0) , Maxwell’s

equations become
VXE = —jouH

VXH = (0 + jwe)E

The homogeneous E field vector wave equation can then be derived by taking the
curl of both sides of the equation VXE = —jwpH and substituting in V- E = 0 and
VXH = (0 + jwe)E. The corresponding H field vector wave equation can also be
obtained using a similar procedure. These Helmholtz equations describe the

propagation of electromagnetic waves through a known medium.
V2E —y2?E?2 =0
VZH —y?H? =0

The parameter vy is known as the propagation constant of a medium and can be
expressed as a complex quantity y =a +jf where a and [ represent the

attenuation and phase contributions [13].

a=w 'u?g 1+ é]z—l
B=w % 1+[é]2+1

The refractive index of a medium (n = c+/u¢) is a dimensionless quantity which also

defines how light propagates through it and can also be expressed as a complex

25



Chapter 2: Photonic Integrated Circuits

number to account for attenuation. As with silica optical fibres, a core region of high
refractive index (n;) surrounded by a cladding region of lower refractive index (n,)
is used to confine light along semiconductor waveguides. When light propagating in
the core strikes the boundary at an oblique angle of incidence (6;) a certain
percentage of the light is reflected back into the core while the remainder is
transmitted into the cladding. According to law of reflection the angle of reflection
(6,) will be equal to the angle of incidence (8, = 6;), while Snell’s law states the
relationship between the angle of incidence, the angle of transmission and the
medias’ respective refractive indices: n,Sin6; = n,SinB; [14]. For certain
propagation angles, no light is transmitted from the core into the cladding region
resulting in optical confinement. This condition known as total internal reflection
occurs when the angle of incidence is greater than a critical angle (6.). This critical
angle can be calculated by setting the transmission angle to 90 degrees.
ny H2€E2

Sinf, = — =
nyg M1€q

Figure 2.4 depicts two ray diagrams which illustrate the transmission of optical
power into the cladding for angles less than the critical angle and the optical

confinement mechanism which occurs when 0. is exceeded.

0; <0, 0; > 6,
-_ 9
=~
~
Cladding Cladding
/\
N ,’
~ o _ -
ei T == 9r
Core Core
Cladding Cladding

Fig 2.4: Ray diagrams depicting Snell’s Law (left) and its special case namely total

internal reflection (right).
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2.4 Semiconductor Lasers

A semiconductor laser is an optical device which emits a coherent output through
the process of optical amplification based on stimulated emission of photons. Such
devices commonly consist of a gain section to is an active region in which photons
are created, surrounded by mirrors, which reflect a percentage of the photons back
into the cavity. This reflection provides the optical feedback necessary for stimulated
emission to become the dominant effect in the cavity. To begin describing the
behaviour of a laser gain section, the electronic transitions that occur in
semiconductor materials must first be defined [15]. Spontaneous emission (Rgy)
represents the spontaneous recombination of an electron in the conduction band
and a hole in the valence band resulting in the release of a photon. This is the
primary mechanism in light emitting diodes (LEDs) as these devices create an
incoherent light source. Stimulated absorption (Ry,) involves the creation of an
electron-hole pair due to photon absorption. Stimulated emission (Rg:) is the
principle mechanism involved in the creation of coherent photons, which are
essential for lasers to operate. It involves a photon stimulating the recombination of
an electron-hole pair which creates a second photon with the same phase, frequency
and direction as the first. Finally, non-radiative transitions (R;,-) can also occur which
result in electron-hole pairs recombining without the release of a photon. The
energy released by these recombinations can be transferred to other carriers in the

form of kinetic energy. A representation of these transitions is illustrated in Figure

2.5.
Rsp Rs‘a R_‘.‘t R‘mf‘
E, !Electron s ! . !
Photon - X/
— —) — —_—

= /

Fig 2.5: Electron transitions between the conduction and valence bands.

As discussed above, stimulated emission required both the presence of an electron-

hole pair and a photon to occur. Semiconductor layers are grown to form p-i-n

27



Chapter 2: Photonic Integrated Circuits

heterostructures, which creates an active region, confining the carriers which can
contribute to photon emission. The total number of carriers lost due to
recombination (R,..) is the sum of the carriers lost due to spontaneous emission,

non-radiative recombination, stimulated emission and Auger recombination (R,).
Ryec = Rsp + Ry + Rqg + Ryt

The spontaneous emission, non-radiative recombination and Auger recombination
are dependent on the carrier density (N) and can be expressed as Ry, = BN?,R,, ~
AN and R, ~ CN3 respectively where A is the non-radiative recombination
coefficient, B is the bimolecular recombination coefficient and C is Auger coefficient.
The carrier loss terms Rg,, Ry, and R; can be grouped to represent the carrier

density divided by the carrier lifetime (7) [16].
N
?stp + R, + R,

Since stimulated emission relies on the presence of photons to occur, the rate of
stimulated emission is directly linked with the coherent photon density (N,).
Assuming that the length of the active region is sufficiently small, the rate of
stimulated emission can be expressed as a function of the group velocity (vy), gain

(g) and photon density [16].

Gain represents the increase in photons due to stimulated electron-hole
recombination while the transparency carrier density (Ng,.) is the carrier density
required to overcome the absorption of the material, which results in zero gain (and
zero loss). The relationship between the gain and transparency carrier density can be

expressed as g = a(N — N;,.), where a is the differential gain (g—i). It is possible to

create additional carriers by passing a current through the junction, however, this
current is not 100% efficient. The internal quantum efficiency (n;) is the fraction of

the injected current that generates carriers in the active region. The net gain of

. . i . . .
carriers can be described as Ggep = Z—‘V where, | is the applied current, q is the
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elementary charge and V represents the volume of the active region. Therefore, the
rate of change of carriers is given by

dN nl N
dt = Ggen — Ryec = C[_V — == Vg gNp

The next step is to develop an equation for the rate of change of the photon density
in terms of carrier density and stimulated emission. As discussed above, every time
an electron hole pair is stimulated to recombine, another photon is generated. A
percentage of photons produced by spontaneous emission can also contribute to the
number of coherent photons. This percentage is calculated by multiplying the rate of

spontaneous emission (Rs,) by a spontaneous emission factor (Bs,). The loss of

N
photons due to absorption and scattering can be represented as T—p, where T,, is the
P

photon lifetime. Finally, since the cavity volume occupied by photons (V},) is usually

larger than the active region volume (V), the change in photon density is related to

the optical confinement factor (I'=V1).
14

dN, N,
W = FUgng + FﬁspRsp —E

. dN dN. . .
These expression for e and d—tp are known as the laser rate equations and are valid

both above and below threshold [17]. Using these equations, the contributions of
spontaneous and stimulated emission to a laser’s output power can be derived as a

function of current (1) [16].

hv
Pspontaneous = nrndﬁsp ?I

Vv
Pstimutatea = Na ? (1 - Ith)

The differential quantum efficiency (n,) is related to the internal quantum efficiency,
optical loss in the cavity and mirror loss. The radiative efficiency (1,.) represents the
ratio of spontaneous emission versus the other forms of emission (R, Ry, and R;).

Only spontaneous emission contributes to the optical power when the current is
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below threshold. Above threshold the stimulated power quickly becomes dominant

as the spontaneous power is clamped at its threshold value (Figure 2.6).
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Fig 2.6: Optical power of a laser vs current

A Fabry-Pérot (FP) laser, which is the simplest form of laser design, consists of an
optical cavity capable of providing gain enclosed by two highly reflective mirrors. In
semiconductor devices, these mirrors are usually the product of the high refractive
index difference between the gain material and air at a cleaved facet. A variation of
the FP, known as slotted Fabry-Pérot (SFP) lasers [18], relies on arrays of waveguide
slots instead of cleaved facets to provide optical feedback into the cavity. The
spacing between the slots can be adjusted to modify the free running spectrum of
the laser. In the case of facetless SFP lasers, a Vernier effect can be used to ensure
single mode operation with a tunability of up to 30 nm reported [19]. SFP lasers offer
excellent potential for monolithic regrowth-free integration and are compatible with
UV contact lithography unlike distributed feedback (DFB) [20] and distributed Bragg
reflector (DBR) lasers [21]. A scanning electron microscope image of a single facet

SFP laser is shown in Figure 2.7.

Slotted Mirror Section

mag - tilt spot WD HFW  HV
189 x 30° 2.5 23.3 mm1.58 mm10.00 kV

Fig 2.7: Single facet SFP laser with angled output on the right side to minimise
reflections from the facet.
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Optical injection locking [22] is a technique which has received significant
interest of late as it has found applications in increasing laser modulation
bandwidths [23], single sideband modulation [24] and opto-electronic oscillators
[25]. It involves the coupling of external optical power from a master laser into a
slave laser. For a sufficiently small wavelength detuning between the sources, the
corresponding resonant mode of the slave laser is forced to lase while the other free
running modes are suppressed. This approach differs from mutual coupling in the
sense that light is considered to be propagating in one direction only. This is
commonly achieved by means of an optical isolator or a large optical power
difference between the master and slave lasers. The stable injection locking of a SFP
laser by a monolithically integrated master SFP laser also has been investigated [26]
with the coupling power controlled using the variable gain section which acted as a

variable optical attenuator or amplifier depending on the bias.
2.5 Semiconductor Modulators

A modulator is an optical device which is used to encode data onto a beam of light
by perturbing one of its properties such as amplitude, phase or polarisation. There
are three main field induced effects exhibited by semiconductor devices which are:
the Pockels effect, the Kerr effect and the electro-absorption effect. The Pockels
effect changes or produces birefringence in an optical medium subject to an external
electric field. This effect, which is also known as the linear electro-optic effect is
proportional to the magnitude of the electric field, but only occurs in crystals which
lack inversion symmetry [27]. Therefore, silicon modulators rely on carrier induced
refractive index changes or strain induced refractive index changes [28]. In IlI-V
compound materials, which have no centre of symmetry, the atoms or molecules
become polarised due to the opposite forces experienced by their positively and
negatively charged components. The redistribution of these bound charges alters the
relative permittivity (&,) tensor of the material. Since the refractive index is defined
as n = /€, any change to the permittivity of the medium results in a change in the
refractive index which would result in a phase change of a propagating optical mode.
The Kerr effect also causes a change in the refractive index of a material which is

directly proportional to the electric field squared. Unlike the Pockels effect, the Kerr
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effect is evident in all materials and therefore exhibited by silicon based devices [29].
However, the Kerr effect is comparatively small and will be dominated by the Pockels
effect in media that lack inversion symmetry. The Kerr electro-optic effect is a
specific case in which the medium becomes birefringent when a slowly varying
external electric field is applied (unlike the optical Kerr effect discussed in section
1.2). The difference in refractive index can be expressed as a function of the
wavelength of the light (A), the Kerr constant (K) and the strength of the electric field
(E):

An = AKE?

Finally, field induced electro-absorption effects involve the change in optical
absorption of a semiconductor under an applied electric field. According to basic
semiconductor theory, a photon must have an energy equal to or greater than the
difference between the conduction and valence bands to be absorbed. However,
the wavefunctions of an electron and hole in the presence of an electric field
become Airy functions rather than plane waves. Under sufficient applied electric
field, the semiconductor bandgaps begin to tilt and the tails of these function
penetrate the bandgap. The resulting overlap gives rise to an exponential tail in the
fundamental absorption edge of the material. This non-zero absorption below the
bandgap in bulk materials is known as the Franz-Keldysh effect [30], [31]. The
situation is different in quantum well structures, where a lower bandgap well is
encompassed by high band gap barriers. The resultant potential barriers confine the
carriers while also forming discrete energy levels for both conduction and valence
bands. Under no external bias, the electron and hole distributions form symmetric
functions at the centre of the well. An applied electric field results in electron states
shifting to lower energies while the hole states shift to higher energies reducing the
effective band gap of the well. Simultaneously, the electron and hole wave functions
shift to opposite sides of the well, decreasing the overlap integral which in turn
reduces the overall absorption level. However, greater confinement of the wave
functions can maintain sufficient absorption levels even in the presence of a high

electric field. Figure 2.8 shows the electron-hole confinement in a typical potential
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well in the absence of an electric field and the deformation of the wavefunction and

reduced energy levels in the presence of an electric field.

Barrier Well Barrier Barrier Well Barrier

Eunbiused = Ebiased

(a) (b)

Fig 2.8: Electron-hole confinement in a potential well (a) in the absence of an electric

field and (b) under bias.

At this point it is necessary to account for electrons and holes which are stimulated
due to photon absorption as they can form electron-hole pair resonances due to
Coulomb interactions [32]. These resonances are known as excitons and can greatly
enhance the absorption at energies close to the bandgap of the semiconductor.
When an electron hole pair is created, they are initially spatially close. Consequently,
the electron in the conduction band is attracted to the oppositely charged hole in
the valence band in accordance with Coulomb’s law, resulting in the creation of
energy levels smaller than the material’s band gap [33]. However, excitons quickly
decay in bulk materials at room temperature as their binding energy is less than the
thermal energy of the associated particles. Multiple quantum wells can be used to
enhance the Coulomb attraction between the electrons and holes by improving the
spatial confinement. This increased confinement allows sharp excitonic peaks to be
visible even at room temperature as the binding energy of the two-dimensional
exciton is four times larger than the three-dimensional case. The n*® bound state

exciton energy is given by [7]:

Where the Rydberg energy (R,) can be expressed in terms of the effective mass and
the permittivity of the material:
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m,e*

Ry = 8h2g2

This field induced change in the absorption in a multiple quantum well structure
combined with the exitonic resonances at high applied fields is known as the
guantum confined stark effect (QCSE) [34]. Due to the Kramers-Kronig relations, a
change in absorption also results in a change in refractive index and therefore, can

also be utilised by phase modulators.

The two most common forms of modulator currently used in PICs are Mach-
Zehnder modulators (MZMs) and electroabsorption modulators (EAMs). A MZM,
which is based on the interferometric principle, utilises field induced changes in
refractive index to alter the relative phase of two light beams which have been split
[35]. The phase shift causes constructive and destructive interference as the light in
the two arms is recombined. The device is usually fabricated using passive epitaxial
material to minimise absorption losses, even at high reverse biases. MZMs have
numerous advantages over EAMs including reduced inherent optical loss, lower chirp
and higher suitability to phase modulation formats. However, MZMs are typically in
the order of 1.5 mm in length or longer. In addition to this large footprint, MZMs’
tendency to operate using passive epitaxy means that they have a larger bandgap
than that of the operating wavelength of a corresponding laser. Therefore, advanced
integration techniques need to be applied when forming MZM based PICs. Figure 2.9

illustrates the two states of an MZM.

Fig 2.9: Schematic of a Mach-Zehnder Modulator with (a) constructive and (b)

destructive interference [36].
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An electroabsorption modulator is a semiconductor device which is based on a
voltage induced absorption change due to the Franz-Keldysh effect or quantum
confined stark effect [37]. An EAM is easier to incorporate into an integrated circuit
than an MZM as it has a similar band gap energy to that of the operating wavelength
of the laser. EAMs can also be much smaller than an MZM (-~100 pum) if the
wavelength of the optical signal coincides with the optimum wavelength for
absorption, making them highly suitable to for dense PIC designs. However, as the

device is absorption based it, is susceptible to saturation.
2.6 Photonic Integration Techniques

As discussed in previous sections, one of the primary difficulties in creating photonic
integrated circuits is due to the difference in optimal band structure between light
sources and modulators. There are many types of integration that have been
attempted to overcome this material difference. Heterogeneous integration involves
the fabrication of components on different substrates and combining them using
optical coupling. Silicon on insulator (SOI) solutions provide a high index contrast
which allows for passive low loss waveguides at 1.55 um which are capable of high
curvature [38]. Rib waveguide structures are formed due to the refractive contrast
between the silicon, air and underlying silicon dioxide layer. While silicon modulators
and dense ICs have been demonstrated, silicon is inefficient as a light source due to
its indirect band gap. Therefore, IlI-V layers, structure and devices are required to
generate photons. This can be achieved using flip-chip techniques to mount a Ill-V
device onto the silicon substrate with light being laterally coupled between the two
sections using lensed fibre or polymer waveguides [39]. An alternative solution is to
adhere a IlI-V layer onto a fabricated silicon PIC which acts as an optical pump,
introducing light to the system. This optical power is transferred to the silicon
structures using a variety of techniques such as tapers or evanescent coupling to
create devices such as a hybrid InP/SOI 10 Gbps transmitter which is based on a
tunable laser and MZM [40]. However, the use of such heterogeneous approaches
introduce challenges such as varying mechanical properties and fabrication

complexity.
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Alternatively, monolithic integration focuses on the implementation of PICs using a
single substrate, therefore removing the need for optical interconnects to link the
different materials. A wide range of techniques exist for monolithic integration
based on current technologies including vertical twin-guide [41], butt-joint regrowth
[42], selective area regrowth [43], quantum well offsetting [44] and dual quantum
wells. The layer structure of such approaches is shown in Figure 2.10. However,
these methods rely on selective area etching and regrowth to form photonic devices
on a single substrate. As with hybrid integration, PICs with extensive functionality
have been demonstrated using monolithic approaches, such as optical transmitters
for DWDM, QPSK and PAM4 optical systems [45]. However, they also require
complex fabrication techniques which require advanced foundries and long

processing durations.
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l PASSIVE l ACTIVE PASSIVE
l PassIve l

BUTT-JOINT SELECTIVE OFFSET DuAL QUANTUM WELL
REGROWTH AR SHONTY QUANTUM WELLS QuaNTUM WELLS INTERMIXING

ACTIVE

Fig 2.10: Active-passive waveguide integration approaches [46].

As a result, regrowth-free monolithic approaches to photonic integrated circuits are
being investigated by the Integrated Photonics Group at Tyndall National Institute
with the aim of reducing cost, potentially increasing device yield and making the
technology more accessible. For example, while regrowth processes commonly take
months to complete, the monolithic regrowth-free process discussed in Chapter 3

had a process time of approximately 6 days.
2.7 Proposed Coherent WDM PIC

In response to the need for both coherent WDM systems and regrowth-free

solutions to PICs, this thesis proposes a novel monolithic transmitter which does not
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require epitaxial regrowth. Furthermore, all components are compatible with
standard UV contact lithography which is more suitable for large scale
manufacturing than higher resolution approaches such as E-beam lithography. As
discussed in Chapter 1, coherent WDM requires the generation of a coherent optical
comb and the demultiplexing, modulation and multiplexing of the subcarriers. A
recent study [47] has demonstrated the monolithic integration of slotted Fabry-Pérot
lasers into a three-section device to produce a low linewidth optical frequency comb
using the injection locked gain switching technique. An optical comb consisting of up
to 8 comb lines within a 3.5 dB band was observed making it suitable for use in a
prototype coherent WDM PIC. It was also shown that the optical comb could be red
shifted as far as 1584 nm by a combination of thermal and Vernier tuning. At this
point, traditional coherent WDM approaches demultiplex the comb lines for
modulation. However, common integratable demultiplexers such as arrayed
waveguide gratings (AWGs) [48] have large footprints and low fabrication tolerance.
Alternatively, the selective amplification and filtering properties of injection locked
SFP lasers has been published, reporting the suppression of unwanted wavelengths
in excess of 20 dB [49]. Moreover, the tuning of the SFP laser to different comb lines
by varying the applied bias was also shown. Therefore, instead of formally
demultiplexing the comb lines, the optical power could instead be split into multiple
arms and the active filtering properties of the SFP lasers used to suppress unwanted
channels while providing gain to the wavelength of interest. This would effectively
spit the comb lines into the respective arms of the transmitter while maintaining
coherence. The next step would be to encode data on the filtered comb lines using
optical modulators. As discussed in section 2.5, while MZMs offer low chirp and low
optical loss, they are difficult to integrate without the use of heterogeneous or
regrowth techniques. However, EAMs operate much closer to the band edge and
therefore are compatible with a redshifted comb source. The modulated carriers
would then be recombined while maintaining coherence, to produce a coherent

WDM signal.
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Fig. 2.11: Schematic of proposed regrowth-free coherent WDM transmitter based on

SFP lasers and EAMs.

While the final transmitter will inevitably contain multiple arms to maximise the
number of carriers which can be modulated, this thesis will focus on developing a
two-armed prototype transmitter outlined in Figure 2.11 as proof of concept. The
next chapter will outline the development of fabrication processes suitable for DC
components (such as lasers) and high-speed modulators respectively. The following
chapters will then utilise these processes to develop a range of components and
PICs, striving towards the realisation of the prototype coherent WDM transmitter

described above.
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Chapter 3

Photolithographic Mask and Semiconductor

Process Design

3.1 Introduction

Photonic device fabrication involves the sequential application of a series of
processing techniques (which are collectively referred to as a layer stack) to create
complex topographies. This chapter outlines the design software and processing
techniques used in the fabrication of the devices and circuits discussed in this thesis.
This work was carried out in the llI-V clean room at Tyndall National Institute, Cork
using standard UV contact lithography, and monolithic regrowth free epitaxy to

reduce process complexity, thus minimising fabrication cost.
3.2 Photolithographic Mask Design

Common layout editors such as Clewin [1], L-Edit [2] and KLayout [3] offer a simple
interface for designing simple photonic devices. These pieces of software function
similarly to a simple drawing program where the user adds simple geometric shapes
together layer by layer to form structures. However, this becomes very tedious when
forming large structures such as arrayed waveguide gratings (AWGs) or a dense
multi-level PIC with many components. There are also commercial packages which
specialize in PIC design such as Luceda [4] and Phoenix [5]. These packages allow the
user to arrange predesigned components into circuits by assuming a fabrication

process based on process design kits (PDKs) related to specific foundries.

An alternative software tool called PICDraw [6] has previously been developed in the
Integrated Photonics Group at Tyndall for photolithographic mask design. Unlike
other layout packages the user interacts with it entirely through written code,
defining each component mathematically. This algorithm based approach to circuit
design offers significant advantages arising from the efficiency with which alterations

can be made to even the most complicated of circuits. For example, any changes to
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bend radius, component length etc. will result in an automatic update to the entire
layout. This is very significant when at the prototype level of PIC design, where
designs and structures can change rapidly during development. Examples of such

structures are shown in Figure 3.1.

(a) (b) (c)

S o -

- Ridge Metal

Fig. 3.1: Schematic of cells containing a (a) T bar slot (b) 2x1 star coupler (c) 1x2

MMI.

PICDraw is designed around the premise of a cell, which it inherited from the
standard GDSII file format. Each component, consisting of multiple layers is placed in
a unique cell. These cells can in turn be linked or cascaded to create complex
integrated circuits. Devices and structures ranging in complexity from simple T bar
slots to arrays of high speed Mach-Zehnder modulators have been designed and

implemented using this approach (Figure 3.2).

Fig. 3.2: Schematic of an array of PICs and a quarter wafer layout superimposing

mask levels.

At the design stage, PICDraw produces a GDSII file with all the layers superimposed

on top of each other, providing a convenient way to visually monitor how the design
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is progressing. Once the wafer design has been finalised, PICDraw arranges the

layers into a plate format suitable for mask ordering (Figure 3.3).

Fig. 3.3: PICDraw layout and microscopic image of photolithographic mask plate.

3.3 Self-Aligned deep and shallow etch process.

A requirement for the realisation of the CoWDM PIC outlined in Chapter 2 is the
ability to integrated shallow etched (rib waveguide) and deep etched (ridge
waveguide) structures. Current SFP laser designs are based on rib waveguides to
minimise scattering losses while the higher optical confinement of the ridge
structure enables waveguides with a smaller bend radius. As the work described in
this thesis utilised contact lithography, considerations needed to be given to the
transition between the shallow and deep etched regions. Defining the rib and ridge
waveguides in separate lithographic steps was deemed inappropriate as any
misalignment would result in significant optical losses due to mode mismatch.
Therefore, a self-aligned process was developed to improve alignment tolerances

and thus maximise device performance and yield.

This process begins with the deposition and patterning of silicon dioxide
(Si0,), which defines the regions that will remain unetched throughout, Figure 3.4a.
Next, a layer of silicon nitride (SiN,) is deposited on top of the patterned SiO, prior
to any etching of the semiconductor layers. The SiN, is patterned using a CF4 based
dry etch which has a high selectivity over SiO, (>10:1), denoting the area that will be
deep etched. This selective etch means that the nitride can be fully removed from

sections with negligible effect to the underlying SiO,, Figure 3.4b. It is this

47



Chapter 3: Photolithographic Mask and Semiconductor Process Design

combination of dielectrics, which are used to define the layout and topography of
the devices that creates a process which is resilient to lithographic misalignment.
The next stage of the process is to dry etch the semiconductive material to a depth
just above the intrinsic region, Figure 3.4c. The silicon nitride is then stripped using
the same selective CF, dry etch as before, exposing any underlying SiO,, Figure 3.4d.
Afterwards, the semiconductor dry etch is continued, simultaneously defining the
ridge waveguide structures while extending the pre-existing deep etch. Upon
completion of this step, the deep waveguide has a depth just above the intrinsic

region while the downmost etch has penetrated through the quantum wells and into

(a) (b)

I sio, I siN, I ¢ doped sc [ intrinsicsc I N doped sC I Substrate I sio, I siv, I P doped sc [N intrinsicsc NI N doped sC M Substrate
(c) (d)

I sio, I siN, I P oped sc [N ntrinsicsc [ N doped s [ Substrate I sio, I siN, [ P doped sc N intrinsicsC [N W doped SC [N Substrate

(e) (f)

I sio; I siN, I P doped SC I intrinsicsC M W doped sC [ Substrate R sio, I siN I P doped s [ intrinsicsC I N doped sc M Substrate

Fig. 3.4: Schematic of the self-aligned deep and shallow etch process.

48



Chapter 3: Photolithographic Mask and Semiconductor Process Design

the n doped layers, Figure 3.4e. Finally, the SiO, hard mask is removed using a
hydrofluoric acid (HF) based buffered oxide etchant (BOE), Figure 3.4f. BOE was
favoured over dry etching alternates as it inflicts less damage to the underlying
semiconductor when compared with plasma etching. This preservation of the upper
p doped semiconductor layers facilitates the formation of a low resistance ohmic

metal contact.
3.4 DC Process

This section will outline the process used in the fabrication of the wide range of test
structures, devices and photonics circuits detailed in chapters 4 and 6. This approach
utilised the self-aligned deep and shallow etched process producing devices suitable

for DC to 5.5 GHz applications.
3.4.1 SiO, Deposition and Patterning

As discussed in the previous section, the first step in the self-aligned process is to
deposit and pattern a layer of SiO, to create the first level of the hard mask required
for epitaxial etching. All dielectrics in this work were deposited by means of plasma
enhanced chemical vapour deposition (PECVD) as it causes minimal damage to the
semiconductor surface when compared with more physical techniques such as
dielectric sputtering. Thin films of SiO, are grown by introducing silane and nitrous
oxide to a combination of RF signals. A 13.56 MHz RF signal is applied to the
electrodes to produce ions and therefore create a plasma while a lower frequency of
260 kHz is applied to the chuck to accelerate the ions towards the material.
Microdeposit™ $1800 photoresists are used extensively in this work due to their
UV contact lithography compatibility, resistance to dry etching and application in lift
off lithography for metal patterning. Hexamethyldisilazane (HMDS) is an adhesion
promoter which is recommend when depositing photoresists onto dielectrics.
Inductively coupled plasma (ICP) etching is a technique used to remove a wide
variety of semiconductor and dielectric materials. It produces very high plasma
densities by means of an RF magnetic field which results in isotropic etch profiles.

The gases used to etch SiO, are CF,/CHF; Ratio (3:7) with a 74.4 W platen power.
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Finally, 1165 is a solvent commonly used for stripping photoresists from sensitive

substrates. The process is as follows:

PECVD deposition of 400 nm SiO,.
Static spin HMDs 4000 rpm 60 seconds.
Static spin S1813 4000 rpm 60 seconds.
Prebake at 115C 60 seconds.

UV exposure 7.5 seconds.

Develop in MF319 25 seconds.

Pattern SiO, using CF, based ICP etch.
50 W 02 Plasma 60 seconds.

© ® N o U A w nhpoR

$1813 removal using 1165 at 90C.

Fig. 3.5: Microscopic images of silicon dioxide patterning.
3.4.2 SiN, Deposition and Patterning

The second stage of the hard mask formation begins with the deposition of SiN,. by
means of PECVD using silane, ammonia and nitrogen. The remainder of this step is
quite similar to the previous one with a key exception being the ICP etch used to
pattern the SiN, is based on CFg4 instead of CF, with a platen power of 10W. This
change in chemistry combined with a lower RF power produces an etch with a high
selectivity of SiN, over Si0,. As previously stated, this means that the SiN, can be

patterned without degrading any underlying SiO,.

1. PECVD deposition of 400 nm SiN,,.
2. Static spin HMDs 4000 rpm 60 seconds.
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Static spin S1813 4000 rpm 60 seconds.
Prebake at 115C 60 seconds.

UV exposure 7.5 seconds.

Develop in MF319 25 seconds.

Pattern SiN, using CF¢ based ICP etch.
50 W 02 Plasma 60 seconds.

N o U kW

S$1813 removal using 1165 at 90C.

Fig. 3.6: Microscopic images of silicon nitride patterning.
3.4.3 First Etch and Silicon Nitride Removal

Now that the two hard masks have been patterned, the semiconductor dry etching
can begin. Both semiconductor etches were achieved using a Cl,/CH,/H, (Ratio
10:8:4) ICP etch. The first etch stops in the p doped layers at a depth of
approximately 1.6 um. The remainder of the SiN, hardmask is then removed with

the selective CFg ICP etch.

1. Semiconductor etch using ICP etch.

2. Removal of remaining SiN,, using CF¢ ICP etch.
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Fig. 3.7: Microscopic images first semiconductor etch.

3.4.4 Second Etch and SiO, Removal

The second Cl,/CH,/H, etch defines the ridge waveguides with a depth of 1.8 um
while extending the pre-existing trenches through the quantum wells and into the n
doped layers. The remaining Si0, hard mask is removed using the CF, ICP etch

completing the shaping for the semiconductor topography.

1. Semiconductor etch using ICP etch.

2. Removal of remaining SiO, using CF, ICP etch.

Fig. 3.8: Microscopic images second semiconductor etch.

3.4.5 Deposition and Patterning of SiO, Sidewall Passivation Layer and ridge

opening.

Since the photonic devices and integrated circuits in this thesis have been fabricated
using monolithic, regrowth free epitaxy, all sections need to be biased to

transparency to minimize absorption losses. To facilitate the necessary contact pads,
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the sidewalls of the structures need to be passivated to prevent the metal from
shorting the various semiconductor layers. This is achieved by depositing a layer of
SiO, over the entire wafer and creating openings for the metal pads to contact the

semiconductor p and n layers as required.

PECVD deposition of 400 nm SiO,.
Static spin HMDs 4000 rpm 60 seconds.
Static spin S1813 4000 rpm 60 seconds.
Prebake at 115C 60 seconds.

UV exposure for 7.5 seconds.

Develop in MF319 25 seconds.

Pattern SiO, using CF, based ICP etch.
50 W 02 Plasma 60 seconds.

© 00 N o U kW DN PR

S$1813 removal using 1165 at 90C.

Fig. 3.9: Microscopic images side wall passivation and ridge opening.
3.4.6 P Contact Metal Deposition

Titanium and gold were deposited by standard lift-off lithography and e-beam
evaporation to form contacts on the surface of the chip. A 360-degree rotational tool
was used to ensure the metal ran continuously up the sidewall of the structures,
reducing potential metal breaks. The lift-off lithography consisted of the deposition
of LOR10A (a pre-exposed photoresist) with S1813 spun on top. While the resists are
being developed, the S1813 patterns as normal. However, since the LOR10A is pre-

exposed, it develops isotropically underneath the other resist creating an undercut.
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The metal layer was then deposited on top of the two patterned resists. To finish the
lift-off process, the wafer was place in 1165, which aided by the undercut removed

the resists and any unwanted metal.

Static spin HMDs 4000 rpm 60 seconds.
Static spin LOR10A 4000 rpm 60 seconds.
Prebake at 150C 180 seconds.

Static spin HMDs 4000 rpm 60 seconds.
Static spin S1813 4000 rpm 60 seconds.
Prebake at 115 C 60 seconds.

UV exposure7.5 seconds.

Develop in MF31990 seconds.

o ® N oo Uk wWw N PR

BOE wet etch25 seconds.

10. E-beam deposition of Ti:Au metal.

11. Metal lift off in 1165 at 90 C.

Fig. 3.10: Microscopic images contact metal pads.
3.4.7 Wafer Thinning, N metal Deposition and Cleaving

To characterize the fabricated devices, it was necessary to couple light out via
cleaved facets. To achieve this, the wafer must be first thinned to ensure that the
break occurs along the crystalline axis, creating a high quality optical interface. To
this end, the substrate was chemically thinned to a thickness of 100 um. This is
achieved by mounting the wafer face down onto a glass slide and suspending it in a

bromine methanol solution. The backside of the wafer is mechanical polished prior
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to suspension to remove any contaminants that may have formed during the
previous steps. The black wax used to adhere the sample to the glass slide also
protects the processed epitaxy during this stage. As the substrate is n doped, it was
then possible to load the sample into an e beam evaporator to form a n contact
metal on the backside of the chip. Finally, the wafer is removed from the glass slide

using Toluene and is cleaved into testable bars.

Fix wafer to glass slide (epitaxy face down) using black wax.
Mechanically polish back side of wafer.
Thin wafer to 100 um using bromine methanol.

1

2

3

4. E-beam deposition of Ti:Au metal.

5. Remove from glass slide using Toluene.
6

Cleave wafer into testable bars.

I sio, I siN, [ P coped SC [ ntrinsicsC N N doped SC [ Substrate Metal ] | i [ 1 ] i EYE i ]

Fig. 3.11: Cross section and microscopic image of completed device.

3.5 High Speed Process

This section outlines the process used to fabricate the electroabsorption modulators
discussed in Chapter 5. It centres on the formation of isolated pedestal contacts,
which result in a significant reduction of the parasitic capacitance of the bond pads,
thus enabling much higher speeds than the 5.5 GHz limitation of the DC process.
Another major consideration in the fabrication of high speed devices is the quality of
the metal contacts. High contact resistances can severely impact on a device’s ability
to function at high modulation speeds. This is particularly true for the p metal

contacts which naturally have a higher resistance due to the smaller contact surface
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area. To this end, the high-speed process begins with the deposition of a thin ridge
metal on the pristine semiconductor surface to ensure an optimal contact. The next
challenge is in protecting the quality of this ridge metal throughout the numerous
etches that follow. This was achieved with the use of a composite hard mask for the
various etches. A thin layer of silicon dioxide is deposited over the surface of the
wafer, covering the ridge metals. As this layer is too thin to withstand the plasma, a
thick silicon nitride layer is also deposited (Figure 3.12a). The patterning of this
composite hard mask is identical to that of a single layer mask. However, after the
etch the remaining silicon nitride can be removed using the selective CFg dry etch
(Figures 3.12b and 3.12c). In this way, the silicon nitride mask can be removed and
replaced multiple times with no effect to the underlying silicon dioxide and metal
(Figures 3.12d and 3.12e). Upon completion of the semiconductor etching, the thin
Si0, layer can be removed using a dilute BOE solution. This reveals the protected
ridge making it possible to form contact pads suitable for DC and RF characterisation

(Figure 3.12f).
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(a)

N sio, I siN, I P doped SC [ Intrinsicsc I N doped sc M Substrate
(c)

Metal

I sio, I siv, I doped sc I intrinsicsc [ N doped sc I substrate Metal
(e)

N sio, I siv, I P doped sC [ intrinsicsc [N N doped sc M substrate Metal

(b)

I sio, I siv M P doped s [N intrinsicsC NI N doped sC [ Substrate Metal

I sio, I siv, I P doped sC I ntrinsicsC [ N doped s [ substrate Metal

(f)

I sio, I siv, I P doped SC NI IntrinsicSC I N doped SC [ Substrate

Fig. 3.12: Schematic illustrating the use of a composite hard mask to protect the

ridge metal during multiple etches.

3.5.1 P Contact Metal Deposition

A ridge P metal is deposited at the beginning of the process to ensure a high quality

ohmic contact. Due to the relatively fine resolution requirements of this step, the

thickness of the metal is limited to 120 nm to ensure a successful lift off. Gaps are

patterned in the metal where the isolation slots will be formed. Exposure of even a

small fraction of the metal trace to the semiconductor plasma etch can delaminate

the entire strip.

1. Static spin HMDs 4000 rpm60 seconds.

2. Static spin LOR3A 4000 rpm 60 seconds.

3. Prebake at 150C 180 seconds.
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Static spin HMDs 4000 rpm 60 seconds.
Static spin S1805 4000 rpm 60 seconds.
Prebake at 115C 60 seconds.

UV exposure 7.5 seconds.

Develop in MF319 90 seconds.

© o N o U s

BOE wet etch 10 seconds.
10. E-beam deposition of Ti:Au metal.

11. Metal lift off in 1165 at 90C.

Fig. 3.13: Microscopic images of ridge P metal.
3.5.2 Isolation Slot Etch

This step forms 1 um wide slots in between the ridge metals which will electrically
isolate the various sections. These slots are angled to minimise optical reflections.
This process is done before the definition of the ridge waveguides as it would be
challenging to achieve the necessary resolution afterwards due to the topography.
Firstly, the composite hard mask is deposited and patterned. The exposed
semiconductor layers are then etched to a depth of 1.8 um which is just above the
quantum wells using the Cl,/CH,/H, recipe. The remaining silicon nitride layer is

then stripped using the selective CFg4 etch.

PECVD deposition of 50 nm SiO,.
PECVD deposition of 400 nm SiN,,.
Static spin HMDs 4000 rpm 60 seconds.

ol N =

Static spin S1813 4000 rpm 60 seconds.
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5
6
7.
8
9

Prebake at 115 C 60 seconds.

UV exposure 7.5 seconds.

Develop in MF319 25 seconds.

Pattern hard mask using CF, based ICP etch.
50 W 02 Plasma 60 seconds.

10. S1813 removal using 1165 at 90 C.

11. Semiconductor etch using ICP etch.

12. Removal of remaining SiN, using CF¢ ICP etch.

Fig. 3.14: Microscopic images of isolation slot formation.

3.5.3 Ridge and Pedestal Etch

A second Cl, /CH,/H, dry etch penetrates through the quantum wells and into the N

doped layers to form the ridge waveguides and contact pedestals. This step also

serves to expose the N doped epitaxial layers for the formation of metal contacts.

The remaining silicon nitride layer is again stripped using the selective CFq4 etch.

1
2
3
4
5.
6
7
8

PECVD deposition of 400 nm SiN,,.

Static spin HMDs 4000 rpm 60 seconds.
Static spin S1813 4000 rpm 60 seconds.
Prebake at 115C 60 seconds.

UV exposure 7.5 seconds.

Develop in MF319 25 seconds.

Pattern hard mask using CF, based ICP etch.
50 W 02 Plasma 60 seconds.

59



Chapter 3: Photolithographic Mask and Semiconductor Process Design

9. S$1813 removal using 1165 at 90C.

10. Semiconductor etch using ICP etch.

11. Removal of remaining SiN, using CF¢ ICP etch.

Fig. 3.15: Microscopic images of waveguide and pedestal formation.
3.5.4 N Contact Metal Deposition

A series of metal pads are deposited directly onto the N semiconductor layers using
standard lift-off lithography. The pads have a large surface area to minimise the
resistance of the device. The metal is annealed at 380 C to form a high quality
contact. Metal is also deposited on top of the pedestals to improve adhesion of the

contact metal.

Static spin HMDs 4000 rpm 60 seconds.
Static spin LOR10A 4000 rpm 60 seconds.
Prebake at 150C 180 seconds.

Static spin HMDs 4000 rpm 60 seconds.
Static spin S1813 4000 rpm 60 seconds.
Prebake at 115C 60 seconds.

UV exposure 7.5 seconds.

Develop in MF319 90 seconds.

© ® N oo U kW N R

BOE wet etch 25 seconds.

10. E-beam deposition of Au/Ge/Au/Ni/Au metal.
11. Metal lift off in 1165 at 90C.

12. Anneal at 380C 5 min.
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Fig. 3.16: Microscopic images of N metal contacts.

3.5.6 Isolation Trench

Next, an isolation trench into the semi-insulating substrate is formed. This trench
surrounds the signal pedestal to minimise parasitic capacitances and resistance that
can form between it and the ground pads. Unlike the previous etches, a BCl;/
Ar chemistry is used to etch into the substrate despite having a less than ideal
sidewall profile. This is due to a study previously undertaken in Tyndall showing that
the hydrogen present in the Cl,/CH,/H, recipe passivates the iron dopant in the
semi-conductive InP substrate. This passivation of the dopant makes the substrate

conductive, rendering the isolation trench ineffective.

PECVD deposition of 400 nm SiN,,.

Static spin HMDs 4000 rpm 60 seconds.
Static spin S1813 4000 rpm 60 seconds.
Prebake at 115C 60 seconds.

UV exposure 7.5 seconds.

Develop in MF319 25 seconds.

Pattern hard mask using CF, based ICP etch.
50 W 02 Plasma 60 seconds.

w 0 N O U kW N PR

S$1813 removal using 1165 at 90C.
10. Semiconductor etch using ICP etcher.

11. Removal of remaining SiN, using CF¢ ICP etch.
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Fig. 3.17: Microscopic images of isolation trench formation.

3.5.7 BCB Deposition and Etch Back

Benzocyclobutene (BCB) is used as a support for the bridge metal that will link the
signal pedestal to the ridge metal. It has a low dielectric constant, minimising
parasitic capacitances which will limit device performance. This stage begins with the
deposition of 400 nm of SiN, which acts as a protective layer for the metals. BCB is
dynamically spun onto the wafer with the aid of the adhesion promoter AP3000. The
sample is then baked in an oven at low vacuum, curing the BCB while removing any
bubbles that may become trapped within the layer. Once cured the BCB is then
uniformly etched back so that the nitride covering the ridges and pedestals begins to

protrude.

PECVD deposition of 400 nm SiN,,.

Dynamic spin AP3000 300 rpm 5 seconds, 3000 rpm 20 seconds.
Dynamic spin BCB 750 rpm 5s, 2500 rpm for 40s.

Cure BCB in oven at 210C 2 hours.

v ke w N R

BCB etch back using ICP etcher.

3.5.7 BCB Shaping

As only the ridge and pedestals are protruding at this stage, the BCB must be shaped
to access to the underlying N metal. Since the BCB etch has approximately a 1:1
selectivity over photoresists, a thick photoresist must be used to define the pattern.
SPR220-4.5 has a thickness of 4.5 um with a vertical sidewall profile. After

patterning, the protective nitride layer is removed from both the P and N metals
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simultaneously using the CFg selective etch. A short BOE dip gently removes the thin

layer of SiO, which has been present since step 2, exposing both metals.

Static spin HMDs 4000 rpm 60 seconds.
Static spin SPR220-4.5 3000 rpm 50 seconds.
Prebake at 115C 60 seconds.

UV exposure 40 seconds.

Hold for 35 mins.

Post exposure bake at 115C 90 seconds.
Develop in MF26A 35 seconds.

BCB etch using ICP etcher.

© ® N o U A w bhpoR

50 W 02 Plasma 60 seconds.
10. SPR220-4.5 removal using 1165 at 90C.

11. Removal of SiN, protective layer using CF¢ ICP etch

12. Dilute BOE Wet Etch 20 sec

Fig. 3.18: Microscopic images of BCB shaping.
3.5.8 P Contact Metal Deposition

A contact metal is deposited to join the pedestals with the pre-existing P and N
metals, facilitating the use of a GSG probe. The E-beam evaporation was done using
360 degree rotational tool to ensure the metal successfully traverses the topography

without breakages.

1. Static spin HMDs 4000 rpm 60 seconds.
2. Static spin LOR10A 4000 rpm 60 seconds.
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Prebake at 150C 180 seconds.

Static spin HMDs 4000 rpm 60 seconds.
Static spin S1813 4000 rpm 60 seconds.
Prebake at 115C 60 seconds.

UV exposure 7.5 second.

Develop in MF319 90 seconds.

 ®©® N oo U kW

BOE wet etch 25 seconds.
10. E-beam deposition of Ti/Au metal.
11. Metal lift off in 1165 at 90C.

Fig. 3.19: Microscopic images of the contact metal.

3.5.9 Wafer Thinning, N metal Deposition and Cleaving

As with the DC process, the substrate was chemically thinned to a thickness of
100 um. The wafer was mounted face down onto a glass slide, mechanical polished
and suspending it in a bromine methanol solution. Finally, the wafer was removed

from the glass slide using Toluene and cleaved into testable bars.

Fix wafer to glass slide (epitaxy face down) using black wax.
Mechanically polish back side of wafer.
Thin wafer to 100 um using bromine methanol.

Remove from glass slide using Toluene.

LA S

Cleave wafer into testable bars.
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I sio, M siN, I P doped SC [ intrinsicSCIM N doped SC I Substrate  Metal © BCB

Fig. 3.20: Cross section and microscopic image of completed device.
3.6 Summary

This chapter discussed the design software and manufacturing techniques used in the
manufacturing of the devices and circuits discussed in this thesis. Although common
layout editors offer simple interfaces for photonic devices, an alternative software tool
called PICDraw was favoured due to the efficiency with which alterations can be made
to even the most complicated of circuits because of its algorithm based approach. A
requirement for the realisation of a CoWDM PIC is the ability to integrate shallow etched
(ridge waveguide) and deep etched (rib waveguide) structures. A DC process which
utilises a composite hard mask approach to achieve a low loss transition between rib
and ridge waveguides is also described. This process was used to produce a wide range
of devices and circuits suitable for DC to 5.5 GHz applications. Finally, a high speed
process which centred around the formation of isolated pedestal contacts to enable the
devices to go at speeds which surpass the 5.5 GHz limitations of the DC process was also
discussed. In the next chapter the DC process will be used in the development of various

laser structures that were developed for integration into larger PICs
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Chapter 4

Single Mode Laser based on Dual Port Multimode

Interference Reflector

4.1 Introduction

Distributed feedback (DFB) and distributed Brag reflector (DBR) lasers can provide
stable single mode outputs suitable for optical communications [1],[2]. However, a
disadvantage of these lasers is their fabrication complexity which requires the
resolution of submicron features and epitaxial regrowth to create the necessary
surface gratings. Slotted Fabry Perot lasers offer an alternative solution with lower
fabrication complexity but the performance of the mirror sections is highly

dependent on etch depth [3].

In this chapter, a regrowth free, single mode laser suitable for monolithic integration
is proposed and demonstrated. The laser utilizes a dual port multimode interference
reflector (MIR) and an etched facet to create a lasing cavity. A single deep etched
slot produces single moded behavior with a side mode suppression ratio (SMSR) of
30dB. The performance of the dual port MIR and etched facet have little
dependence on the etch depth when compared with the mirror sections of a slotted
Fabry Perot laser [3]. This laser therefore, is ideal for use as a light source in complex
integrated photonic circuits as it does not require reflections from a cleaved facet,
providing flexibility in circuit layout/design. The epitaxial structure used was
commercially grown 1550 nm laser material on an N doped InP substrate. It
contained five compressively strained AllnGaAs quantum wells with a total active

region thickness of 0.4 um (Appendix A.1).
4.2 Multimode Interference Devices

Multimode interference couplers (MMIs) provide an alternative to y-branch
structures, directional couplers and star couplers in photonic devices and circuits.

Such devices operate on the principal of self-imaging, in which an input field is
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reproduced in single or multiple images at periodic intervals as it propagates along a
multimode waveguide [4]. These self-images can be decoupled from the MMIs into
output waveguides by optimizing the MMI dimensions such as width, length, and
output waveguide separation. Advantages of MMIs include a wide spectral
bandwidth, polarisation insensitivity, and compact size. Since MMlIs are typically
based on rectangular waveguides, two-dimensional mode solutions are required.
The beam propagation method (BPM) is a computationally light method for solving
intensity and modes within a waveguide structure and is formulated as a solution to
the Helmholtz equation in a time-harmonic case [5]. A BPM simulation of a 1x2 MMI

coupler is shown in Figure 4.1.

Fig 4.1: BPM simulation of 1x2 MMI coupler.

Reflective elements are an essential part of Fabry-Perot lasers and
resonators. Cleaved and etched facet solutions are relatively easy to achieve, but a
large quantity of light is transmitted and lost, which is undesirable when a one
hundred percent reflector is preferred. Total internal reflection has the potential to
offer higher reflection provided that the required critical angle of the interface does
not exceed 45°. The critical angle for an InP air interface is < 30 ° (assuming a group
index of 3.16). Therefore, introducing two 45° deep etched mirrors into a single
mode waveguide would in theory fully reflect the optical mode. However, the
intersection point between the mirrors will round due to limits in lithographic

resolution. As this rounding would occur where the mode intensity is a maximum,
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significant losses would be incurred. An approach presented in [6] is to use the
principle of self-imaging in multimode waveguides to ensure that a negligible
amount of the optical power is present at the mirror intersection. These multimode
interference reflectors (MIRs) are created by adapting MMI designs using 45° mirrors
so that light is reflected and propagates back towards the input side of the device.
Using MMI theory, the position of the images can be predicted and MIRs with high
port numbers can be realised. The BPM simulation and SEM image of a 1 port MIR is
shown in Figure 4.2. Single mode lasers based on MIRs [7] have been shown,
integrating passive mirror sections and waveguides with active gain sections. These
designs rely on preprocessing of the wafers using dry etching and selective regrowth
to integrate active and passive epitaxy [8]. The devices are then defined using
lithography and dry etching. This preprocessing of the wafers using epitaxial

regrowth increases processing cost and duration [8].

-10 0 10 20

Fig 4.2: BPM simulation courtesy of Padraic Morrissey (left) and SEM image (right) of
1 port MIR [9].

4.3 Waveguide Slot Characterisation

Slots can be positioned along the ridge of a lasing cavity to alter the lasing spectrum
[10], [11]. These slots provide secondary reflections within the cavity and light
resulting from this feedback can either constructively or destructively interfere with
the main modes, depending on the phase conditions. In this way, the resonance of
the cavity can be influenced. As the slots are defined by etching into the waveguide,

the effective index experienced by the optical mode changes as the mode
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propagates into the etched region. The reflection coefficient experienced by a plane
wave at normal incidence can be expressed as a function of the effective index in the

ridge (n,) and the effective index in the slot (n,) [12].

n —n;

nq +n2

Slots can also be added to electrically isolated sections so that they can be
independently biased, leading to tunability of the laser’s resonance. As part of this
development of an MIR based facetless laser, Fabry-Perot lasers with various slot
types were included on the mask. Their purpose was to examine the effect of the
slots on the laser’s output spectrum and thus identify the best design for electrical
isolation and for use in a single mode device. The slot types investigated (Figure 4.3)
include straight, angled, deep and an experimental double etched slot. The straight
slots (where the etch stops above the active region) are shallow etched t-bars,
identical to those commonly used in the slotted mirror sections of SFP lasers. Angle
slots are shallow etched t-bars with a 7-degree angle to minimise reflections. They
are designed to provide electrical isolation between sections while having minimal
effect on the optical mode. Deep etched slots (where the etch penetrates through
the active region) have the same shape as the straight slots but are defined using a
deep etch which penetrates through the active region. As a result, they are expected
to provide much higher reflection. They are however, dependent on the side wall
profile of the etch and can be much lossier than shallow slots. An experimental
double etched slot was also included whereby the waveguide changes abruptly from

a shallow to a deep etched waveguide and back again.

1. Straight Slot 2. Angled Slot 3. Deep Slot 4. Transition Slot

- Ridge - Metal Deep Etch

Fig 4.3: Schematic of slot designs.
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(a)
Fabry Perot Array Schematic

(b)
Fabry Perot Laser With No Slots

Optical Power (dBm)
5 8

-50
-60 f
-70
1556 1558 1560 1562 1564 1566
Wavelength (nm)
(c) (d)
0 Fabry Perot Laser With Straight Slot o Fabry Perot Laser Deep Slot
£10 £-10
5-20 i%-zo
2-30 2-30
o [}
o -40 o -40
g g
= -50 £-50
=3 a
© _60 O 40
-70 ; ' | . ] .
1556 1558 1560 1562 1564 1566 41552 1554 1556 1558 1560

Wavelength (nm)

(e)
Fabry Perot Laser With Angled Slot

-70 -70
1556 1558 1560 1562 1564 1566 1554

Wavelength (nm)
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to the slot types illustrated in Figure 4.3 and (b-f) output spectra of the respective

with various slot types.

The performance of the slots was compared by analysing the spectral properties of
the corresponding lasers (Figure 4.4a). A Fabry-Perot with no slots was also included
to act as a control for comparison (Figure 4.4b) as any internal reflection caused by
the addition of a slot will result in extra resonances in the spectral output of the

laser. While the shallow slot did perturb the Fabry-Perot spectrum (Figure 4.4c), the
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deep slot provided much higher reflection making it a better choice when
attempting to create a single mode laser with an individual slot (Figure 4.4d). The
angled slot showed little effect on the lasing spectrum, confirming its suitability as an
electrical isolator (Figure 4.4e). The transition slot showed no significant effect on
the output spectrum, indicating that a negligible reflection level was achieved due to

the mismatch as the mode transitioned from a rib to ridge section (Figure 4.4f).

4.4 MIR Test Structures

An array of 400 um long Fabry Perot lasers with various reflectors at one end
allowed for a comparison between the performances of a single port MIR and a
metal coated etched facet. Two variations of the single port MIR were tested. One
had metal deposited on the reflective mirrors while the other was designed so that

the reflective mirrors were exposed.

400 pm

Fig. 4.5: Schematic of one port reflector test structures.

The width and length of the MIRs were 5 um and 25 um respectively. A schematic of
these structures is shown in Figure 4.5. Each device was powered by a single probe
and the output power was recorded while the current was swept from 0 to 50 mA
(Figure 4.6). With a threshold current of 14 mA, the etched facet showed superior
performance to both single port MIR variations. Hence, the etched facet was

favoured for the laser design. The lower reflectivity of the single port MIRs was
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attributed to sidewall roughness of the reflective surfaces which introduced

scattering losses.

x 10°

—Metal Coated Etch Facet
—Metal Coated Single Port MIR
3—Uncoated Single Port MIR

(]

N

N

Optical Power (W)
— $)

L

0.5
% 10 40 50

20 30
Current (mA)

Fig. 4.6: Plot of coupled optical power versus applied current for various single port

port reflector test structures

Figure 4.7a displays a schematic of an array of test structures designed to
investigate the behaviour of the dual port MIR. These dual port MIRs were based on
a 2x2 MMI coupler and were designed to act as 50:50 reflectors. Therefore, when
light was coupled into port A, fifty percent of the reflected power should be
transmitted through port B while the remainder should return to port A. The primary
purpose of these structures was to confirm that the dual port MIR reflects sufficient
light into both ports for lasing to occur. The MIRs were integrated with two
waveguide outputs, which terminated with cleaved facets. The length of the
structure was 410 um with a total cavity length from facet to facet of 820 um. All
sections including the output waveguides had individual contact pads so that they
could be biased separately. As with the one port MIRs, two variations of the dual
port reflector were tested. One had metal coated reflective mirrors while for the
others, the reflective mirrors were left bare. To compare the performance of the two
dual port MIR designs, the current applied to Output 1 was swept from 0 mA to 50
mA while Output 2 was not biased. The MIR was biased to transparency to minimise
absorption loss. As before, a short focus lensed fibre was positioned close to the

edge of the device to record the optical power from Output 1. Figure 4.7b
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demonstrates that the metal coated MIR performance is slightly better than the
uncoated alternative, but both variations are viable options. As with the one port
MIRs, it is believed that the reflection of the dual port structures is primarily being
limited by losses associated with sidewall roughness. As the MIRs are based on total
internal reflection instead of solely relying on high index contrast, coating the

reflective surfaces with metal only slightly improved the performance of the device.

(a)

(b)

=
x 10
—Metal Coated Dual Port MIR
8 —Uncoated Dual Port MIR

()]

= O
T

Optical Power (W)
(3]

N
!

10

({)—L

20 30 40 50
Current (mA)

Fig 4.7: (a) Schematic and (b) light intensity plot of dual port reflectors.

Figure 4.8 displays the optical spectra observed from Output 1 via a lensed fiber.
When both outputs were biased to 50 mA, double peaks appear in the spectrum.
These double peaks indicate the presence of two cavities of slightly different length.

Although both output waveguides were designed to be identical, the difference is
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likely caused by a slight rotational misalignment between the lithography and the
cleave plane which alters the effective optical path length of the arms. Secondly,
when Output 1 is biased to 50 mA while Output 2 was left unbiased, a simple Fabry

Perot spectrum is observed. These traces suggest that the dual port MIR has created

—Both Outputs At 60 mA

0 !
—Output 1 At 60 mA ‘

4L
o
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Fig 4.8: Optical spectra of dual port MIR test structure for various output waveguide

bias conditions

two sub cavities. This behaviour was observed for both types of dual port MIR. The
wavelength drift between the two measurements was a result of thermal heating
due to the increased current. To further strengthen the conclusion that the dual port
MIR is creating two sub cavities, Output 1 was biased to near threshold while Output
2 was left unbiased. The corresponding cavity lengths were extracted by taking the
Fourier Transform of the spectral data from an OSA trace near threshold, similar to
those in Figure 4.8 with the results presented in Figure 4.9. A peak is clearly visible at
410 um, corresponding to the distance from the cleaved facet to the end of the MIR.
These results verify that the MIR is capable of providing sufficient feedback to an

individual port for lasing to occur.
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Fig 4.9: Fourier transform analysis dual port MIR optical spectrum near threshold.
4.5 MIR Laser Test Devices

A schematic of MIR based test devices is shown in Figure 4.10. A 480 um long gain
section is enclosed by a two port MIR and an etched facet. The etched facet directs
all the reflected light back into the laser cavity while a dual port MIR divides the
reflected light equally between the laser cavity and an output semiconductor optical
amplifier section (SOA). Device 0 has a 90 degree facet and therefore should contain
two discrete cavities. Device 1 has a 7-degree SOA section as an output and will need
to rely exclusively on the reflections from the two MIRs to lase. Analysis of these two
devices will confirm that the dual port MIR can be used to create a lasing cavity

which does not rely on a cleaved facet.

Fig 4.10: Single facet and facetless MIR based lasers
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To compare the resonant cavities of these test lasers, their optical spectra near
threshold was measured (Fig 4.11a). These OSA traces were converted into the
wavelength domain plot presented in Figure 4.11b by taking their Fourier
Transforms. The single facet laser produced a complicated plot with multiple peaks
correspond to numerous resonant cavities. The peak A, represents the 480 um
spacing between the etched facet and the dual port MIR. Peak B, corresponds the

SOA output length with C, equal to the sum of these two cavities and therefore

indicates the total cavity length.

Single Facet MIR Laser Facetless MIR Laser
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Fig 4.11: (a) Optical spectra near threshold and (b) Fourier Transform analysis of

single facet and facetless MIR based lasers
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As expected, this laser design is influenced by reflections from the cleaved facet. In
contrast, the facetless laser plot contains a single peak at 480 um confirming that it
is lasing without the assistance of reflections from the cleave. Repetitions of the
cavity lengths are denoted by incremental subscripts i.e. A; is equal to 4, plus the

total cavity length C,, .
4.6 MIR Facetless Laser

The MIR laser with the deep etched slot was selected for extensive testing as it
exhibited the most favourable single mode behaviour. A schematic of the device
demonstrated in this section is shown in Figure 4.12. A 480 um long gain section is
enclosed by a dual port MIR and a metal coated etched facet. The etched facet forms
a simple mirror which reflects light back into the laser cavity while a dual port MIR
divides the reflected light equally between the laser cavity and an output waveguide.
The 650 um long output waveguide then terminates in a 7 degree facet which allows
light to be coupled off-chip while minimising reflections. The dimensions of the MIR
were designed using the same methods as in [6],[13]. It has an overall length of
80 um and a width of 11 um. A single 1 um wide deep etched slot divides the laser

cavity into two discrete sub cavities (Cavity 1=400 um and Cavity 2=79 um) to utilise
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Fig 4.12: Schematic and microscopic image of MIR based facetless laser.
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the coupled cavity effect [14]. Wavelengths which are resonant in a cavity are
enhanced with non-resonant wavelengths being suppressed. Creating sub cavities
can induce single mode operation as only resonant wavelengths common to both
the main cavity and sub cavities will lase. The gain profile of a sub cavity can be
altered by varying the bias across it, which in turn selects the resonant wavelengths.
Therefore the lasing wavelength of the laser can be controlled using Vernier tuning

[14]. This technique is commonly used in coupled cavity devices [13].

As this device was fabricated using a single epitaxial structure with no regrowth, all
sections must be biased to transparency to minimise absorption losses. Different
sections were designed to be powered separately to ensure that the current does
not preferentially pass through the MIR sections, which have lower resistances due
to their larger surface areas. The various sections were electrically separated using
10 um long breaks in the P metal and separate contact pads. These breaks do not
provide full electrical isolation between sections. They do however separate them
sufficiently to ensure that all sections receive adequate bias. They were favoured
over shallow etched slots as they will not contribute to the perturbation of the
optical modes present in the laser cavity. The contact pads were arranged with a 125
um pitch to be compatible with a multi contact probe to increase ease of testing.
Scanning electron microscope images of the dual port MIR, the deep etched slot, and

the etched facet are shown in Figure 4.13.

(a) (b)

Fig 4.13: SEM image of the (a) dual port MIR (b) the deep etched slot which defines
the two sub cavities creating a single mode output and (c) metal coated etched

facet.
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All sections of the device were independently forward biased using a multi-contact
probe. The current in Cavity 1 was swept from 40 mA to 90 mA while Cavity 2’s bias
ranged from 20 mA to 45 mA and the results are seen in Figure 4.14. The output
waveguide sections were lightly biased to minimise absorption losses. The threshold
of Cavity 2 of the laser decreased from 35 mA to 21 mA with increasing bias to Cavity
1 from 40 mA to 70 mA. A tuning map indicating the peak wavelength for a given
bias is show in Figure 4.15. An optical spectrum analyser was used to analyse the

optical spectrum of the laser output.
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Fig 4.14: Fiber coupled output power as a function of cavity bias.
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Fig 4.15: Contour plot demonstrating the peak wavelength of the laser for various

bias conditions.
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Single mode operation and mode selectivity was demonstrated by adjusting the bias
ratio in the various sections. In Figure 4.16, the laser is tuned to five distinct
wavelengths over a range of 15 nm by varying the bias of the two sub cavities. A side
mode suppression ratio (SMSR) of 30 dB was achieved for all five bias conditions. The
maximum measured optical power from the laser was <1 mW, however, we believe
this is due to the limitations of the coupling efficiency with single mode fibre in our
on-chip test setup. The fibre coupled output power could be improved by using a

mode adapter or an optimised lensed fiber [15].
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Fig 4.16: Single mode operation at five discrete wavelengths with an SMSR of 30dB.

The corresponding cavity lengths were extracted by taking the Fourier Transform of
the spectral data from an OSA trace near threshold, similar to those in Figure 4.16,
with the results presented in Figure 4.17. As expected, peaks can be seen at 79 um
(A) and 400 um (B) which correspond to the lengths of Cavity 1 and Cavity 2, as well
as a peak at 480 um (C) representing the total cavity length. This confirms that the
laser does not rely on reflections from the cleaved facet as there are no peaks
present which correspond to the length of the output waveguide. The free spectral
range (FSR) of the laser was calculated to be 3.17 nm, which corresponds to the

smaller sub cavity length (79 um).
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Fig 4.17: Fourier transform analysis of optical spectrum near threshold.
4.7 Summary

This chapter has demonstrated that a dual port multimode interference reflector has
been monolithically integrated with an etched facet and a gain section to create an
InP based laser. The fabrication of these devices has been achieved without the use
of advanced fabrication techniques such as epitaxial regrowth or E-beam
lithography. A single deep etched slot produced single mode behavior due to the
coupled cavity effect. Five distinct wavelengths over a range of 15 nm were achieved
by varying the biases of the two sub cavities. An SMSR of 30 dB was observed for
these tuning conditions. The next chapter will employ similar design and
characterisation techniques to integrate the core components required for the WDM

transmitter proposed in Chapter 2.
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Chapter 5

Monolithic Regrowth-Free Coherent WDM PIC

5.1 Introduction

Monolithic photonic integrated circuits (PICs) based on InP have provided an
effective solution to realise advance functions at a system level with compact size. As
discussed in Chapter 2, such PICs have been demonstrated using various techniques
such as epitaxial regrowth [2], hybrid/heterogeneous integration of InP and Silicon
[3], and band gap engineering methods such as quantum well intermixing [4],[5] and
selective area regrowth [6]. However, regrowth free monolithic integration offers
reduced fabrication complexity and duration when compared with these methods

[7].

L e Pl

Fig. 5.1: Schematic of proposed regrowth free CoWDM transmitter based on SFP
lasers and EAMs

In this chapter, the development of a monolithic PIC containing a 1x2 multimode
interference coupler (MMI), two SFP lasers, two DC EAMs and a star coupler is
discussed. The purpose of this device is to act as the core of the proposed CowDM
transmitter and its contribution is represented by the red square in Figure 5.1, which
was discussed in Chapter 2, and reproduced from Figure 2.10. All devices in this
chapter were fabricated using the DC fabrication process outlined in Chapter 3 and

were characterised at a temperature of 25 C unless otherwise stated.

85



Chapter 5: Monolithic Regrowth-Free CoWDM PIC

5.2 First Generation PIC

A schematic of the first-generation PIC is shown in Figure 5.2. A 1x2 MMI with a
width and length of 10 um and 116 um respectively splits the injected light into two
coherent outputs [8]. These MMI outputs in turn feed into two slotted SFP lasers via
shallow etched curved waveguides with a bend radius of 650 um. Each SFP laser
consists of a 650 um long gain section, which is enclosed by two mirror sections to
create a facetless lasing cavity [9]. The mirror sections are comprised of 7 shallow
etched slots with a gap of 0.88 um and a separation of 108 um. Wavelengths which
are resonant with these subsections are enhanced with other non-resonant
wavelengths being suppressed, providing optical feedback to the laser cavity while
inducing single mode operation through the Vernier effect. Following the lasers in
the PIC, there are 300 um long semiconductor optical amplifiers (SOAs) and 100 um
long EAM sections. The SOA sections were included to act as a buffer preventing the
EAMs from detuning their adjacent lasers when reversed biased. A 2x1 star coupler
is arranged at the output of the PIC by converging waveguides from the EAMs to a
Rowland circle, with the input waveguides directed towards the central output
waveguide. Light from the input waveguides propagates in the free-space region
between the waveguides where it can couple to the output waveguide [10]. The
PIC’s input and output waveguides are designed to create a seven-degree angle with
the cleaved facets to minimise reflections which in turn will reduce the optical

crosstalk between the lasers.

EAM‘ Star

‘ Mirror ‘ Gain ‘ Mirror ‘ SOA
Coupler

MMI

‘ Mirror ‘ Gain ‘ Mirror ‘ SOA \EAM‘
- Ridge Metal - Dielectric Crossing

Fig. 5.2: Schematic of first generation PIC.
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Due to the high number of sections, a noteworthy feature of this PIC is the ability to
run metal traces over optical waveguides without contacting them. As this first
generation PIC predates the DC fabrication process outlined in Chapter 3, an extra
lithographic set was added to pattern an additional composite dielectric layer,
creating metal crossings shown in Figure 5.3. SiN,, was used as the base layer for the
crossings as it can be selectively patterned without damaging the dielectric present
for sidewall passivation. An SiO, layer was added to improve thermal and electrical
isolation between the metal trace and the underlying waveguide/device as it has a
preferable thermal conductivity and resistivity when compared to SiN,.. These traces
connected to a series of standardised pads with a 125 um pitch to be compatible

with a multi contact probe to increase ease of testing.

Fig 5.3: Microscopic and SEM images of dielectric metal trace crossings.

As the performance of the facetless lasers is critical for the correct operation of this
PIC, an array of test structures was also included in the mask design (Figure 5.4).
These test arrays consisted of SOA sections that surrounded lasers which were
identical to those used in the main PIC. Reverse biasing the SOA sections would
confirm that these lasers do not rely on reflections from the cleaved facet to lase.
They were also used to monitor any variance in performance across multiple

fabrication runs.
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SOA Mirror | Gain ‘ Mirror SOA
[ ] Ridge Metal

Fig 5.4: Schematic of facetless laser test arrays.

Figure 5.5a displays the fabricated facetless laser array under test. Each section of
the laser independently received 50 mA and short focus lensed fibre was positioned
close to the output of the device to enable coupling to the facet. An optical spectrum
analyser (OSA) was used to analyse the power and optical spectrum of the laser
output. The left SOA section was lightly biased to minimise absorption losses. Figure
5.5b shows the optical spectra of the laser with a peak power of -11.23 dBm into the
fibre. The slotted mirror sections are clearly suppressing a large quantity of the
Fabry-Perot modes and the output power of the laser remained unaffected as the
right SOA section was reverse biased to -2 V, confirming that the laser was indeed

facetless.

¥
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Fig 5.5: (a) Microscopic image and (b) optical spectrum from test arrays.

Figure 5.6 shows three different testing conditions for the first generation PIC. In the
first condition, the top laser’s mirror and gain sections are biased at 50 mA each
while the bottom laser remained unpowered. Light was coupled through the MMI
and bend sections, which were lightly biased to compensate for absorption. The
optical spectra demonstrated a peak power of -16.04 dBm and a side mode
suppression ratio (SMSR) greater than 25 dB. Secondly, the biasing condition was
reversed so that the bottom laser now received power to all sections and the top
laser was off. The bottom laser displayed a similar optical spectrum with a lower
power output of -23.42 dBm. An issue arose, however, when both lasers were
powered simultaneously as shown in the third plot. The output power of both lasers
completely dissipated with a recorded output power of -60.26 dBm. This power drop
was attributed to overheating of the chip. A series of transmission line measurement
(TLM) structures showed that the P metal semiconductor interface had a high
specific contact resistance of 3.2x10~*Qcm? resulting in additional ohmic heating as
well as increasing the thermal crosstalk between the lasers. This was likely a result of
the InGaAs cap layer becoming damaged during the ridge etch or the hard mask

removal.

89



Chapter 5: Monolithic Regrowth-Free CoWDM PIC
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Fig 5.6: (a) Microscope image and (b) optical spectra demonstrating crosstalk

between lasers.

This thermal crosstalk issue is further demonstrated in Figure 5.7 where the output
of the top laser was recorded as various sections of the bottom laser were powered.
An incremental decrease of the top laser’s optical output was measured as other
sections were systematically forward biased. Electrical crosstalk was ruled out as a
possible contributor as all sections showed an electrical isolation greater than

100 kQ, including traces isolated by the dielectric crossings.
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Fig 5.7: Optical spectra demonstrating crosstalk between lasers.

This thermal crosstalk issue was successfully managed on a single BPSK device by
setting the temperature controller to 11 C (below the dew point of the testing lab).
When the lasers were biased just above threshold, it was possible to get both lasers
operating simultaneously as shown in Figure 5.8. This experiment confirmed that

such a PIC was possible provided thermal heating was minimised.
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Fig 5.8: Optical spectra demonstrating crosstalk between lasers.

Advanced testing of this device proved impossible, however, due to overheating of
the chip when additional sections such as the SOAs, output waveguides and star

coupler were biased. It was these difficulties resulting from a high specific contact
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resistance of the P metal semiconductor interface which prompted the
implementation of the standardised DC fabrication process outlined in Chapter 3 and

the design of a second generation PIC.
5.3 Second Generation PIC

A schematic of the second generation PIC is shown in Figure 5.9. Since the dielectric
crossings from the previous design were incompatible with the standardised DC
process, the metal traces and contact pads were rearranged to facilitate the use of a
multi-contact probe. As the isolation slots on the previous PIC provided greater than
100 kQ resistance, the SOA sections which served as buffers between the lasers and
EAMs were removed. This had the advantage of eliminating two contacts and
reducing the power requirement of the PIC. The design of key components such as

the MM, lasers and star coupler were unchanged.

Mirror Gain Mirrar | EﬁM‘
il Star
Coupler
Mirror | Gain Mirror IEAM|
B ricee | Metl

Fig. 5.9: Schematic of second generation PIC.

TLM measurements of the second generation fabrication run yielded a specific
contact resistance of 2.7x10~%Qcm? which was two orders of magnitude better than
the previous attempt. However, characterisation of the test arrays indicated that the
lasers were relying on the output facets to lase. The fibre coupled optical power
dropped from approximately -15 dBm to below -50 dBm when the output
waveguides and star coupler were reversed biased at —2V. The under performance of
the lasers was likely due to variation in the etch depth of the slot. In an attempt to
rectify this issue, a second run of devices was fabricated, yielding near identical
results. Figure 5.10 shows the test laser optical spectra from the two runs when both

SOA sections were biased to transparency. It is clear that the mirror sections are not
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providing sufficient reflection to fully suppress the Fabry-Perot modes, particularly
when compared with the optical spectrum presented in Figure 5.5. Characterisation
of the main PICs proved unsuccessful as only spontaneous emission was detected
from the output facets suggesting that the integrated lasers could not lase without

the aid of reflections from cleaved facets.
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Fig. 5.10: Optical spectra of second generation SFP lasers.

To verify that the slots were not providing sufficient optical refection, one of the PICs
was destructively cleaved in such a way that the lasers were split through the gain
sections. This removed a set of mirror sections, the EAMs and the star coupler from
the device, effectively creating two single facet lasers. A graphical explanation of this

cleaving can be seen in Figure 5.11.

‘ Mirror ‘ Gain; Mirror l EAIV{
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Fig. 5.11: Schematic of second generation PIC.
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The lasers, MMI and bend sections were biased with the same current as in Figure
5.8. Lensed fibres were simultaneously aligned to the cleaved facet of one of the
lasers and to the angled facet from the MMI. Figure 5.12 shows the output spectra
from the PIC before and after cleaving. As discussed previously, only spontaneous
emission was observed from the device before cleaving. After cleaving, a peak power
of -14.6 dBm was measured from the laser’s cleaved facet with a similar spectrum
visible from the angled output. This confirms that the bend sections and MMI are

operating correctly and are not responsible for the uncleaved chips malfunctioning.
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Fig. 5.12: Schematic of second generation PIC.

A series of SEM images were taken to determine why there is such a variation in the
performance of the slotted lasers. A comparison was made for etch depth, ridge
profiles, slot formation etc. but no significant difference was evident. It was
concluded that although it is possible to create the current facetless slotted laser
designs, they are highly sensitive to fabrication tolerances making them very difficult

to reproduce.
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(a)

Fig 5.13: SEM images of waveguide facets on (a) 1°t Generation (b) 2" Generation

Run 1 (c) 2" Generation Run 2 PICs.

(b)

Fig 5.14: SEM images of waveguides on (a) 15 Generation (b) 2" Generation Run 1

(c) 2" Generation Run 2 PICs.

Fig 5.15: SEM images of shallow slots (a) 15t Generation (b) 2"d Generation Run 1 (c)

2" Generation Run 2 PICs.
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Fig 5.16: SEM images of star coupler on (a) 1t Generation (b) 2" Generation Run 1

(c) 2" Generation Run 2 PICs.
5.4 Third Generation PIC Design

A key aspect of this generation of PIC was the redesign of the facetless lasers to
improve their reliability. The new SFP lasers consisted of a 600 um long gain section
which was enclosed by two mirror sections to create a lasing cavity. The mirrors
were composed of 425 um sections of waveguide with five uniformly separated
slots. The outermost slot of each mirror section was deep etched to provide
significant reflection while the remaining slots were shallow etched to define 108 um
sub-cavities in the laser cavity. The curved waveguide sections were deep etched to
enable a smaller bend radius of 75 um due to increased optical confinement.
Following the lasers were two 100 um long EAM sections. These EAM sections were
also deep etched to maximise their extinction ratio through increased optical
confinement. A deep etched trench (2.4 um deep) ran through the centre to the PIC
to increase the thermal isolation between the two arms. As before, the PIC’s input
and output waveguides were designed to create a seven degree angle with the
cleaved facets to minimise reflection, which in turn reduces the optical crosstalk
between the lasers. Finally, the contact pads were arranged with a 125 um pitch to

be compatible with a multi contact probe to increase ease of testing.
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Fig. 5.17: (a) Schematic and (b) SEM image of 3™ generation PIC.

The first steps taken to characterise this device were to verify that the lasers and
splitters/couplers were functioning as expected. To achieve this, all sections of the
device were independently forward biased using multi-contact probes. The optical
output of the device was coupled from the angled facets into an optical spectrum
analyzer using lensed fiber. The mirror sections of the laser under test were each set
to 30 mA while the current applied to the gain section was swept from 0 to 30 mA
and the output power was recorded. All other sections were lightly biased to
minimise absorption losses. Figure 5.18 shows the optical output power of each of
the lasers through the MMI and star coupler respectively, verifying their correct
operation. The maximum measured optical power from the lasers was <1mW,

however, we believe this is due to the limitations of the coupling efficiency with
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single mode fibre in the on-chip test setup. The fibre coupled output power could be
further improved by using a mode adapter or an optimized lensed fibre. Minor
differences in the recorded output powers are likely due to small defects which

formed during the fabrication process.
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Fig. 5.18: Fibre coupled power vs. gain section current.

Figure 5.19a displays the observed optical spectra from each of the lasers near
threshold with the other laser off. Encouragingly, the optical spectrum in Figure
5.19b, which was taken when both lasers were powered simultaneously is identical
to the superimposed traces in the previous graph. This demonstrates that there is
not significant optical or thermal crosstalk between the lasers which is vital for

correct operation as part of a CoWDM transmitter.
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Fig. 5.19: (a) Optical spectra of both SFP lasers powered asynchronously. (b) Optical

spectrum of SFP laser powered simultaneously.

The corresponding cavity lengths were extracted by taking the Fourier Transform of
the spectral data from an OSA trace near threshold, similar to those in Figure 5.19a
with the results presented in Figure 5.20. A large peak is clearly visible at 1500 pm
(A), corresponding to the length of the gain and mirror section of the laser. Peaks
representing the sub cavities created by the mirrors’ slot are also visible (B). This
confirms that the lasers do not rely on reflections from the cleaved facet as there are
no peaks present which correspond to the length of the output waveguide. The free
spectral range (FSR) of the laser was calculated to be 3.18 nm, which corresponds to

the smaller sub cavity length (106 um).
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Fig. 5.20: Fourier transform analysis of laser optical spectrum near threshold.
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For this PIC to act as the core component of a monolithic CoWDM transmitter, it is
vital that the SFP lasers can be integrated with the EAMs to produce a modulated
signal. To achieve this, the lasers must be tuned to longer wavelengths to take
advantage of the quantum confined stark effect [12]. A high side mode suppression
ratio (SMSR) is also required in CoOWDM system to minimise crosstalk between the
channels. A tuning map of one of the SFP lasers is shown in Figure 5.21a for a
constant gain section bias of 30 mA. This plot shows that a wavelength tuning of
approximately 10 nm can be achieved by varying the mirror section biases. Figure
5.21b displays the corresponding SMSR for the sweep, indicating two regions with

suitably high suppression of the side modes.
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Fig. 5.21: (a) Contour plot demonstrating the peak wavelength and (b) SMSR of the

laser for various bias conditions.
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The focus of this section, however, is to complement the work presented in [13],
[14]. To this end, one of the lasers was injection locked to longer wavelengths. This
injection locking of the laser was achieved by coupling light from an external tunable
laser source (output power of 2.40 dBm) into the device via the MMI. The behaviour
of the laser was monitored by recording the optical output from the star coupler.
Figure 5.22a shows the optical spectrum of the laser free running, and injection
locked in approximately 5 nm increments from 1565nm to 1590nm. The laser under
injection locking displays an SMSR >30 dB for all wavelengths with the exception of
1590 nm. We believe that the reduced SMSR at 1590 nm is due to the wavelength

being too far from the peak of the gain spectrum to fully suppress the free running

lasing mode.
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Fig. 5.22: (a) Optical spectra of free running and injection locked laser with external
tuneable laser source (b) DC optical extinction of EAM integrated with injection

locked SFP as part of the PIC.

To quantify the performance of the EAM while operating with the injection locked
laser, the DC optical extinction was calculated. This was done by sweeping the bias of
the EAM from 0 to -2.5 V for the various injection locking conditions described
above. As before, all other sections were lightly biased to minimise absorption
losses. The output power from the star coupler was recorded and each trace was
normalised to its value at 0 V to produce the optical extinction trend presented in
Figure 5.22b. The free running laser displayed an extinction of only 2 dB for a 2.5V
swing indicating that most of the light is already being absorbed at 0 V. The optical
extinction dramatically improves as the wavelength of the injection locked laser is
red shifted, peaking at a value of approximately 11.9 dB at 1585 nm. Encouragingly,
this wavelength is comparable to the peak wavelength of the lasers of the previously
mentioned comb source [13], which used an identical epitaxy design (Appendix A.1).
The inclusion of high speed RF contacts to the EAM design would enable the

modulation of the laser output to produce an eye diagram as in [15].
5.5 Integration of SFP Laser and EAM

To further investigate the feasibility of integrating an SFP laser with an EAM by
means of injection locking a discrete device consisting of a laser and an EAM with
contacts suitable for high speed modulation was designed and fabricated. A
schematic of the device is shown in Figure 5.23. The single facet slotted laser consists
of a 600 um long gain section which is enclosed by a 650 um mirror section and a
cleaved facet to create a lasing cavity. The mirror section has six uniformly separated
slots (108 um pitch) defining subsections of the laser cavity and providing optical
feedback to the laser. The slots had a width and depth of 1 um and 1.83 um
respectively. Wavelengths which are resonant with both the laser’s effective cavity
length and these subsections are enhanced with other non-resonant wavelengths
being suppressed, inducing single mode operation through the Vernier effect. The

150 um EAM section curves to create a 7 degree facet which allows light to be
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coupled off-chip while minimising reflections. A deep etched slot separates the
mirror and EAM sections providing electrical isolation. Finally, a metal pad contacts

the N semiconductor layers through an opening in the dielectric passivation creating

a top side N metal.

1400 pm .

160 pm

I Ocep Etch I Ridge I Metal === Cleave :

Fig. 5.23: Schematic of the device proposed in this section.

The gain and mirror sections of the laser were powered by DC probes while the EAM
and the topside N Metal were contacted using a high-speed ground-signal (GS)
probe. The N metal acted as a common ground for the entire device. Short focus
lensed fibers were positioned close to the outputs of the devices to enable coupling
to the facets. Initial testing of the device focused on characterising the absorption
spectrum of the EAM. This was done by coupling light directly into the EAM section
via the angled facet using an external TLS. The wavelength of the TLS was swept
from 1540 nm to 1610 nm in 10 nm increments. The corresponding photocurrent
was recorded from the EAM for varying applied voltage and is plotted in Figure 5.24.
The applied voltage causes a reduction of the band gap energy. This reduction
results in a red shift of the absorption spectra. Therefore, longer wavelengths which
are not being absorbed at 0 V begin to experience attenuation at higher biases. This
field induced absorption of longer wavelengths demonstrates the quantum confined
Stark effect. This information is crucial for the integration of a single mode light
source with the EAM as it indicates that the laser needs to operate at a wavelength
of 1580 nm or longer to properly utilise the QCSE. Encouragingly, this wavelength is
comparable to peak wavelength of the lasers of the previously mentioned comb

source [13], which used an identical epitaxy design.
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Fig. 5.24: EAM absorption for an off-chip tuneable laser source.

Both laser sections were biased to just above threshold (28 mA) with the EAM
section lightly biased to minimise absorption losses. The output of the laser was
coupled from the angled facet into an optical spectrum analyser. The corresponding
cavity lengths were extracted from the resulting optical spectrum by taking its
Fourier Transform (assuming the group index to be 3.5) and the results are shown in
Figure 5.25. A large peak is clearly visible at 1290 um (A), corresponding to the
length of the gain and mirror section of the laser. Peaks representing the sub cavities
created by the mirror’s slot are also visible (B). This analysis confirms that the EAM
section is not part of the lasing cavity and therefore, should not influence the lasers
optical spectrum when modulated. The free spectral range (FSR) of the laser was
calculated to be 3.17 nm [16]. This FSR is dictated by the separation of the slots in

the mirror section and therefore can be manipulated as required.
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Fig. 5.25: Fourier transform analysis of laser’s optical spectrum near threshold.
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Wavelength injection locking of the single facet laser was achieved by coupling light
from the TLS directly into the gain section of the laser using the 90 degree facet. The
behaviour of the laser was monitored by recording the optical output from the
angled facet. Figure 5.26 shows the optical spectrum of the free running laser and
injection locked in approximately 5nm increments from 1570 nm to 1595 nm. This
result demonstrates that the slotted laser can be red-shifted sufficiently by means of

injection locking, to operate with an EAM.
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Fig. 5.26: Optical spectra of free running and injection locked laser with external

tuneable laser source.

As in Figure 5.26, the SFP laser was externally injection locked to 1590 nm using an
external TLS. A pseudorandom binary sequence (PRBS) source provided a signal with
a pattern length of 27-1. This sequence was passed through an RF amplifier to
increase the peak to peak voltage of the signal to 1V. Finally, this amplified RF signal
was combined with a DC bias of -1V before being applied to the EAM via a bias tee
and high speed GS probes. The output signal from the device was boosted by an L
band Erbium doped fiber amplifier (EDFA) to compensate for low optical power due
to fibre coupling losses. The quality of the signal was then analysed with a 10 GHz
photodiode and a digital communications analyser (DCA). Figure 5.27 displays the
observed eye diagrams. Open eyes were achieved up to a speed of 5.5 Gbps
demonstrating the successful operation of this device. Furthermore, this result
confirms that such a device could potentially be applied in the CoWDM transmitter

described in Figure 5.1. A DC measurement of the optical output power of the device
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with the laser injection locked at 1590 nm and EAM biased at -0.5 V and -1.5 V
respectively (corresponding to the maximum and minimum values of the applied RF

signal) gave an extinction of approximately 8.6 dB.

2.5Gb/s ' 3.5 Gb/s

Fig. 5.27: Experimentally observed eye diagrams at bit rates ranging from 2.5 Gbps

to 7.5 Gbps.

To quantify the limitations of this device, a vector network analyzer (VNA) was used
to measure the electro optic 3 dB bandwidth of the EAM. For this measurement, the
SFP Laser remained externally injection locked at 1590 nm and the EAM again
received a DC bias of -1V. Figure 5.28 below shows the electro-optic S21 response of
the EAM between 0.1 and 10 GHz. The 3 dB bandwidth was calculated to be
approximately 5.25 GHz. This low bandwidth can be attributed to the use of an N
doped substrate and the fact that the EAMs contact pad is separated from the N

doped semiconductor layers by only 300 nm of dielectric which creates a significant
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parasitic capacitance (approximately 17.25 pF). The high speed performance of the
EAM could be improved by using a thicker dielectric layer or by using semi-insulating
(SI) substrates and more advanced high speed EAM designs such as demonstrated in

[15].
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Fig. 5.28: Electro-optic S21 measurement of electroabsorption modulator.

5.6 Summary

Section 5.4 demonstrated the monolithic integration of a 1x2 MMI, two SFP lasers,
two EAMs, and a star coupler to create a photonic integrated circuit suitable for use
as part of a regrowth free CoWDM transmitter. Moreover, the fabrication of this
device has been achieved without the use of advanced fabrication techniques such
as epitaxial regrowth or E-beam lithography. The correct operation of each of these
components has been experimentally verified along with confirmation of no
significant optical crosstalk between the lasers. Building on previously published
work, one of the lasers was injection locked up to 30 nm away from the main free
running lasing mode. Crucially, the optical extinction of the EAM was shown to

improve by up to 9.8 dB when the laser was injection locked to longer wavelengths.

Section 5.5 demonstrated a single facet slotted laser injection locked up to 30
nm away from the main free running lasing mode. This complements the optical
absorption characteristics of the EAM which show that for this particular epitaxy, a
wavelength of 1580 nm or longer is required to properly take advantage of the

guantum confined Stark effect. Utilising these results, an injection locked SFP laser
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has been integrated with an EAM to produce a high quality 2.5 GB/s eye diagram.
The 3 dB electro optic bandwidth of the EAM was measured as approximately 5.25
GHz. Therefore, we expect that the bit rate of the eye can be significantly increased
with the use of more advanced epitaxy and EAM designs. To this end, Chapter 6 will
investigate of high speed modulators and epitaxy with the aim of increasing the data

rate of the developed PICs.
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Chapter 6

High Speed Electroabsorption Modulators

6.1 Introduction

InP based electroabsorption modulators (EAMs) are a key component of PICs as they
offer high speed operation, a large extinction ratio and a low driving voltage [1].
Lumped element EAMs are commonly favoured over their traveling wave
counterparts for such applications due to their compact design and simple layout.
Design consideration such as electrode configuration and epitaxial structure will be
discussed in this chapter. This will be followed be a detailed discussion on the

characterisation of fabricated high speed modulators.
6.2 High Speed EAM Electrode Design

As discussed in Chapter 2, EAMs are based on the principle of the QCSE and will
therefore be exclusively operated in reverse bias. The electro optic bandwidth of
such a reverse biased device is limited by the intrinsic capacitance of the optical
waveguide. However, the varying electric field used to create the optical intensity
modulation is applied to the semiconductor junction via a metal electrode deposited
on top of the ridge. Therefore, the bandwidth of the modulator also directly depends
on the design of this electrode. Two well published designs will be discussed in this

section: lumped element [2] and traveling wave electrodes [3].

Fig. 6.1: Schematic of a traveling wave EAM showing the microwave electrodes and
optical waveguide [4].
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In a traveling wave configuration such as shown in Figure 6.1, the RF signal is
applied to one end of the device where it propagates along the waveguide with the
optical mode. To prevent reflections of high frequency electrical signals (where the
wavelength is of the same order as the electrode length) due to impedance
mismatching, the end of the electrode is connected to a 50 Q termination [5]. If the
electrode is not terminated correctly, the reflected power can create a standing
wave introducing additional losses. The advantage of the traveling wave design is
that it enables the device to achieve higher speeds as the intrinsic capacitance of the
ridge structure is distributed along the length of the phase shifting electrode. The
driving voltage and extinction ratio of the device can therefore be improved by
increasing the device length. As the applied electric field propagates along the
waveguide with the optical mode, a mismatch between the two waves can occur.
The electrical bandwidth for a lossless RF electric can be describes as a function of
the speed of light (c), the length of the electrode (I) and optical (n,) and electrical

(n,) refractive indices [6].

1.4c

f3dB - n_lno —Tlull

Advanced designs such as capacitively loaded electrodes have been demonstrated to
match the velocity of the microwave and the group velocity of the optical signal of
an MZM, minimising the phase offset [7]. However, EAMs are not as susceptible to
the losses associated with velocity mismatching as MZMs due to their shorter
lengths and exponential absorption characteristics. As traveling wave EAMs are
usually less than 300 um in length, most of the light is absorbed while the two waves
are still relatively in phase. Therefore, traveling wave EAM electrode designs
commonly focus on reducing other forms of loss such as reflection loss and
propagation loss. Although such EAM designs offer many advantages, they occupy a
large area when compared to other photonics devices such as lasers due to their
contact pad requirements. This large footprint is problematic for their application in
high density photonic integrated circuits as they will reduce the device per wafer

ratio, which in turn will increase fabrication costs. They also require a 50 Ohm
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termination at the end of the electrode to minimise RF reflections which increases

the complexity of packaging.

DC contact

DC contact

Fig. 6.2: Schematic of a lumped element EAM showing the microwave electrodes
and optical waveguide [2].

Lumped element EAMs as shown in Figure 6.2 offer a compact alternative to their
traveling wave counterparts. Utilising a simpler electrode design, the microwave
signal is applied to the centre of the waveguide. A reverse biased lumped EAM can
be represented as a differential resistance (R) associated with the doped
semiconductor layers and a junction capacitance (C;). As the devices discussed in
this chapter will be based on deep etched ridges, the junction capacitance can be
considered as a parallel plate capacitor where d; is the intrinsic region thickness, A is

the surface area of the ridge and ¢ is the permittivity of the material.

Contact pads are required to deliver the signal to the device as the ridge structure is
too narrow to contact using probes or wire bonds. These pads can introduce
parasitic impedances if not designed correctly, as the contact pads result in a
parasitic capacitance (Cp) with the underlying n doped layers (Figure 6.3). This

parallel capacitance can severely limit the performance of the modulator.
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Fig. 6.3: Equivalent circuit of lumped element EAM.

Lumped element electrodes are therefore only applicable if the contacts are
optimised to maximise the bandwidth of the devices. If the parasitic capacitance is
much smaller than the junction capacitance, the 3 dB bandwidth can be expressed as
a function of the electrical response time T = RC;. Unlike traveling wave designs, it
is not feasible to make lumped element EAMs significantly longer to improve the

extinction ratio due to its RC bandwidth limitation [8].

1

Traditionally, parasitic capacitances attributed to lumped element devices have been
minimised using two techniques. The first is to run the RF contact from the ridge to a
metal pad on the semi-insulating substrate [9]. However, this approach requires a
very thick dielectric to minimise capacitance attributed to the signal metal traversing
the ridge sidewall and n doped layers. An undesirable height mismatch between the
top of the ridge and the contact pads is also created. The second approach is to
planarise the surface of the wafer mid fabrication process using dielectrics such as
BCB or polyimide [10]. The signal and n metal bond pad are then formed on top of
the planarised dielectric. These bond pads commonly suffer from delamination

issues making the devices difficult to characterise or package.

The isolated pedestal contact offers an alternative solution which addresses
some of the issue described above [11]. Pedestals are formed during the ridge etch
process and are therefore the same height as the top of the waveguide. The centre

pedestal is encircled by a deep trench which penetrates into the semi-insulating
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layers, fully isolating the signal pad from the surrounding conductive layers. The area
between the signal pedestal and the ridge is planarised using BCB, facilitating the
formation of a bridge metal between the two sections. This approach was favoured
over an undercut airbridge structure [12] which proved impractical due to the
incompatibility of the required crystallographic dependent wet etch and the need to
contact the EAM side on. A second set of metal traces traverse the sides of the
ground pedestals, which are insulated with a dielectric, shorting the ground pads to
the n doped layers. Forming the contact pads on these planar semiconductor
pedestals (Figure 6.4) has the dual advantage of improving adhesion and preventing
deformation of GSG probes which would lead to inaccurate measurements. This
configuration also provides an excellent platform for flip-chip packaging due to the

uniformity of the ridge and contact pad heights.

A\ \"—

Fig. 6.4: SEM and microscopic images of isolated pedestal contacts.

6.3 High Speed Epitaxial Design

Power handling must be considered when designing the epitaxial structure for EAMs,
so that a sufficiently large optical extinction can be produced to generate the eye
diagrams that are required as part of the CoWDM signal. A contributing factor to the
saturation limit of absorption modulators is carrier pile up. As layers of
semiconductor material are grown to form the epitaxy, discontinuities in the
conduction and valence bands create heterobarriers. Transmission across these
barriers is dominated by two mechanisms: thermionic emission and field emission.

Thermionic emission occurs when carriers have sufficient energy to cross the
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heterobarriers. However, since this emission occurs on a quantum mechanical scale
there is always a finite probability that a carrier with sufficient energy would be
reflected by the heterojunction. The energy required for thermionic emission to
occur must be minimised by reducing the potential step of the barriers [13]. Field
emission describes the probability of carriers tunnelling through the heterojunction
potential. This probability increases as a function of applied voltage because the
barrier becomes thinner with applied electric field. Heavy holes will tend to tunnel
the least due to their comparatively large effective mass. For this reason, it is
preferable to use an alloy that has a large conduction band offset and minimises the
valence band discontinuities [14]. Unlike InGaAsP, which is traditionally used in PICs,
AllnGaAs produces minimal valence band heterobarriers at the expense of a larger
conduction band offset. This lower discontinuity will increase both thermionic and
field emission of the heavy holes reducing carrier pile up. As an EAM relies on the
QCSE, its bandwidth is limited by the electric field and not limited by the carrier
transit time. This transit time however, can influence the dynamic extinction ratio
and power handling abilities of the devices [15]. Photogenerated carriers slowly
sweeping out of the intrinsic region can influence the QCSE by perturbing the electric
field. The mobility of the carriers is defined by the alloys used to form the multiple
guantum well region and their respective thicknesses. It is not feasible to reduce the
thickness of the intrinsic region as this would limit the bandwidth of the devices due
to an increased capacitance. The transit time is limited by the mobility of the slowest
carrier, which are the heavy holes due to their higher effective mass. Therefore, the
lower drift velocity of the heavy holes can be compensated for while still preserving

the intrinsic region thickness by offsetting the MQWs.

The epitaxial structure used for the EAMs was based on the work reported in
[16] and listed in Appendix A.2. It contained eight 7.5 nm wide compressively
strained AllnGaAs quantum wells separated by 10 nm wide barriers and was grown
on a semi-insulating InP substrate. A 70 nm undoped AlinGaAs layer was added
between the wells and the p layers to minimise valence band discontinuities,
reducing photogenerated hole pile up. The quantum wells were grown on a 210 nm

undoped InGaAsP layer to create equal carrier transit times. This 420 nm thick

116



Chapter 6: High Speed Electroabsorption Modulators

intrinsic region also reduced the capacitance of the waveguide. SIMWINDOWS [17]
was used to produce a representation of the epitaxial layers (without contacts for
clarity) and a band diagram of the epitaxy under an applied bias of -2 V, as shown in

Figure 6.5.
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Fig. 6.5: Representation of epitaxial layers (left) and band diagram of epitaxy under

an applied bias of -2 V (right) using SIMWINDOWS.

The epitaxy was grown on a 2 inch semi-insulating InP wafer using metal
organic vapor phase epitaxy (MOVPE) in a horizontal reactor, with nitrogen as the
carrier gas [18]. Zinc is a commonly used p dopant for InP [19] and was also used to
form a highly doped InGaAs cap layer to facilitate the formation of a low resistance p
contact. Silicon was used as the n dopant because it is known to diffuse very little in
InP semiconductors [20]. Test structures were fabricated using the DC process to
ensure that the epitaxy was grown as designed and can withstand the fabrication
processes required to form photonic devices. Diffusion of dopants into the quantum
wells during the growth or exposure to the ICP plasma can have a severe effect on
device performance such as interfering with the Coulomb interactions between the
exciton’s confined electron hole pairs. Other concerns include the oxidisation of the
Al in the quantum wells which readily oxidises when exposed to air. Figure 6.6 shows
that characterisation of pillar photodiodes. The VI confirms that a high quality diode
with low contact resistance was formed with negligible leakage current under
reverse bias. Vertical illumination of the photodiode demonstrates the electric field

induced absorption shift associated with the QCSE.
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Fig. 6.6: (a) SEM and (b) microscopic image of pillar photodiode under test (c) VI
displaying low resistance and leakage current for varying applied bias and (d) a field

induced absorption shift of photodiode under surface illumination.

Though the epitaxy describe above is designed for the fabrication of high speed
EAMs, it must also be compatible with laser designs so that it can be eventually
applied to the realisation of the CoWDM PIC described in Chapter 2. Therefore, it is
important that the material provides sufficient optical gain under forward bias. An
array of 500 um long Fabry Perot lasers were fabricated and characterised to verify
that the material is capable of confining sufficient carriers for lasing to occur. Figure
6.7 shows that the lasers can produce 1.5 mW of power with a lasing spectrum

centred at 1517 nm.
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Fig. 6.7: Optical power vs. current plot (left) and optical spectrum (right) of Fabry

Perot laser.
6.4 RF Pedestal Characterisation

The frequency response of a lumped element electro-optic device is limited by the
capacitance and resistance of the semiconductor junction as well as by the parasitics
associated with the RF contact pads. Therefore, to fully understand the high speed
performance of the device, the contribution of the pedestals must be quantified. To
this end, test structures consisting of GSG pedestals and an isolation trench were
also included on the mask design. These RF pads are identical to those used in the
real devices and therefore similar capacitances and resistances can be assumed.
Figure 6.8 displays a microscopic image of an RF test structure as well as a Smith
chart of the its scattering matrix S11 measurement from 0-20 GHz using a vector
network analyser (VNA). A capacitance of 56.6 fF was extracted by fitting this data to
an equivalent circuit model. This relatively high capacitance could be reduced by
decreasing the size of the pedestals while increasing the width of the isolation

trench. The isolation etch provided a DC resistance exceeding 500 MQ.
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Fig. 6.8: Microscopic image of RF test structure and corresponding S11

measurement.
6.5 Lumped Element EAM Array

The device design centres around a ridge waveguide structure which penetrates
through the quantum wells and into the N layers to provide high optical
confinement. Two angled slots provide electrical isolation between the EAM and the
adjacent 150 um SOA sections which were added to artificially widen the test bar,
simplifying the characterisation process. The design utilises a planar isolated

pedestal GSG

mag - ftiltspot WD HFW HV
81x 0°25 148 mm3.68 mm5.00 kV

Fig. 6.9: SEM image of arrayed lumped element EAMS.
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configuration with a pitch of 125 um and a lumped electrode layout. The pedestals
are electrically isolated by a trench which encircles the signal pad. The devices were
laid out in an arrayed format with a varying EAM length of 50, 100, 150, 200, 400 and
800 um respectively. Such a wide variation in device length was included to account
for the tradeoff between the electro optical bandwidth and the optical extinction. A
range of ridge widths were also included to add an extra dimension to the analysis.
The scattering matrix S11 of the full array of EAM devices was recorded for varying
reverse biases (Figure 6.9a). The smith chart is a graphically representation of the
resistance and reactance of a device as a function of signal frequency, whose

impedance can be extracted by fitting the data to an appropriate circuit model.
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Fig. 6.9: (a) EAM S11 measurement and (b) extracted capacitance for a 50 um device
as a function of ridge width (left) and for a 2.0 um ridge width as a function of device

length (right).
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Using an expanded circuit model and the parasitic values extracted from the RF test
structure, it was possible to plot the capacitance of the ridge structure as a function
of bias, as in Figure 6.9b. The decreasing capacitance as a function of reverse bias is a
result of the increasing depletion region thickness. As expected from the parallel
plate capacitor analogy, the capacitance decreases linearly with reducing device
length and ridge width. Since a low device resistance was evident across the chip,
the 50 um device with a ridge width of 2.0 um was identified as having the fastest
electrical response time as a result of its low capacitance. This device was cleaved so

that the EO 3 dB bandwidth and optical extinction could be characterised.

6.6 50 um Lumped Element EAM

Initial testing of the cleaved 50 um EAM focused on the characterisation of its
absorption spectrum. This was achieved by injecting light into the device using an
external tunable laser source whose wavelength was swept from 1530 nm to 1580
nm in 10 nm increments. Short focus lensed fibers were positioned close to the
outputs to enable coupling to the facets. The EAM was contacted with a GSG probe
(Figure 6.10a) while the SOA sections were lightly biased using DC probes to
minimize absorption losses. The transmitted optical power was recorded from the
EAM for varying applied voltage and is plotted in Figure 6.10b. The applied voltage
causes a reduction of the band gap energy. This reduction results in a red shift of the

absorption spectra. Therefore, longer wavelengths which are not being absorbed at
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Fig. 6.10: (a) Microscopic image of cleaved 50 um lumped EAM under test and (b)

transmitted optical power as a function of bias and wavelength

0 V begin to experience attenuation at higher biases. This field induced absorption of

longer wavelengths demonstrates the quantum confined Stark effect.

The absorption spectrum was processed to calculate the optical extinction as
a function of bias and wavelength. Figure 6.11a shows the DC optical extinction
which corresponds to an RF signal with a peak to peak (Vpp) voltage of 1 V. The
central voltage plotted on the X axis represents the DC bias. To give an example for
clarity, the points at =3 V represents the optical extinction that can be expected if an
RF signal with a Vpp = 1 V offset by a DC bias of -3 V was applied to the device for a
given wavelength. This plot indicates that an optical extinction > 13 dBm is possible
at 1530 nm but decreases systematically as the wavelength increases. As the
greatest performance was seen at 1530 nm, Figure 6.11b presents the optical
extinction of the EAM at that wavelength as a function of Vpp. This information is
crucial for the creation of an open eye diagram as it indicates the optimum
wavelength and DC bias for a given Vpp. Based on this data, a wavelength of 1530
nm, a Vpp of 1 V and a DC bias of -2.5 volts was chosen for the frequency response

and eye diagram experiments outlined in the following sections. The optimal
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wavelength of this device could be tuned to longer wavelengths by adjusting the

epitaxial design.
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Fig. 6.11: (a) Optical extinction corresponding to a Vpp of 1 V for varying wavelength

and (b) Optical extinction corresponding to a wavelength of 1530 nm for varying
Vpp.
Using the parasitic values extracted from the test structure, it was possible to plot

the resistance and capacitance of the EAM ridge structure as a function of bias, as

shown in Figure 6.12a. Again, the decreasing capacitance as a function of reverse
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bias is a result of the increasing depletion region thickness. The 3 dB bandwidth of
circuits representing the full device and the EAM ridge structure is plotted in Figure
6.12b. This indicates that the RF performance of the EAM is being significantly

limited by the parasitic associated with the RF pads.
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Fig. 6.12: (a) Optical extinction corresponding to a Vpp of 1 V for varying wavelength
and (b) Optical extinction corresponding to a wavelength of 1530 nm for varying

Vpp.

Figure 6.13 shows the measured electro-optic S21 response of the EAM between 0.1
and 20 GHz. For this measurement, a wavelength of 1530 nm, a DC bias of -2.5 V

were used. The 3-dB bandwidth was calculated to be approximately 17.50 GHz.

125



Chapter 6: High Speed Electroabsorption Modulators

)
B

N

| g
s

o
a

w
»

Magnitude (dB)

i i i i
0 0.2 04 0.6 0.8 1 1.2 1.4
Frequency (Hz)

Fig. 6.13: Electro-optic response of the EAM at 1530 nm.

As before, light with a wavelength of 1530 nm was coupled into the device. A
pseudorandom binary sequence (PRBS) source provided a signal with a pattern
length of 247-1. This sequence was passed through an RF amplifier to increase the
peak to peak voltage of the signal to 1 V. Finally, this amplified RF signal was
combined with a DC bias of -2.5 V using a DC bias tee before being applied to the
EAM via the high speed GSG probes. The output signal from the device was analysed
with a 40 GHz photodiode and a digital communications analyzer (DCA). Figure 6.14
displays the observed eye diagrams. High quality eyes were achieved up to a speed
of 12.5 Gbps (corresponding the maximum speed of the PRBS) demonstrating the

successful operation of this device.
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Fig. 6.14: Experimentally observed eye diagrams at bit rates ranging from 2.5 Gbps
to 12.5 Gbps.

This EAM was sent to Rockley Photonics for further characterisation as part of an
industrial collaboration with the integrated photonics group (IPG) at Tyndall National

Institute, yielding a 25 Gbps eye diagram as shown in figure 6.15.

Measurement Current Minimum Maximum Count -~
Crossing % 1A 514% 513% 515% 36
Ext. Ratio @A 196608 196508 197008 )
Fall Time 1A 1493 ps 1480 ps 1493 ps 36
Rise Time 1A 1573 ps 15.73ps 1587 ps 38 D, /4

Fig. 6.15: 25.0 Gpbs eye diagram measured by Rockley Photonics.
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6.7 Curved EAM Design

Photonic integrated circuits have been demonstrated using various techniques such
as monolithic integration, epitaxial regrowth, quantum well intermixing and the
hybrid/heterogeneous integration of InP and Si. One such hybrid approach involves
the flip-chip bonding of IlI-V devices onto silicon substrates as outlined in [21].
Therefore, a flip-chip compatible, lumped EAM is ideal for hybrid integration formats
based on lateral coupling [22]. Moreover, a device whose input and output were
located on the same side of the chip would minimise integration complexity by

simplifying the layout for optical coupling between it and the host silicon platform.

Small low loss optical waveguide bends have been identified as a critical
component for achieving compact photonic devices and integrated circuits [23]. An
important consideration in designing these curved waveguides is the matching of the
optical mode as it propagates through the bend [24]. While constant curvature
bends provide a short path length, they are optically lossy due to mode mismatching
attributed to the abrupt change in curvature between the straight and curved
sections. Research has been published on the design and application of Euler bends
[25], which apply a linearly changing radius of curvature to achieve low loss bends on
a silicon platform. An alternative to Euler bends is a trapezoidal bend. These
trapezoidal bends have a larger change of curvature than the equivalent Euler bend
but a significantly smaller maximum curvature. The curvature profile of these three
bend types are shown in Figure 6.16. This property gives the trapezoidal bend a
shorter path length when applied to angles exceeding 120 degrees [26]. A detailed

geometrical description of these three bend types is given in [27].

In this section, a curved electroabsorption modulator based on a trapezoidal
bend is proposed and demonstrated. This lumped element EAM arcs 180 degrees so
that its input and output face the same direction. This alignment of the ends of the
modulator results in the realization of a device which can be coupled using a single
fiber array, while maintaining a small footprint. This prototype EAM was
monolithically integrated with two semiconductor optical amplifier sections (Figure

6.17). These sections were added to make the device compatible with our testing
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facilities. The DC optical extinction of the device was shown to be >17 dBm over a 1
V range. An electro-optic 3dB bandwidth of 11.75 GHz was also recorded. The

correct operation of this device was demonstrated by producing a 7.5 Gbps open eye

diagram.
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Fig. 6.16: Curvature versus path-length profile for constant, linear and trapezoidal

curvature waveguide bends.

Fig. 6.17: Scanning electron microscope image of the curved electroabsorption

modulator monolithically integrated with two SOA sections.

The device design centers around a 2.0 um wide ridge waveguide structure
which penetrates through the quantum wells and into to N layers to provide high

optical confinement. The EAM section is based on a 180-degree trapezoidal bend
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with a maximum radius of curvature of 75 um which equates to a device length of
~200 um. Two angled slots provide electrical isolation between the EAM and the
adjacent 180 um SOA sections. The design utilises a planar isolated pedestal GSG
configuration with a pitch of 125 um. The pedestals are electrically isolated by a
trench which encircles the signal pad. These planar pedestals provide an excellent
platform for flip-chip integration and packaging due to the planarization of the
contacts and the ridge waveguide. The transmitted optical power of this curved EAM
was measured as a function of the varying applied voltage and wavelength of the
injected light and is plotted in Figure 6.18a. Figure 6.18b shows the DC optical
extinction which corresponds to a modulated signal with a peak to peak (Vpp)
voltage of 1 V. This plot indicates that an optical extinction > 17 dBm is possible at
1530 nm but decreases systematically as the wavelength increases. This high optical
extinction can be attributed to the relatively long length of the device and the high
optical confinement due to the deep etched ridge structure. Since the greatest
performance was seen at 1530 nm, Figure 6.18c presents the optical extinction of
the EAM at that wavelength as a function of Vpp. Based on this data a wavelength of
1530 nm, a Vpp of 1 V and a DC bias of -1.5 volts was chosen for the frequency
response and eye diagram experiments outlined in the following sections. Again, the
optimal wavelength of this device could be tuned to longer wavelengths by adjusting

the epitaxial design.
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Fig. 6.18: (a) Measured optical transmission response as a function of bias and
wavelength (b) Optical extinction corresponding to a Vpp of 1V for varying
wavelength and (c) Optical extinction corresponding to a wavelength of 1530 nm for

varying Vpp.

Next, the scattering matrix S11 of the full curved EAM device was measured for
varying reverse biases (Figure 6.19a). Using an expanded circuit model and the
parasitic values extracted from the test structure, the extracted resistance and
capacitance is plotted in Figure 6.19b. The 3-dB bandwidth of the equivalent circuit
representing the full device and the EAM ridge structure is plotted in Figure 6.19c.
This indicates that the RF performance of the EAM is being significantly limited by

the parasitics associated with the RF pads.
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Fig. 6.19: (a) Microscopic image of EAM and corresponding S11 measurements (b)
Capacitance and resistance plots of EAM ridge structure as a function of bias (c)

Extracted 3 dB bandwidth plots for the full EAM device and the EAM ridge structure.
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Figure 6.20 shows the measured electro-optic S21 response of the EAM between 0.1
and 20 GHz. For this measurement, a wavelength of 1530 nm, a DC bias of -1.5 V
were used. The 3 dB bandwidth was calculated to be approximately 11.75 GHz. The
high speed performance of the EAM could be improved by reducing its bend radius
which would shorten the device length and lower the diode capacitance. Another
possible improvement would be to widen the isolation trench which would reduce

the effect of the parasitic capacitance of the RF pads.
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Fig. 6.20: Electro-optic response of the curved EAM at 1530 nm.

As before, light with a wavelength of 1530 nm was coupled into the device. A
pseudorandom binary sequence source provided a signal with a pattern length of
27 — 1. This sequence was passed through an RF amplifier to increase the peak to
peak voltage of the signal to 1 V. Finally, this amplified RF signal was combined with
a DC bias of -1.5 V using a DC bias tee before being applied to the EAM via the high
speed GSG probes. The output signal from the device was analysed with a 40 GHz
photodiode and a digital communications analyser. Figure 6.21 displays the observed
eye diagrams. Open eyes were achieved up to a speed of 7.5 Gbps demonstrating
the successful operation of this device. There is a pattern dependent turn on seen in
the eye, which is believed to be caused by the unbiased SOA section after the EAM.
This delay causes the eye to degrade at 8.5 Gbps and is effectively closed at 12.5
Gbps.
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Fig. 6.21: Experimentally observed eye diagrams at bit rates ranging from 2.5 Gbps
to 7.5 Gbps.

6.8 Summary

This chapter discussed the design consideration such as electrode configuration and
epitaxial structure associated with high speed electroabsorption modulators. These
considerations were applied to a lumped EAM suitable for use in monolithic
photonic integrated circuits and a curved electroabsorption modulator based on a

trapezoidal bend. The 3 dB bandwidths were measured to be 17.5 GHz and 11.75

134



Chapter 6: High Speed Electroabsorption Modulators

GHz respectively. This corresponded to open eye diagrams at 25.0 Gbps and 7.5
Gbps respectively, verifying the correct operation of the modulators. The devices

were fabricated using UV lithography and did not require any epitaxial regrowth.
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Chapter 7

Conclusions and Future Work

7.1 Summary

Consumer internet traffic continues to grow at an exponential rate due primarily to
the rise in popularity of bandwidth intensive services such as video streaming. As a
result, communication networks need to be continually upgraded to keep up with
this demand. However, these networks utilise extensive submarine cables which are
expensive to replace. Therefore, short term solutions focus on increasing the
information spectral density of existing systems. One such approach aims to further
reduce the channel spacing in WDM systems by means of coherent carriers. Due to
this coherence, inter-channel crosstalk becomes deterministic and can be minimized.
In addition, significant effort has gone into the development of integrated photonic
circuits which strive to replicate the successes achieved in the electronic domain,
thus benefiting from reduced cost, greater reliability, and lower power consumption.
To this end, this thesis proposed a monolithic regrowth-free design for a coherent
WDM transmitter which requires less sophisticated fabrication techniques than
alternative methods and would therefore be more cost effective to manufacture.
The work began with the development of suitable processes for the fabrication of DC
and high-speed components associated with the transmitter. Utilising the associated
composite hard mask process, an integratable laser which was based on the self-
imaging properties of propagating multimode wave and total internal reflection was
developed. Five distinct wavelengths over a range of 15 nm were achieved with an
associated SMSR of 30 dB. Next, the integration of core components required for the
OFDM transmitter was undertaken. The monolithic integration of a 1x2 MMI, two
SFP lasers, two EAMs, and a star coupler was demonstrated using free-growth free
epitaxy and UV lithography. The feasibility of integrating an SFP laser with an EAM by
means of injection locking was also investigated, resulting in the production of a 2.5
Gbps eye diagram. It was shown that the high-speed performance of these PICs

could be improved by using more advanced modulator designs. As a result, this
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thesis concluded with the investigation of high speed modulators with the aim of to
increase the data rate of the developed PICs. An integratable electroabsorption
modulator with a 3-dB bandwidth of 17.5 GHz and a corresponding 25 Gbps eye
diagram was realised. This work also yielded a curved modulator suitable for

heterogeneous integration using flip chip packaging.
7.2 Future Work

As discussed above, the central concept of this thesis is a monolithic regrowth-free
coherent WDM transmitter. Such a design is reliant on the realisation of a number of

technologies, namely:

An on-chip comb source which can be red shifted;
Active filtering of comb lines using SFP laser;
A suitable monolithic regrowth-free fabrication process;

1
2
3
4. The integration of SFP laser and EAM by means of injection locking;
5. A PIC with negligible optical/thermal crosstalk between arms;

6

An integratable high speed modulator design.

While an integratable comb source design and an investigation into the active
filtering properties of SFP lasers were pre-existing, this thesis has successfully
explored points 3-6. Therefore, all the key components required for such a device
have now been demonstrated. The logical continuation of this research is to proceed
with the integration of such components. This would begin with the addition of a
comb source to the developed PIC in Chapter 5, facilitating the characterisation of an
SFP laser as an active filter when operating with an integrated comb source. A key
milestone of this characterisation would be the simultaneous injection locking of the
two arms of the PIC to different comb-lines, demonstrating that such a configuration
is capable of acting as a form of demultiplexer. Next, the characterised high-speed
modulator designs would be added so that the filtered carriers could be modulated
and then multiplexed, creating a prototype coherent WDM transmitter. Finally, the
number of arms would be increased so that all suitable comb-lines can be
independently filtered and encoded, maximizing the data rate of the transmitter.

Achieving such integration would result in a WDM transmitter suitable for long haul
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communications with minimal inter-channel spacing. It would also less sophisticated
fabrication techniques and would therefore be more cost effective to manufacture

when compared with other approaches currently being proposed.
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Appendix A: Epitaxial Structures

A.1 Commercial Laser Epitaxy

Material Repeated ‘ y ‘ Thickness (nm) Dopant
Galn(x)As 0.53 0.2 Zinc
Galn(x)As(y)P 0.71 0.62 0.05 Zinc
InP 1.6 Zinc
Galn(x)As(y)P 0.85 0.33 0.02 Zinc
InP 0.5 Zinc
Al(x)Galn(y)As 0.9 0.53 0.06 Zinc
Al(x)Galn(y)As 0.9 0.53 0.06 Undoped
Al(x)Galn(y)As 0.44 0.49 0.01 Undoped
Al(x)Galn(y)As x5 0.24 0.71 0.006 Undoped
Al(x)Galn(y)As x5 0.44 0.49 0.01 Undoped
Al(x)Galn(y)As 0.9 0.53 0.06 Undoped
Al(x)Galn(y)As 0.9 0.53 0.07 Silicon
InP 120 Silicon
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A.2 High Speed Electroabsorption Modulator Epitaxy

Material Repeated | Eg(nm)  Thickness Doping (1el8)
(nm)
Galn(x)As 150 10 Zinc
Galn(x)As(y)P 1302.9100 50 1.5 Zinc
InP 918.4070 1340 1.0 Zinc
Al(x)Galn(y)As 843.4350 60 1.0 Zinc
Al(x)Galn(y)As 968.0350 35
Al(x)Galn(y)As 1097.7600 35
Al(x)Galn(y)As X8 1239.8500 10
Al(x)Galn(y)As X8 1549.8100 75
Al(x)Galn(y)As 1549.8100 7.5
Al(x)Galn(y)As 1239.8500 10
InGaAsP 1100.0000 210
InP 918.4070 80 0.2 Silicon
InP 918.4070 70 0.5 Silicon
InP 918.4070 920 0.8 Silicon
InP 918.4070 500 Iron
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