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ABSTRACT
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Doctor of Philosophy

High-Speed Silicon Photonics Modulators for the 2 pm wavelength
by Wei Cao

The 2 pm communication windows has established itself amongst other solutions
to address the capacity crunch. The 2 pm window offers three benefits: predicted
ultra low loss windows of hollow-core fibres, optical amplification gain windows of
thulium doped amplifier and compatibility with the silicon photonics silicon-on-
insulator platform.

We demonstrate state of the art high-speed modulators based on a 220 nm silicon-
on-insulator platform operating at a wavelength of 1950 nm using the free car-
rier plasma dispersion effect in silicon. The Mach-Zehnder interferometer carrier-
depletion modulator has a modulation efficiency (V,-L,) of 2.89 V-cm at 4 V
reverse bias. The insertion loss is 5.25 dB. It operates at a data rate of 25 Gbit/s
OOK with an extinction ratio of 6.25 dB. We have also demonstrated a streamlined
dual drive PAM4 generation method, producing 25 Gbit/s PAM4 signal using the
same device.

A Michelson interferometer is demonstrated with a V;-L,; of 1.36 V-cm. It has
almost double the efficiency of an equivalent MZM. It reaches a data rate of 20
Gbit/s.

A broadband MZM was developed and its performance has been characterized
at both 1550 nm and 1950 nm wavelengths. At 1950 nm, the carrier-depletion
modulator operates at a data rate of 20 Gbit/s with an extinction ratio of 5.8 dB
and insertion loss of 13 dB. The modulation efficiency (V-L;) is 2.68 V-cm at 4
V reverse bias. At 1550 nm, an open eye is obtained at 30 Gbit/s. The difference
in bandwidth is caused by the bandwidth limit of the 2 pm measurement setup.
This work is a proof of principle demonstration, significantly improving previously
published results and filling the long pending gap for the 2 pm silicon modulators.

It paves a route towards a fully silicon-based transceiver in the 2 pm window.
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Chapter 1

Introduction

Fibre based telecommunication systems have sustained a startling increase in ca-
pacity demand since the inception of the internet. The introduction of technologies
such as erbium doped fibre amplifiers (EDFA), wavelength division multiplexing
(WDM) and high-spectral efficiency coding have allowed bandwidth capacity to
keep up with demand [1]. The optical fibres transmission capacity was once deemed
almost boundless. However, with the latest digital signal processing (DSP) assisted
coherent detection we are getting ever closer to the theoretical capacity limit of
conventional single mode fibres (SMFs) [2]. There are techniques to further squeeze
out the remaining bit of capacity, but it faces diminishing returns [3] or involves

significantly scaled-up power consumption.

The total capacity demand has nevertheless maintained its exponential growth
trend, fuelled by bandwidth-hungry applications, such as HD video streaming and
cloud based services, and facilitated by the upcoming 5G network. In the longer
term, we cannot yet even see the cap or slowing down of the trend, at least in the
foreseeable future the upcoming 4K and 8K video streaming/broadcasting, immer-
sive virtual reality (VR), self-driving cars, internet of things are all behemoths of
data flow that keep spurring the demand boom [4]. As illustrated as the orange
curve in figure 1.1, the projected demand may eventually hit the stagnant capacity
ceiling, resulting in a ‘capacity crunch’, where the current communication system

can no longer sustain the bandwidth demands of the internet [1].

The crisis might not be imminent as it can be addressed by funding more in-
frastructure with multiple parallel links (including spatial division multiplexing

(SDM)) and by trimming down the transmitted data via compression. This may



2 Chapter 1 Introduction

partly solve the issue, but neither solution can be scaled up indefinitely as multiple

links and data compression implies a substantial hike in energy consumption.

The more elegant solution is to develop technologies to further increase spectral
efficiency without a significant increase in launch power. Such technologies when
used in conjunction with SDM, are able to offer the next round of revolutionary

capacity boost.
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Figure 1.1: Reproduced from book Fibre Optic Communication [5]

One possible route is to enhance the fundamental property of optical fibre and
hence increase the Non-Linear Shannon Limit. A promising emerging candidate
is a hollow-core photonic bandgap fibre (HC-PBGF). The optical mode resides
largely in the air core of HC-PBGFs, hence minimizing the Rayleigh scattering
(A~* wavelength dependence), which is the dominant source of loss in standard
SMFs. By considering remaining loss mechanisms namely surface scattering (A=
wavelength dependence) and infrared absorption loss of the silicon dioxide, the
predicted lowest loss windows is shifted from 1550 nm to 1900 - 2100 nm band
and the theoretical minimum loss achievable is below 0.1 dB/km [6, 7], which
is lower than the best conventional SMF (0.1484 dB/km) [8]. Furthermore, the
nonlinearity of HC-PBGF can be highly reduced, owing to the fact that a large
fraction of the light propagates in the air core that has extremely weak nonlinear
property [9]. With the aforementioned low loss and low nonlinearity, and some
other advantages including low latency [10], low thermal sensitivity [11] and high
radiation hardness [12], HC-PBGF shows great potential as a candidate building

block of future telecommunication systems.
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Figure 1.2: Image courtesy [13]

Researchers have demonstrated a 3.8 km long hollow-core fibre with loss as low as 3
dB/km at 2 pm [14, 15]. Although, it is still a magnitude away from the predicted
sub 0.1 dB/km loss figure, the breakthroughs in hollow-core fibre drawing have
indeed offered a opportunity of open the 2 pm wavelength window [16].

Coincidentally, the optical gain window of thulium-doped fibre amplifiers (TDFA)
resides at around 1910 - 2020 nm as in figure 1.2 and it can be used as the equiva-
lent to erbium-doped fibre amplifiers (EDFA) in a 2 pm system [17, 18]. Another
advantage of such a system is the compatibility with silicon photonics, as the ma-
terial loss of silicon dioxide is low at 2 pm [19] (Figure 1.3) and low propagation
loss strip and rib waveguides on an SOI platform have been demonstrated [20].
This allows for potentially fully integrated high performance transceivers mass pro-
duced with reduced cost by leveraging complementary metal-oxide—semiconductor
(CMOS)-compatible fabrication processes. Aside from the cost, optical systems
based on silicon photonics are generally compact owing to the large refractive in-
dex contrast between the silicon core and the oxide cladding. Such a property is
especially conducive to integrating large complex transceiver systems potentially
with on-chip WDM and multiple modulators and detectors. Several silicon pho-
tonics based bulk defect-mediated absorption (BDA) types of detector in 2 pm
have been successfully demonstrated. Ackert et al. [21] have realised the highest
data rate defect photodiode (PD) so far, which can operate at 20 Gbit/s at 2
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nm in silicon. However, prior to our work there have been few demonstrations of

high-speed 2 pm group-IV material based modulators.

Figure 1.3: List of material candidates which is transparent in MIR range.
The light beige region indicates optical propagation loss is less than 2
dB/cm, the red region represents high loss. After [19]

Outline of the thesis:

Chapter 2 will further elaborate on how to overcome the capacity crunch by inno-
vations in fibres. It analysed the benefit of opening a telecommunication windows
in 2 pm wavelength band in terms of improving spectral efficiency and expanding
channel bandwidth. Followed by a literature review on the various development 2

ndevices and demonstrations of 2 psystems.

Chapter 3 goes through the fundamentals of a Mach-Zehnder electo-optical mod-
ulator. It starts from basic passive building blocks of a modulator, in which the
operation of Mach-Zehnder interferometers are covered in detail as this is the
one of the cornerstone of our modulator. It then moves to the active device, the
various modulation mechanism in silicon are discussed and the most widely used
plasma dispersion effect is emphasised with examples of PN junction phase shifter
structures. The MZM performance criteria are listed with exampled 1550 nm
modulators, some important properties such as phase shift, efficiency are covered
with details showing how to calculate them. We then moved to 2 pregime, and
the plasma dispersion effect difference between 1550 nm and 2 pare compared.
Finally, all silicon based 2 pmodulators, to our knowledge including our works,

have been reviewed.

Chapter 4 delineates the design procedure of a 2 phigh-speed silicon modulator. It
starts from an optical mode trend analysis in a waveguide for different wavelengths.
The active simulation flow is introduced later. The phase shifter performances
are simulated and analysed against wavelength, PN junction position and highly-

doped region position. To fully understand how doping concentration may affect
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the device performance, both DC and AC analysis are performed. The whole
device was put together as a layout mask. Method of how to draw such a layout

mask and some design considerations are then explained.

Chapter 5 introduces the lab setup in the high-speed modulator measurement for

both conventional 1550 nm devices and 2 pdevices.

Chapter 6 comprises four sections corresponding to four series of actual experi-
mental results. The actual design parameters and specific testing conditions are
also given along with the results. The four series of experiments are 1) 20 Gbit/s
broadband MZM, 2) 25 Gbit/s dedicated 2 pm MZM, 3) 20 Gbit/s Michelson
interferometer modulator, and 4) 25 Gbit/s PAM4 signal with 2 pm MZM.

Chapter 7 concludes the work and the thesis with outlooks of future works.






Chapter 2

2-pm Communication Window

2.1 Capacity Limits in Conventional Fibres

The upper capacity boundary of classical memoryless additive white Gaussian
noise (AWGN) channels has been defined by the well-known Shannon’s theorem
derived from fundamental information theory [22]. The channel capacity is given

as,
C = Blog, [1 + SNR)| (2.1)

where C is the channel capacity, B is the effective transmission bandwidth and

SNR is the effective channel signal-to-noise ratio.

For a conventional single mode optical fibre link, if we define the spectral efficiency
as SE, we have [23],

C=2-B-SE (2.2)

where the factor 2 arises from the fact that in a conventional SMF fibre core, we
can utilize 2 polarisation modes for polarisation division multiplexing (PDM)?.
For existing SMF systems, the transmission line bandwidth B is limited by the
bandwidth of the EDFA and is around 10THz. The spectral efficiency SE for a

LSMF is not polarization maintaining, the two polarization signal channels will lose their
original polarisation states at the receiver end. However as long as both polarisation channel are
orthogonal to each other, the signal can be retrieved by using polarization demultiplexing and
polarization mode dispersion (PMD) compensation techniques, eg. finite impulse response (FIR)
filters [24]. Coherent QPSK with polarization multiplexing (DP-QPSK) via SMF is widely used
in WDM transmission practices [25, 26].
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purely linear fibre, is limited by Shannon’s theorem.
SE =log, [1+ OSNR] (2.3)

Therefore in a linear fibre, the SE can theoretically be improved by cranking up
the optical signal to noise ratio (OSNR). This implies an almost indefinite scale
up of SE by increase the launching power, until material failure. However real
fibre is no where near a linear medium, the silica has inherent nonlinear effect
such as cross phase modulation (XPM) and four wave mixing (FWM). These
are manifested as crosstalk between adjacent spectral channels, degrading the
overall spectral density (SE). The so-called nonlinear Shannon limit has taken
nonlinear effect into account, and predicts a maximum value of SE at a certain
launch power. A consensus has not yet been reached on the exact expression to
estimate the nonlinear Shannon limit, several works has been published taking
account different levels of nonlinear effect and nonlinearity compensation [27, 28,
29, 30, 31]. For explanatory purpose, the maxima is clearly illustrated in figure 2.2
excerpted from [2] which uses the analytical estimation formulae proposed in [32].
We can see from the solid black curve, depicting the conventional SMF system,

the spectral efficiency drops off after a certain power.

According to the equation 2.2, to improve channel capacity, one can either in-
crease spectral efficiency (SE) or total bandwidth (B). Various techniques have
been developed and implemented to improve SE, namely advanced modulation
formats including DSP assisted coherent detection, nonlinear transmission opti-
mization, geometrical and probabilistic shaping, variable spectral efficiency. These
optimization techniques however are still operating within the boundary of non-
linear Shannon limit of SMF. There are further more expensive techniques using
DSP to compensate dispersion and nonlinearity but only to a limited extent. It
will be the backbone network that feels the capacity crunch first, which uses the C
band. In the C band, with the help of the above mentioned techniques, the record
to date reaches 34.9 Th/s over 6375 km with SE of 8.3 b/s/Hz [33]. To explore
a wider bandwidth, there has also been research demonstrating a record breaking
C+L band transmission with 71.64 Th/s capacity over 6960 km distance. The SE
however is slightly lower at 7.36 b/s/Hz. [34] To fully saturate the SMF capacity
there is still years of development that can be done, but the closer the limit, the

harder it will get, the associated cost and latency might increase significantly.

For anything beyond that, we need to start looking for more drastic new solu-

tions. For a single link, the principle is still to raise SE by improving optical fibre
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characteristics and B by expanding the wavelength band; and another way is to

explore the spatial domain, using multi-mode fibre, multi-core fibre or parallel
fibre bundles.

2.2 Exceeding the Limit with 2 pm photonics

The development of 2 pm communication systems can fit into this future plan
by simultaneously improve the SE and B, while remaining compatible with the

spatial multiplexing.

2.2.1 Enhancing the Spectral Efficiency

The incumbent commercial SMF fibre has not yet been fundamentally improved
for many years, but we have been approaching ever closer to its nonlinear Shan-
non limit defined by the signal impairment properties namely loss, dispersion and
nonlinearity. The loss is mainly contributed by Rayleigh scattering and infra-red
photonics absorption by silica. The former has a A\™3 wavelength dependence and
dominant at shorter wavelengths. While we increase wavelength hoping to reduce
the Rayleigh scattering, it will quickly hit the infrared absorption edge of silica,
which rises quickly beyond 1.7 pnm. Therefore 1550 nm becomes the optimal point

in terms of low loss.

People have tempted to push spectral efficiency beyond the envelope defined by
the silica material even before the invention of EDFA by experimenting with novel
materials such as soft glass (eg. ZBLAN), chalcogenide glass etc. They may of-
fer significantly superior loss properties than silica fibre by moving towards the
mid-infrared region and hence avoid high Rayleigh scattering. However these are
extremely brittle fibres that cannot bend too much, and generally have high non-
linearity. The later revolution in EDFA has soon rendered the soft glass approach
obsolete. However even to date, there is still attempts perfect the manufactur-
ing process of soft glass. Two companies have even been experimenting drawing
ZBLAN fibre in space hoping the microgravity environment will aid in reducing

the loss to a point that no optical amplifier is needed for a transatlantic link [35].

We might be able to achieve a similar result while remaining on ground though.
Hollow-core photonic bandgap fibres (HC-PBGF's) create bandgaps by clearly en-

gineered wavelength-sized cladding structure, which largely traps the optical mode
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Min attenuation (dB/km)

1400 1 600 1 800 2000 2200 2400
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Figure 2.1: Top part: Cross sections SEM images of HC-PBFGs with

different core sizes with corresponding fundamental mode image. Bottom

part: Predicted fibre attenuation against the wavelength of HC-PBFGs.

The total loss is defined by the surface scattering and infrared absorption

edge. The lowest loss and low loss windows is defined by the cross point
of the two loss mechanism. Image courtesy [7].

inside an air core. Air does have orders of magnitude lower Rayleigh scattering
and has a infrared absorption at a significantly longer wavelength. Therefore the
Rayleigh scattering in hollow-core fibre is almost negligible and the loss at lower
wavelengths is dominated by surface scattering between air and silica cladding,
which is a higher order loss mechanism and has a wavelength dependence of A =%,
The surface scattering loss may be improved with more advanced manufacturing
techniques. The demonstrated hollow core fibre loss are summaries in the table
2.1; the lowest loss published reaches 1.2 dB/km at 1620 nm wavelength [6]. The
extrapolated surface scattering losses are then shown in graph 2.1 as blue dotted

lines.
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Other loss factor is the remnant mode residing in the silica cladding, which can
be reduced by increasing air core size and use of high air fraction cladding, which
shifts the red dotted lines towards the right in figure 2.1. Considering both loss
mechanisms, the predicted overall loss minima lands in the region of 1900-2100
nm. It could reach around 0.1 dB/km for a 19¢-sized air core fibre [6, 7], comparing
to the 0.2 dB/km-loss SMF fibre widely used currently.

Nevertheless, the bend loss is higher in hollow-core fibres compare to conventional
fibres due to its larger mode. A huge 37-cell hollow core fibre could be especially
vulnerable. However, there is a demonstration of 37c HC-PBGFs, despite the
handicap, showing the a very good bend loss and modal stability in a record data

transmission capacity test [36].

Table 2.1: The demonstrated loss and distance of Hollow-core photonic
bandgap fibres (HC-PBGFSs) in chronological order.

Year & Ref Wavelength Loss Length BW

(nm) (dB/km) (km) (nm)
2004 OFC [37] 1565 1.7 3 20
2005 OE [6] 1620 1.2 - ;
2012 OFC [38] 1510 3.5 0.25 160
2013 OL [39] 1530 1.8 0.5 40
2014 OFC [40] 1510 8.0 0.95 160
2015 OE [41] 1990 2.8 115 85
2015 JLT [14] 2010 3.2 3.85 160
2015 JLT [14] 2001 2.5 0.5 122
2015 OFC [42] 1538 6.5 2.75 12
2016 JLT [15] 1560 5.2 11.07 200

The large proportion of mode inside the air core has another advantage, that is low
nonlinearity. As air compared to silica is effectively linear, a 0.001% mode overlap
in silica translates to slashing the nonlinearity of the fibre down to 1/1000th of
that of solid core counterpart. [9] This means it can sustain a much higher launch

power, hence gaining a higher OSNR and a higher spectral efficiency.

Figure 2.2 illustrated the SE performance of various fibre systems, and it clearly
depicts the advantage of hollow core fibre over traditional SMF fibre. As we can
see, at higher overall launch power, the spatial division multiplexing (the dashed
line) offers proportionally higher SE to a certain point. It is able to overcome the
nonlinear edge by essentially diluting the power in each fibre/mode. The reduced

in amplifier noise (blue curve), shows a moderate increase in SE at the same launch
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Figure 2.2: Calculated SE for different types of fibre, amplification and
spatial division multiplexing. In the model, total fibre length is 10,000 km
with 125 km amplifier spacing. Solid black curve: conventional SMF. Dot-
ted black curve: a perfect 8 channel spatial division multiplexing without
crosstalk. Solid blue curve: phase sensitive amplifiers with 6dB OSNR
improvement. Solid red curve: loss loss hollow core fibre (0.05dB/km).
Dotted red curve: low loss hollow core fibre and 8 channel spatial division
multiplexing. Image courtesy [2].

power. This is due to improved OSNR and a reduced loss should have a similar
curve shifting trend. The hollow core fibre (solid red) however offers both higher
SE and given launch power thanks to the lower loss, and higher nonlinear edge
thanks to the significantly lower nonlinear effect. Therefore single link hollow core
fibre is predicted to have around 2-4 fold increase in SE. When paired with spatial
division multiplexing (dashed red), it truly shows a substantial SE boost. [2]

The hollow core fibre can also offer a low latency transmission [10], due to the fact
that air has a refractive index of 1 and silica has a refractive index of 1.4-1.5. This
is vital in latency sensitive applications such as high frequency trading. The air
core can also help reducing the thermal sensitivity of group delay. it is now limited
by the higher order material thermal expansion, quoting 2 ps/km/K comparing
to SMFs’s 40 ps/km/K [11]. The thermal sensitivity can be further reduced to
almost zero, by engineering the fibre so to have a negative thermally induced group

velocity change and effectively compensating the material elongation. [43]

Other extra perks of using a hollow-core fibre includes dispersion control, and high

radiation hardness? [12].

2HC-PBGF shows radiation induced loss (RIA) of 2.1dB/km in one experiment with 940kGy
gamma dose, which is two orders of magnitude less than in a conventional fibre. The mechanism
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2.2.2 Extending the Optical Bandwidth

Apart from improving SE, expanding the bandwidth B can also be a straightfor-
ward method to boost the capacity. As illustrated in figure 2.3, the predicted low
loss windows of HC-PBGF has a frequency bandwidth of 37 THz which is almost

three times of the conventional C+L band.

2400
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Figure 2.3: Low loss windows of SMF ranging from 1260 nm to 1625
nm is shown on the left. The red curve depict the loss of a fibre with
the hydroxyl absorption peak and blue curve shows the fibre without the
hydroxyl absorption peak. The dashed green line shows the predicted
loss of Hollow-core photonic bandgap fibre (HC-PBGF) and the orange
curve shows a predicted loss performance of a nested anti-resonant nodeless
hollow-core fibre. Image courtesy of [44].

As for the optical fibre amplifier, Tm3" ion has a gain windows range around
1700-2050 nm [18]. If Ho®>" ion dopant is added into the mix, it is possible to
expand the gain window coverage even further into the 2200 nm. Therefore the

whole 37 THz low loss windows can be unlocked by such fibre amplifier.

There is a new type of hollow-core fibre called anti-resonant fibre which in theory
is capable of delivering an even lower loss and wider low loss window than HC-
PBGF. The orange curve in figure 2.3 illustrates its performance, whose low loss
window covers the whole 1300 nm - 2400 nm range. In fact hollow-core anti-
resonant fibres have demonstrated some record low loss (summaries in table 2.2)
amongst various types of hollow core fibres. Although so far it is still challenging

to draw a sufficiently long anti-resonant fibre.

of radiation induced loss is not yet conclusive but includes radiation induced point defects in
silica, radiation induced surface roughness, increased attenuation in ionized air. The low RIA in
hollow core fibre might result from a low overlap of the mode and defects in silica. [12]
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Figure 2.4: Optical gain windows of various rare-earth ions doped in silica.
Image courtesy [23].

A Loss Length
Year & Ref (nm) (dB/km) (km) BW Span
2018 NC [45] 1512 2.0 0.33 1302-1637 nm (loss <16 dB km™1)
2019 OE [46] 1540 0.35 - 1330-1660 nm (loss <1 dB km™1)

Table 2.2: The demonstrated loss and bandwidth range of hollow-core
anti-resonant fibres.

2.3 2 pm system - the state of the art

The 2pm communication system involves high speed transceiver, fibres and fibre
amplifiers etc. Recent breakthroughs in hollow-core photonic bandgap fibre makes
such a system feasible. Researchers have demonstrated a 3.8km long hollow-core
fibre with loss as low as 3dB/km at 2 pm [14]. Also thulium-doped fibre amplifier
(TDFA) works at 2 pm regime and can used as an MIR equivalent to erbium-
doped fibre amplifier (EDFA). Several successful bulk defect-mediated absorption
(BDA) types of detector in 2um have been demonstrated. These have all paved

the way to a successful 2 pm communication system.
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As for the transceiver, it consists of an optical modulator and a detector. Ackert
et al. [21] have realised fastest defect photodiode (PD) so far, which can operate at
data rate of 20 Gbit/s at 2 pm. At NIR, plasma dispersion effect based modulators
show high performance and good CMOS compatibility [47]. In the near-infrared
(NIR), plasma dispersion effect based modulators show convincing performance,
as well as CMOS compatibility [47], with data rates of up to 90 Gbit/s [48]. A
theoretical analysis of the plasma dispersion effect in the mid-infrared (MIR) has
been performed [49] and suggests that the effect is present in the 2 pm regime and
is even moderately stronger than in the NIR. However, prior to our work to our
knowledge the only demonstration of 2 pm wavelength high-speed modulator using
silicon carrier effect was made by IBM who have reported SOI carrier injection
modulators operating at 2165 nm. Using a pre-emphasis drive signal, the device
reached a bitrate of 3 Gbit/s [50]. The same year as our work published, there are
several groups demonstrated the phigh speed modulator and this will be discussed

in section 3.8.

Towards longer wavelengths, an electro-absorption modulator is shown operating
at 3.8 pm with a data rate of at least 6 MHz. [51]. Optical attenuators (VOA)
based on free carrier injection have also been demonstrated on both silicon-on-
insulator (SOI) [52] and germanium-on-insulator platforms [53]. Nedeljkovic et
al. have realised a thermal-based SOI modulator operating at KHz regime [54].
Other modulation approaches exploit Pockels effect in silicon-on-lithium-niobate,
which demonstrated 23KHz at 3.39pm wavelength [55]. Some theoretical proof of
concept analysis of modulating using Aluminium Nitride [56] and GeSn quantum
well [57]has also been published. Direct modulation of QCL laser has been at-
tempted at room temperature at around 4.72 pm wavelength [58]. On germanium-
on-silicon platform an all optical modulator based on free-carrier absorption has
been demonstrated working at around 55MHz across the 2-3.2 ym wavelength
range [59]. Recently a 15 GHz all optical modulator operating in the 3.5-4.4 pm

wavelength range has been demonstrated using porous Si membranes [60].

There have been several high-speed transmission demonstrations over HC-PBGF
in 2 ym. The recently developed 2pum lasers [61, 62], Hollow Core Photonic
Bandgap Fibers (HC-PBGF), TDFAs [17, 18], AWGs [63], optical hybrids [64],
PDs [65, 66, 67|, all ensure the feasibility of 2 pym transmission system. 2pm In-
GaAs quantum well photo detector has been first demonstrated in 2012 operating
at 7 GHz and with 0.3 A/W responsivity. At 1550 nm the device maintained
similar performance. [65] Later an improved edge-coupled version with a butter-

fly packaging shows a bandwidth of 10 GHz. [66] A surface coupled version with
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10GHz bandwidth and 0.93 A/W has also been shown. [67] The state of art I1I-V
photodiode to date has a bandwidth of 25 GHz and shows an eye at 30 Gbit/s.
The device however has a relatively moderate responsivity of 0.07 A/W [68].

Most of the systems demonstrating 2pm modulation resort to directly modulated
laser (internal modulation) or using commercially available LiNbO3 MZMs (eg.
MX2000-LN-10, Photline). [41, 69, 70, 14, 58] The state of art demonstration
shows 8 channel total 100Gbit/s capacity at 2 pm, with 4 internal modulation
channels each at 9.3 Gbit/s and 4 external modulation channels each at 15.7 Gbit/s
. The direct modulated laser is based on Ing75GagosAs quantum well and with a
bandwidth of 5.1 GHz. The encoding technique (double side-band 4-ASK Fast-
OFDM) used has spectral efficiency of 2 bit/s/Hz, and 7% overheads, hence the
9.3 Gbit/s per channel. The LiNbO3 MZMs based external modulation requires
relatively large 9.5 V switching voltage, [41] which is impractical to integrate. In
2015, there has been a demonstration of 2 pm InP based MZM with data rate
of 10Gbit/s. [71] A 4-channel system is shown with 40Gb/s data rate, where the
newly developed InP MZM replaces the LiNbO3 counterpart [72]. Although the
InP MZM is significantly more compact than LiNbOj3 devices, it still lacks CMOS
compatibility.



Chapter 3

Silicon Modulators Fundamentals

An electro-opto modulator is a device which modulates optical signal based on
the information of a electrical signal. High speed modulator which modulates
the signal efficiently in high bit rate is an essential element in telecommunication
applications. Together with detector they compose the core of a data transceiver.

Various building blocks of a silicon modulator is introduced in the chapter.

3.1 Passive components in silicon modulator

Passive devices in silicon photonics generally refer to those do not interact with
electrical signal and perform functions involving optical signal only. Here we look
into a selection of such devices which are used as building blocks of active devices

such as modulators.

3.1.1 Multimode Interferometer (MMI)

An multimode interferometer (MMI) is a compact device consisting of a planar
multi-mode free-propagating waveguide and several input/ouput ports accessing
the multi-mode waveguide at front and end faces. In 1995, Lucas et al. pub-
lished a comprehensive analytical model of MMI devices [73], which has later
been realised on SOI platform including devices in the longer MIR wavelength
regime [74, 75]. The multimode waveguide will allow a continuum of waveguide

modes to propagate in the multimode region. A signal from the input waveguide

17
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into the multimode region will propagate as a linear combination of those contin-
uum of multiple modes. As a consequence of interference among those modes, the
single or multiple images will appear periodically in the multimode region. Full
details of MMI theory is elaborated in the Appendix A.

[ —
-------------- IS W IW tap :
"""""""" H—Lun—u

Figure 3.1: A typical 1x2 MIR MMI image with tapered input/output
port. Wy, is the tapered 1/O waveguide width, L/ is the multimode
waveguide length, Wy, is the multimode waveguide width, S is the port
spacing. After [74]

Refer to Appendix A the N-fold self-imaging condition is given by [73]:

AN W2
Lynr = w (3.1)

Where N is the order of self-imaging, L/ is the multimode waveguide length,
Wirar is the multimode waveguide width, A is the input frequency, n.¢s is the

effective refractive index in the multimode region.

(a) 1x2 MMI (b) 2x2 MMI

Figure 3.2: Example of MIR 1x2 MMI act as power splitter and 2x2 MMI
as a 3dB coupler. They can be used in MZI structure as couplers.

Thus by appropriately selecting multimode region length and I/O port position,
various combinations of power splitting or combining can be achieved. As we
can see in the case of 3.2(a) where the 1x2 MMI splits power evenly into two
portions. While in 2x2 MMI the output ports are positioned at the 2-fold self-

imaging position, therefore even only one of the input is excited, both output
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ports will see the self images. This hence acts as a 3 dB coupler. Due to its
compactness and very low loss, the MMI is widely adopted as coupler in Mach-
Zehnder interferometer (MZI) or as general power splitter/combiner. The 1x2
power splitter MMI is often a quarter the length of the 2x2 3dB coupler MMI,
detailed analysis are discussed in Appendix A.1.1 and Appendix A.1.2.

The bandwidth of a MMI has been approximated analytically in Appendix A.2.
For a criterion of 0.5 dB excessive loss due to the wavelength shift, the bandwidth

1S

2
TWEAe

for excessive loss of 0.5 dB (3.2)

3.1.2 Mach-Zehnder Interferometers (MZI)

Mach-Zehnder Interferometer conveniently converts phase variation into intensity
variation. In a MZI, input light is splitted evenly into two portions and then
travels through two separate arms and finally recombine and interfere with each
other. Since light signal in two arms is coherent, the difference in optical path
length between to arms will produce interference pattern at the output. If the
signals are in phase, they will interfere constructively and gives maxima output;

if in anti-phase, it will interfere destructively and gives minima output.

3.1.2.1 1x1 MZI

EIN
—>

Figure 3.3: Schematic representation of a 1x1 MZI with 1x2 MMI as spitter
and combiner.

Figure 3.3 shows a schematic example 1x1 MZI which can be used in a modulator
to convert phase modulation produced by phase shifter into amplitude modulation.
The power spitter and combiner are often realised using Y-junctions or 1x2 MMIs.
We will then perform a analytical analysis, to find out the transfer function of a
1x1 MZI. The light intensity in the output waveguide of a MZI against the light
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intensity in the input waveguide is

o = S 9
2

_ i’OE_Eg; (3.5)

= (L)’ 30

IN

where (S) is the time averaged Poynting vector and Sy = \/% . Therefore we only

need to know the ratio of %’i to find out the transfer function of the MZI.
IN

Assume a perfect 50%-50% power splitter and combiner, the electric field on each

arm right before the recombination point can be formalized as,

By = LB, myel =) (3.7)
By = =B, myel =) (3.8)

where FE, is from the light in the input waveguide, 7 is the optical loss on each
arm, ¢ is the overall phase shift on each arm. For an arm with arm length of L;

and average waveguide propagation constant beta [;,
¢i = BiL; (3.9)
To put thing together, we can represent the MZI response as a transfer matrix

E .=M K

our 1x1MZI IN

(3.10)

And refer back to equation 3.7 and 3.8,

j(wt—g1)
[y 1] |m€ 0
Mlxl]MZI - [75 75] [ 0 TQ@j(wt_¢2)] [ ] (3.11>

= Lpeli=01) 4 ppeili=o2)] (3.12)

Sl- 8-



Chapter 3 Silicon Modulators Fundamentals 21

The transfer function can then be find as the ratio of output and input intensity,

lovr _ (EOUT)2
I, E,,
- %[Tlej(wt*%) + 7-2€J'(wt*¢>2)] . [Tlej(wtﬂﬁl) + Tzej(wt*@)]*
- }l[rlej(‘”t*‘m + 72€j(wtf¢z)] ) [Tlefj(wtfasl) + T2€fj(wtf¢>2)]
= }1[712 + 72+ el (01792) 4 7-17-2ej(d>2—¢1)]
= 1[rf + 75 + 2772 cos(¢1 — )] (3.13)

Assume no loss in waveguide, 7y = 15 = 1,

Yot 411 4 cos(én — 60) (3.14)
= cos® (@) (3.15)
= cos? (%) (3.16)

The transfer function of an 1x1 MZI is therefore sinusoidal and it is dependent on
the phase difference A¢ between two arms. According to equation 3.9, A¢ can be

represented as (1L, — [oLs.

1 M 1 i N 1
0.75 -+
Z
S~
E 0.5 1
0
0.25 -+
O 1 N 1 v I i 1 T 1

0 % b 2n 3n 4n 5n omn

Phase difference A¢ (rad)

Figure 3.4: The normalised transfer function of an 1x1 MZI.
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3.1.2.2 1x2 MZI

Eour
—

EIN
—

Eour
—

Figure 3.5: Schematic representation of a 1x2 MZI with 1x2 MMI as spitter
and a 2x2 3 dB coupler at output.

In a 1x2 MZI, as shown in Figure 3.5, the input light is split evenly by a splitter
and a 2x2 3dB coupler is used to produce two outputs. The 2x2 3dB coupler are
often realised by a 2x2 MMI or a directional coupler. The transfer matrix of a 1x2

MZI response is defined as,

E
EOUTl = M1><2MZI ’ EIN (317)
ouT?2
1 1 j(wt— 1
1x2MZI 1 L O j(wt—q’)g) L .
v 72¢ V2
B 1 eIWt=01) _ 7 ei(wi=¢2) (3.19)
2 (Wtfqﬁl) + 7-26.7.("'”7452) )
Therefore,
Bour| _ [net-on — meter-on) 320
EOUT2 %(Tlej(m 91) +T2e](m ¢2))
The intensity ratio,
Tovr _ (Eom)?
IIN IN
_ %[7‘ j(wt—¢1) TQBj(wt—¢2)] . [Tlej(wt_¢1) _ 7-2€j(wt—¢2)]*
— %[ﬁey Wt=61) _ ped@t=92)] . [ emIWt=d1) _ 1 omi(wi=62)]
= %1[7-1 + 7 — Ty o€ (P12 T1T26j(¢27¢1)]
= ;ll[Tl —+ 7'2 27’17’2 COS(qbl (252)] (321)
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And similarly to equation 3.13,

IOUTZ _ <EOUT2 )2
I F

IN IN

=3[ + 73 + 2mim cos(n — )] (3.22)

Assume no loss in waveguide, 71 = 75 = 1,

I

=0Tt = 41— cos(61 — ¢2)] (3:23)
= sin? (1292) (3.24)
— sin? (%) (3.25)
% = 1[1+ cos(¢r — ¢2)] (3.26)
¢1— @2
= cos? (T> (3.27)
= cos® (%) (3.28)
3.1.2.3 2x2 MZI

Eing Eour
—_ —>

Figure 3.6: Schematic representation of a 2x2 MZI with two 2x2 MMI as
3 dB couplers to provide four ports.

The 2x2 MZI contains four ports and comprises two 2x2 3dB couplers. The transfer

matrix is given as,

E

ourT1

E

ouT?2

E
E

_M IN1

1x2MZI

(3.29)

IN2
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1 1 '(wt*¢ ) X -5
y | | [meee 0 V2 TR (3.30)
2x2M ZI 1 1 J(wt=¢2) ; 7 |
L 4 0 To€ V2 V2
1 Tleji(wtf%) - Tzeajwth) —ne{(‘“t*‘f’ﬂ —Tgef(“t’@) (3.31)
2 |mel@t=90) 4 neilwt=62)  _qeilwt=01) 4 eilwi=92)

Assume the there is only light from one input,

E 1
M= (3.32)
EIN2 0
Then,
EOUT2 5 (Tle](wtid)l) + TQeJ(UJtid)Q))

This is similar to the case of a 1x2 MZI, and assuming lossless waveguide, the

intensity ratio is then given as,

% in? <¢1 . ¢2) (3.34)
: — sin? (7¢ (3.35)
% ol (¢1 - ¢2> (3.36)
N o (%) (3.37)

3.1.2.4 Free Spectral Range (FSR) of an MZI

In an unbalanced MZI, the optical path length of two arms are different either
by varying effective refractive index or varying physical length or both. Such
unbalanced design makes the MZI an comb frequency filter with squared sinusoidal
frequency response. The transfer function become a function of wavelength. To
find out the free spectral range (FSR) of an unbalanced MZI, we need to revisit

the wave propagation in a waveguide.
E = Eyed =52 (3.38)

27 - N rr(A L«
where the complex propagation constant ' = +U — - 7
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To find out the wave propagation velocity, we only need to investigate the oscilla-

tion part,
E = Eoej(wt—ﬁz)

27 - neff(/\)

3 . By also applying

where the propagation constant § =

w:27Tf:27r-E

A
The phase velocity which is the propagation velocity of the carrier wave,

w C
orn(A) = B nerr()

The group velocity which is the propagation velocity of the signal,

~ e[ ]

= e sy )+ (3]

= C|Mnes(A) = A(%”neff()\)ﬂ B
d

where ng = Nperr(A) — A(ﬁ”"effg))

(3.39)

(3.40)

(3.41)

(3.42)
(3.43)

(3.44)

(3.45)

(3.46)

The FSR is the wavelength difference of adjacent transfer function peaks. In an

unbalanced MZI with arm difference of AL, assuming no other phase modulation,

FSR = Ant1 — A

(3.47)
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Related back to equation 3.16, the adjacent peaks are spaced with 7 phase shift.

QS()‘m—f—l) . ¢(/\m)
T 2 2

FSR Aot — M
1 _ AL 6()‘m+1) B ﬂ()‘m)
FSR 2T )\m—i-l - )\m

AL dp
T o dh
AL 1d 1
=5 W[Xa”eff()‘) - pneff()\)
AL
/\2
F = 4
SR AL, (3.49)

3.2 Electro-optical Modulation Mechanism in Sil-

icon

There are various electro-optical effect one can use to conduct an electro-optical
modulation. Such effects are categorised in two types, the applied electric signal
induces change in refractive index is called electro-refractive modulation; and the
applied electric signal induces change in absorption coefficient is called electro-

absorptive modulation.

In conventional photonics, material such as LiNbOj3 are widely used for its strong
linear electro-refractive Pockels effect, where the index change is proportional to
the electrical field. Other field effect such as second order electro refractive Kerr ef-
fect, and electro absorption Franz-Keldysh effect and the quantum-confined Stark
effect (QCSE) have all been exploited to making modulators. The effective effect
is almost instantaneous and therefore highly advantageous in making high-speed
devices. However according to Soref and Bennett [76] those handy electric field
effects are either too weak or requires high voltage to take effect in pure silicon at

telecommunication wavelengths.

Silicon however exhibits a strong thermal-optic effect. This is widely used to pro-
duce relatively slow modulator. Nedeljkovic et al. [54] has first realised a thermal-
based SOI modulator working in MIR. The speed nevertheless is in kHz regime.

The thermal effect is too slow for the usage in data communication applications.
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The most widely used method to achieve modulation in silicon is plasma dispersion
effect. The change in free carrier concentration (AN) in silicon can make changes
in refractive index (An) and absorption coefficient (A«). The refractive index (n)
and absorption coefficient («) are inter-related, in fact they the the manifestation
of real (n) and imaginary (k) part of complex refractive index. Where a = 4mk/\.
n and k are coupled together by Kramers-Kronig dispersion relations, therefore

change in one will result change in another.

Drude-Lorenz equation predicts [77] the response from underlying physics but it
coincides with the actual results only partially. However Soref and Bennett [76]
semi-empirically produced equations that later proved to agree with the exper-
iment results very well. Therefore those equations are generally adopted as a
guideline to the designs for almost all later modulator designs in telecommunica-
tion wavelength. Only 1300 nm and 1550 nm wavelength are analysed, and the

equations are given bellow: [76]

For A = 1550nm:

An = An, + Anj, = —[8.8 x 10722 x AN, +8.5 x 107" x (AN,)*¥]  (3.50)
Aa = Ao, + Aa, =85 x 1078 x AN, +6.0 x 10718 x AN, (3.51)

For A = 1300nm:

An = An, + An, = —[6.2 x 10722 x AN, +6.0 x 107"® x (AN,)*¥]  (3.52)
Aa = Ao, + Aa, = 6.0 x 1078 x AN, +4.0 x 10718 x AN, (3.53)

where An, is the change in real refractive index resulting from change in free
electron carrier concentration; Any, is the change in real refractive index resulting
from change in free hole carrier concentration; Ac, is the change in absorption
coefficient resulting from change in free electron carrier concentration; Ay, is the
change in absorption coefficient resulting from change in free hole carrier concen-
tration; AN, is the change in free electron carrier concentration; ANy, is the change
in free hole carrier concentration. Compared to the weak field effects in Silicon,
carriers effect are efficient enough for practical modulators. The speed although
still lag behind the the almost instantaneous field effect, is able to produce devices

achieving tens of gigahertz bandwidth.
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On silicon platform, in addition to plasma dispersion effect, researchers have also
explored Pockels effect with strained silicon [78], Kerr effect with silicon nanocrys-
tals [79], and Franz-Keldysh effect with SiGe [80, 81].

3.3 PN junction silicon phase shifters

In carrier effect phase shifter, phase change are generated by either introduce or
reject free carrier from the waveguide region. The phase shifter is then incor-
porated into an MZI or ring resonator to convert phase change into amplitude
change. There are mainly three types of phase shifter structures namely carrier

injection, carrier accumulation and carrier depletion.

Depletion area

(a) Carrier injection (b) Carrier accumula- (¢c) Carrier depletion
type. tion type. type.

Figure 3.7: Schematic of typical phase shifter structures based on plasma
dispersion effect. After [82]

The carrier injection device is based on a PiN diode. As shown on Figure 3.7(a),
the intrinsic part coincides with the waveguide core and highly doped p+ and
n+ region are lying on the slab region of the waveguide. During operation, the
forward bias is applied and free carriers are injected into the intrinsic junction
region. Due to this large injection current, the the modulation efficiency can reach
a very decent high level. However, due to the constant current flow at on state, it
is not energy efficient compare to the other two types. Moreover, the device speed
is limited by the carrier generation and recombination rate. By adopting pre-
emphasis electric driving signal, 10 Gbit/s has been achieved by MZI type [83, 84]
and 18 Gbit/s by ring modulator [85]. However the pre-emphasis driving signal

requires complicated driver system and it is not very power efficient.

Carrier accumulation device incorporated a thin dielectric layer between p-type
and n-type (Figure 3.7(b)). The free carriers can be accumulated around the di-
electric wall. It essentially forms a metal-oxide-semiconductor (MOS) capacitor.

The MOS capacitor phase shifter has a potential to be very modulation efficient.
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For such device, since it does not involve carrier recombination, their speed is es-
sentially mainly limited by device resistance and capacitance [82]. The fabrication
of accumulation type of device is rather complex owing to the thin insulation layer.
It is challenging to growing signal crystal silicon on top of the thin insulation layer
due to the lacking of proper seed. Intel addressed this issue by laterally grow
the upper signal crystal silicon layer using the seed on the side [86]. Using simi-
lar fabrication technique, Cisco has demonstrated 40Gb/s bitrate [87]. The first
vertical-walled insulator MOS capacitor has been published to provide 25 Gbit/s
datarate [88].

Gardes et al. proposed carrier depletion in 2005. Shown in Figure 3.7(c), the
device consists a PN junction. Instead of inject carriers, it operates at reverse
bias and reject free carriers to create a carrier concentration variation. Carrier
depletion device does not limited by carrier recombination rate, therefore it has
a potential to reach very high bitrate. It is relatively easier to fabricate than
accumulation device and a plethora of designs have emerged. Intel reported the
first carrier depletion device working at 30 Gbit/s [89]. Later Thomson et al.
achieved 50 Gbit/s bitrate [90]. Numerous optimised design has published so far
with speed ranging among tens of Gbit/s. A selection of c-band silicon MZM with
data rate above 40Gbit/s is shown in Table 3.1. The popularity of the depletion
type and the impressive performance achieved so far proved a promising potential

of carrier depletion mechanism.

Table 3.1: A selection of c-band silicon Mach-Zehnder modulators with
travelling wave electrode design. No slow light or other multiple-pass de-
signs included.

EO Modulation

Ref V,.-L, bandwidth format Data Rate Length
2015 [91] 3.2 V-cm 41 GHz PAM 4 112Gb/s 4.25 mm
2015 [92]  3.57 V-em 35 GHz PAM 4 112Gb/s 4.2 mm
2017 [93] . 30.2 GHz PAM 4 64Cb/s 2 mm
2014 [94] 2.4 V-cm 55 GHz OOK 70Gb/s -
2014 [95]  2.43 V-cm 30 GHz OOK 40Gb/s 3 mm
2014 [96]  1.93 V.cm 27 GHz OOK 40Gb/s 3.5 mm
2014 [97] 2.2 V-cm 26 GHz OOK 40Gb/s 0.95 mm
2014 [98]  1.85 V.cm 37 GHz OOK 50.5Gb/s 3 mm
2012 [99] 22 V-em  25.6 GHz OOK 50.1Gb/s 4 mm
2012 [100] 2.4 V-em  >20 GHz OOK 50Gb/s 2 mm
2012 [90] 2.8 V:em  >40 GHz OOK 50Gb/s 1 mm
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3.4 Modulator Performance Criteria

To assess the performance of a modulator there are several criteria to consider [82,

47

Modulation speed is characterised by either electro-optic bandwidth (in GHz) or
in modulation data rate (in Gbit/s). According to Nyquist theorem, in an ideal
OOK the data rate should be 2x of the bandwidth, however in practice, it is almost
always below 2. An eye diagram is often used to demonstrate the working speed

of an device.

Modulator loss consists various sources such as absorption of free carriers in the
doped region. It also consists loss from passive optical components as well as

contributions from metal electrode.

Modulator power consumption is often measured in energy per bit. Some temper-
ature sensitive device such as ring modulator may require thermal stabiliser. The

power consumption of such peripherals should also be taken account of.

Modulation extinct ratio also referred as modulation depth measures the ratio be-
tween maximum intensity and minimum intensity produced by modulator. Higher

the extinct ratio normally implies better bit error rate.

Device footprint is vital if considering a full integration with CMOS technology.
Mach-Zehnder devices are generally larger especially in one dimension, the length,

than the ring modulator.

Optical bandwidth or spectral bandwidth refers to the wavelength range an mod-
ulator is able to working without tuning. The resonant-based ring modulators
normally operate within 1 nm, whereas MZI based modulator is able to operate

at much wider.

Temperature sensitivity is an issue in silicon based devices as silicon exhibits large
thermo-optical effect. Ring resonator is particularly susceptible to temperature
variation, while MZI based structure since the temperature affect both arm the

thermal effect is almost cancelled in MZI.

Chirp refers to signal with a temporal increase or decrease in frequency. In the
context of modulator, it is manifested as residual phase modulation as the ampli-
tude modulates. Commercial silicon photonics transceiver (1310 nm) are currently

used mostly in relatively short-link applications. However as the performance of
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silicon photonics device progressing, and with the introduction of 2 pm telecom-
munication window one may expect silicon based device to be used in long-haul
applications. In that case, chirp may become an important criterion for long-haul
high-speed transmission.The plasma dispersion based MZM for example, even on

a pull-push driving scheme, will still show residue chirp!.
3.5 Comparison of common types of silicon op-
tical modulators

An summarised comparison of three common types of modulator is given below.

Table 3.2: Comparison of three types of silicon optical modulators.

Type Footprint Spectral BW  Thermal stability Power Consumption

MZM Large (~1mm) Broadband Highly Robust Large dynamic power
MRM  Compact (~5pm)  Narrow (<1lnm) Sensitive (<1K) Low dynamic power (1Vpp)
EAM Compact (~60pm) Middle (<30nm) Insensitive (<30K) Low dynamic power (2Vpp)

A micro ring modulator (MRM) contains a similarly structured phase shifter as in
MZM. The phase shifter incorporated as part of a ring resonator. Light therefore
travels multiple passes (proportional to the Q factor) in the ring as well the the
phase shifter. Resulting a much more compact design compared to MZM. Due to
its small footprint, it can often be treated as a lump model in electrode design
and requires less driving power. However the being a resonant device means a
fairly narrow spectral bandwidth and very sensitive to ambient temperature. The
whole ring modulator package normally comes with an active temperature control

system, which may draw significant power.

Another candidate is the Electro-absorption Modulator (EAM), which resorts to
Franz—Keldysh effect in GeSi. By tuning the composition of the two element, one
can effectively place the absorption edge into the telecommunication window. The

edge is also responsible to electric field, hence the absorption-type modulation. If

IFor a Pockels effect based MZM the chirp can be theoretically eliminated by pull-push drive
both arm with complementary signal. In this case the phase of each arm is always equal and
opposite, and according to equation (6.2), the phase of the output will stay constant. However
for a plasma dispersion effect based MZM, even the phase from both arm are cancelled using
similar method, because each arm are of different free carrier concentration instantaneously, the
resulting residue loss imbalance will contribute to the output signal phase change, hence the
chirp.
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can offer high efficiency and small footprint and hence lumped model and lower
power consumption. However due to absorption edge, the spectral bandwidth is

limited to around 30 nm.

3.6 Mach-Zehnder Modulator (MZM)

A Mach-Zehnder Modulator (MZM) uses Mach-Zehnder Interferometer (MZI) to
converts phase variation into intensity variation. It usually incorporates a phase
shift on one arm or both arms. In silicon photonics we can use one of the above-
mentioned PN junction phase shifter design, namely carrier injection, carrier ac-
cumulation and carrier depletion. Due to the non-resonant nature of the device,
it often requires mm level of phase shifter length, and hence is often paired with
a travel-wave electrode. The MZI hence consumes relatively large drive power.

But since MZM is a non-resonant device, it provides unparalleled wide spectral
bandwidth.

The phase shift of a phase shifter is positively correlated to drive voltage and

almost linearly proportional to the phase shifter length.

Lps
Adys — / (V) — k(0)] da (3.54)
0
Lps
=2 A (V) da (3.55)
)\0 0

for DC regime or lumped model,

2 - Aness(Vis) - Lps

" (3.56)

A9251)3 =

where )\ is the centre operation optical wavelength, A¢,s is the phase change
due to the phase shifter, V)4 is the drive voltage of the phase shifter and L, is
the length of the phase shifter, k£(V)5) and k(0) are wavenumbers with V), applied
and without any voltage applied respectively. When the phase shift reaches m,
the light output in theory should reach zero. This is because the signal in the
modulation arm invert itself and destructively interfere with the other arm in an
MZI to produce zero intensity at the output. For a given length of the phase
shifter, we define L, as the device length required to shift the the phase by 7 for

a given voltage, V. Assume the phase shifter modulation strength scales linearly
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with its length,

Lps o AQsps
== (3.57)
Ao
L=—— 3.58
2Aneff(V7r) ( )

If both phase shifter length and drive voltage are variables, the efficiency of a
modulator is often quoted as the product of the two, ie V-L,. A lower such product
value corresponds to a better modulation efficiency. In a push-pull configuration
where phase shifters on both arms of an MZM are driven with differential signal,
the effective V. - L, can ideally be halved.

Similarly, in a carrier depletion MZM case, assume the modulation strength scales

linearly with reverse bias voltages, then

‘/ps Aprs
_ps . Zps 3.59
7 - (3.59)
Vs
Agp, = - ‘Z (3.60)

According to MZI response from equation 3.16, the normalised MZM transfer

function is,

Lour _ cos” <#> (3.61)

cos® <g : %) (3.62)

In commercial product, the MZM usually uses balanced MZI to maximize the
spectral bandwidth. The both arm are of the same length and the transfer function
has a almost flat response against wavelength. Therefore the transfer function of
a balanced MZM become purely a function of drive voltage and independent of
wavelength. During pure amplitude modulation operation it need to be thermally
tune to the quadrature bias point (refer to figure 3.8) where the phase difference
between the two arms are 7/2 and the resulting amplitude modulation is large
and linear. Coherent applications often operates at the null bias point, which is at
the minima in the transmission function. This makes the amplitude modulation
less linear and the overall optical output lower, but it offers phase inversion every

time the drive voltage crosses the minimum transmission point (eg. essential for

BPSK).
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Figure 3.8: The normalised transfer function of an MZM against phase

shift and DC reverse driving voltage.

In academia or in prototyping stage, the unbalanced MZI are preferred as it makes
the characterisation easier. Since the unbalanced MZI has a sinusoidal response
against wavelength, we can adjust the operation point of the modulator to the
quadrature point by simply tune the wavelength of the laser. If choosing adequate
FSR by tuning the arm length difference, the modulation can then be intuitively
shown as peak shift compare to purely intensity drop. This helps to quickly locate
the operation point of a modulator during the characterisation. It is especially

helpful in distinguishing the negatively sloped and the positively sloped quadrature

point.

3.7 Plasma dispersion effect of silicon in 2 pm

band

Nedeljkovic et al. [49] later expand on the Soref and Bennett’s work [76] and extend
the wavelength range of the equations into 1.3 - 14 pm. Latest experimental data

are adopted but similar method as Soref is used to calculate out the following
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wavelength dependent equations: [49]

—An(X) = Ang(A) 4 Any(A) = p(A) x ANIY 4 (X)) x AN (3.63)
Aa(N) = Aae(A) + Aap(A) = a(X) x ANP® 4 ¢(X) x ANV (3.64)

where a,b,c,d,p,q,r,s are coefficient that can be looked up in Table B.1 in Appendix
B.

This work enables one to predict the plasma-dispersion-effect modulator behaviour
in 2 pm and further beyond into MIR. By analysing the trend, we can see that
below 3 pm, the phase shifter with MZI type of modulator is still feasible. By
adopting carrier depletion, it is promising to make fast modulator working in 2
pm. However as wavelength increases, both An and A« grows quickly. Above 3
pm, Aa become dominant in the overall response. It is more advisable to design

a electro-absorption type of modulator in that wavelength range.

To understand the plasma dispersion effect difference between 2 pm and 1550 nm,

I plug the coefficient back into the above equation,

—An(2um) = An.(2um) + An,(2um)

=1.91 x 1072! x AN?92 42,98 x 1078 x ANP# (3.65)
Aa(2um) = Aae(2um) + Aap(2um)
=3.22 x 1072 x AN 16.21 x 1072 x AN (3.66)

—An(1.55um) = Ang(1.55um) + Any(1.55um)
=540 x 1072 x AN £ 1.53 x 1071 x AND®®  (3.67)

Aa(1.55um) = Aae(1.55um) + Aay(1.55um)
=8.88 x 102! x AN 1584 x 1072 x AN (3.68)
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Figure 3.9: Plasma dispersion effect in silicon at 1550 nm and 2000 nm
wavelength, predicted by the semi-empirical equations.

Please note that new 1550 nm equations 3.67 and 3.68 shows a discrepancy to the
original Soref equations 3.50 and 3.51. This is due to improve fitting method over
the same data, where the original data was fit without a logarithm concentration,
resulting a more weighted point towards the higher concentration points. We
therefore only plot the new version of 1550 nm equations against 2 pm given in
Figure 3.9. As we can see, 2 pm wavelength light has stronger interaction with
both free electrons and holes in silicon than 1550 nm wavelength light, resulting
a higher refractive change and high optical absorption. Furthermore, for both
wavelengths, at the same change in concentration, free holes show higher impact in
refractive change and free electrons correspond to larger absorption. In the actual
PN junction phase shifter design, we may therefore want to bring the optical mode
to interact more with the p-type doping to enhance the modulation efficiency and

to reduce the loss.
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3.8 State of the art high-speed 2 pm-band silicon

modulators

Table 3.3: High-speed 2 pm-band silicon modulators including our works.

Ref V,.-L, &’fi}gr)r?at Dz:;)?te Loss Length
2011]_3)1\[/150] 1.2V.cm Injection OOK ?é%z/g 9dB 1lmm
'I?l?iisw[ir(')lj]l 2.68V.-cm Depletion OOK 250(;5)]? 13dB 1.5mm
’I‘zl?lisw[;fl: ]1 4.4V.-cm Injection OOK zcj),l()i/g - Ring
20%\?11%02] - Depletion OOK 12.5Gb/s  3.2dB 1.5mm
igif/[ssfi 2.1V-cm Depletion OOK 12.5Gb/s - Ring
Tzk?iigw[;flfg 2.89V.cm Depletion OOK 2652%35 5.25dB 2mm
. 2019 2.89V.cm Depletion PAM4 25Gb/s 5.25dB 2mm
This work 2
ThiSZ(\);:(?rk 9 1.36V.:cm Depletion OOK ZSSEE/;S 3.9dB (M(icir:lrsr(l)n)

High-speed silicon modulator in 2 pm is scarce prior to our work. IBM, in 2012,
have reported SOI carrier injection modulator operating at 2165 nm. Using pre-
emphasis driving signal, the devices reaches 3 Gbit/s bitrate (Figure 3.10(a)) [50].
Our work that has published in 2018 has pushed the bar to 20 Gbit/s with a high-
speed MZM. The result will be discussed in detail in the later chapters. In the
same year, our collaborator NTU has demonstrated a 2 pm MZM working at 12.5
Gbit/s (Figure 3.10(b)) [102]. Collaborated with McMaster University, we have
also tie the IBM’s carrier injection record by demostrating a 3 Gbit/s silicon ring
modulator at 2 pm as in Figure 3.10(c) [101]. Later McMaster has successfully run
a 12.5 Gbit/s optical link consisting the same silicon ring under carrier depletion
and silicon based defect detector. The eye diagram is shown in Figure 3.10(d).
In 2019 I have characterised modulator optimized for 2 pm wavelength from a

subsequent fabrication run. We have further pushed the limit of the detector and



38 Chapter 3 Silicon Modulators Fundamentals

achieved 25 Gb/s OOK and PAM4. In the meantime, addressed the issues of high

insertion loss. And the results are the state of art to date. The table 3.3 compared

all high-speed silicon modulator in the 2 pm wavelength band until 2019. I will

elaborate the design and results of our work in the following chapter.

Normalized Amplitude

X 0 01
Time [ns]
(a) IBM micro ring modulator in carrier

injection. Data rate 3 Gbit/s at 2165 nm.

(¢c) McMaster, Southampton micro ring
modulator in carrier injection. Data rate
3 Gbit/s at 1954 nm.

12.5 Gbps
(b) NTU micro ring modulator in car-
rier depletion. Data rate 12.5 Gbit/s at
1973.2 nm. Viis = -3 V, V,_, = 6.0 V.

5 Fle Control Setup Measure Caliprate  Utilities  Help ;l

More
(1 of 3)
07 Aug 2018 21:30
1) 8.3 mvi/div. 2 1.33 minizdiv Precision Timebase... Time:20.0 ps/div | Trig: Free Run | Pattem
J -300 EV J 480 EW Reference: 12 50000 GHz DEIax.Zd.ﬂIG ns I == =l Lock l

(d) McMaster micro ring modulator in
carrier depletion. Data rate 12.5 Gbit/s
at 1967.4 nm. Vs =-2V, V,_, =25
V.

12.5 Gbps

Figure 3.10: Eye diagrams of silicon based high-speed 2 pm modulators

from the literature.



Chapter 4

Methodology — Design a
High-Speed 2 pm Si Modulator

4.1 Passive optical building blocks at 2 pym

A stronger plasma dispersion at 2 pm wavelengths compare to 1550nm makes
the designing of highly efficient modulator seemingly easy. Transiting from 1550
nm into 2 pm wavelengths, however are associated implications. Most results
from the physically larger optical mode size due to longer wavelength. On a
220nm SOI platform, the 2 pm mode is less confined and As a result, it will
have larger bend loss and is more prone to substrate leakage. The mode also
likely has more evanescent interaction with surroundings, thus anything with high
optical absorption will need to placed further away from the waveguide. The
longer wavelength also implies longer coupling interaction length and longer phase
shifter device for a 7 phase shift. There is one advantage however, the surface
scattering is reduced with a longer wavelength. Since surface roughness is a major
contributor to optical loss in silicon photonics, we should expect decently low loss

waveguide.

To investigate the single mode cut-off condition of longer wavelengths on 220
nm SOI platform, we use Lumercial mode solutions to calculate optical mode
conditions for various waveguide widths. According to the simulation scan in
figure 4.1(c), at 1950 nm, the rib waveguide is single mode for widths up to 650 nm.
However, as the waveguide width gets narrower, the mode becomes less confined
and this can reduce the efficiency of a modulator. 600 nm waveguide width is a

preferable choice at 2 pm and it is used in our ring modulator design; while at

39
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Figure 4.1: Mode analysis of a rib waveguide in the 220 nm SOI platform
with 90 nm slab thickness. The calculated loss does not consider roughness.
(a) Simulated optical mode effective refractive index with fixed waveguide
width of 550 nm. (b) Simulated optical mode loss with fixed waveguide
width of 550 nm. (c) Simulated optical mode effective refractive index
with fixed wavelength of 1950 nm. (d) Simulated optical mode loss with
fixed wavelength of 1950 nm.

1550 nm the waveguide becomes too multi-mode and since we target operation at
both 1550 nm and at 2 pm on our MZI modulator, a narrower 550 nm width is
adopted. The single mode cut off wavelength for a 550 nm wide waveguide is 1700
nm as shown in figure 4.1(a). At 1550 nm, figure 4.1(b) shows that the loss of
the TE1 mode is about 10dB/cm higher than the TEO mode. Such a waveguide

is still usable in the C-band in our ‘single mode’ modulator optimization.

4.2 Phase shifter electro-optical simulation method

The phase shifter response is analysed by a combination of electrical device sim-
ulation using Silvaco TCAD tools and optical device simulation using a MATLAB
based waveguide mode solver [104]. We uses matlab scripts to control the overall
simulation flow. It automatically generates the Silvaco Atlas script, calls command

line Silvaco simulations packages and modifies Athena script to scan parameters.
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The overall simulation flow consists three main parts:

1. The Silvaco simulation software was used to build the electrical device model.
The Athena package of Silvaco TCAD generates the cross section of the device by
mimicking the actual fabrication process. The doping distribution is also simulated
based on dose and energy of ion implantation. and the final structure including
all diffused doping information Figure 4.2 shows the net doping concentration in

silicon after ion implantation and thermal annealing.
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Figure 4.2: Cross section showing the net doping concentration. Produced
with Athena.

2. The cross section and all doping information is then feed into Atlas package
of Silvaco TCAD via a form of a structure file. Atlas simulates the free carrier
distribution and recombination under various electrical conditions: a) different
fixed reverse bias/forward bias voltages for obtaining the DC response, and with
b) a step rise and a step fall in bias voltage for analysing the transient response
in order to extract the RF performance. ¢) a sinusoidal AC response to extract
capacitance and transmittance of the PN junction. The simulated free carrier
concentration against various reverse biases voltage is illustrated in figure 4.3.
The depletion region width enlarges with increasing reverse bias voltages. A step

rise voltage from 0V to -4V as well as step fall voltage from -4V to OV are also
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applied to analyse the AC performance of the device. This free carrier distribution

is independent of optical wavelength.
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Figure 4.3: The simulated net carrier concentration of the phase shifter
under various reverse biases. (a) Reverse bias 0V (b) Reverse bias 2V. (c)
Reverse bias 4V.

3. Finally we implement the interaction of free carriers and light in MATLAB. The
free carrier distribution is translated into a change in complex refractive index,
where equations 3.63 and 3.64 [49] are used. A MATLAB based optical mode
solver then finds the mode in the waveguide adding both the calculated pertur-
bation in refractive index due to the free carrier effect and the baseline material
refractive index. Figure 4.4 shows an example of a modulated optical mode. The
performance of the phase shifter can then be evaluated through the effective re-

fractive index change and loss of each optical mode.

Figure 4.4: Cross section of final mode profile found in MATLAB by taking
consideration of carrier effect.

Figure 4.5 shows an example of the refractive index change by varying the reverse
bias conditions . The phase shift for a given length can then be calculated using
equation 3.56 and the L, can also be derived using equation 3.58.The rise response
and fall response are produced by giving a step signal, and the transient simulation

is running in time domain. The bandwidth of the phase shifter can then calculated
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from the rising and falling time. This bandwidth however is the ideal bandwidth
of a thin slice of phase shifter and if designed correctly is often far above the

performance of the travelling wave electrode.

Simulated refractive index response
against reverse DC voltage
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Figure 4.5: The refractive index change in response to change in electrical
signal.

4.3 Phase shifter design insight

4.3.1 Wavelength analysis

Figure 4.6 shows how such a phase shifter design responds to 4V reverse bias when
the wavelength is varied. The dashed line in the graph represent the loss derived
from a similar device but with doping separations Sgepp and Sg.p,n increased to 1.7
pm to almost eliminate the loss contribution due to mode overlap with the highly-

doped region. We notice that the change in refractive index rises as the wavelength

30
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increases from 1500 nm towards 2000 nm. The overall loss shown in dotted curve
also increases, and even without the absorption from the highly doped regions, loss
still follows a rising trend. This is in accordance with the trend predicted by the
generalised equation of the carrier effect [49], i.e. both change in refractive index
and loss due to carrier effect are higher at 2 pm than at 1.55 nm. However if fixing
the waveguide width at 550 nm, as depicted by the blue curve, there is a level off
in the rise of change in refractive index after 2000 nm and there is even a slight
drop beyond 2150 nm. This is because the mode profile size is significantly larger
at longer wavelengths, and the effective overlap between the optical mode and the
carrier changing region is diluted. Although the carrier effect is higher at longer
wavelengths, the overall effect is the result of both. The light grey curve shows
the effective index change for an optimized waveguide width at each wavelength.
The general trend is that increasing the waveguide width increases the effective
index change at longer wavelengths. As we can see, the 550 nm width strikes a

good balance between the 1550 nm and 2 pm wavelengths.

4.3.2 Phase shifter dimension parameters

During the design process, two important dimension parameters have been swept
to analyse their effects. The first is the separation between the high doping sec-
tions and the optical waveguide core. To form Ohmic contacts, a high doping
concentration (eg. 1€20 cm™?) at the interface of silicon and metal is required.
According to figure 4.7(a), when varying the doping separation, there is a trade-
off between device bandwidth and free carrier loss. The device bandwidth rises as
the high doping separation decreases, due to reduced access resistance. However,
when the high doping is too close to the waveguide core, the overlap between the
optical mode and free carriers in the high doping region increases, which results
in significant optical loss. Therefore, a trade-off between device bandwidth and
device loss should be considered. We note that at 1950 nm the optical mode
size in the waveguide must be larger than at 1550 nm, therefore a larger sepa-
rating Sgopp+Saopn 1s Tequired, which theoretically reduces the bandwidth of the
device.Figure 4.7(b) shows that the doping separation has very little effect on the
efficiency of the modulator, as the parameters of the low doping concentration
region have a more direct impact on the PN junction geometry and position, and
hence on the device efficiency. The PN junction position is the second major pa-
rameter. By scanning its position, as illustrated in figures 4.7(c) and 4.7(d), we

see that with the selected doping concentrations the device has the lowest loss and



Chapter 4 Methodology — Design a High-Speed 2 pm Si Modulator 45

«')o 0.20:

> :

083.,0.18-: =)
& ] C\EJ
© 0.161 S
S )
GJ ] A
go) ] @
t= 0.14-_ s 8
.g E ’0’0"‘.’.» Aneff (550nm WG) J -
-.8- 0.12_:..- An,, (optimized WG) 1 5

4= D Loss ]

B 0.10- ~ - ‘Loss(owdope) 1,

1550 1750 1950 2150 2350
Wavelength (nm)

Figure 4.6: The simulated effective refractive index change and loss of a
phase shifter with the adopted design due to carrier effect under 4 V reverse
bias across the 1450-2250 nm wavelength range. The blue line shows the
refractive index change for the 550 nm wide waveguide. The light grey line
shows the refractive index change for a a waveguide width optimised at
each wavelengths, with a width ranging from 450 nm to 650 nm. The red
dotted line show loss with the adopted 550 nm wide waveguide. The dark
blue dashed line is the simulated loss from a similar phase shifter design
but with larger 1.7 pm Sgopp and Sg.pn to serve as the reference loss of the
low doped region.

highest efficiency when it is placed near the centre of the waveguide because the
maximum overlap of the optical mode and depletion region is achieved. The band-
width, however, increases when the junction position is close to the edge of the
waveguide core. Because in this case the PN junction is partially in the slab region
of the waveguide and has a reduced cross section compared to in the core region.
This results in lower capacitance and hence higher bandwidth. However achieving
this condition, comes at the cost of significantly higher loss and lower efficiency,
because the depletion region will be so far off from the optical mode centre. If the
doping separation is chosen properly, the simulated bandwidth should be greater

than 75 GHz regardless of junction position.
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Figure 4.7: MZI modulator phase shifter simulation in 1950 nm. (a) Sim-
ulated loss vs high concentration doping separation with fixed junction
offset 0. (b) Simulated L, vs high concentration doping separation with
fixed junction offset 0. (c¢) Simulated loss vs junction offset with fixed high
concentration doping separation (Sgopn) 1.125 pm for n+ and (Sgepp) 1.025
nm for p+. (d) Simulated L, vs high concentration doping separation with
fixed junction offset 0.
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4.3.3 Doping concentration DC analysis
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Figure 4.8: Simulated DC performance of a phase shifter with various
combination of doping concentrations. In the simulation, the target p and
n doping are varying from 1lel7 cm™3 to 1.5e18 cm ™ with a step of 1el7

cm ™3

In order to investigate how the low-dose doping affecting the phase shifter perfor-

mance, we have run an array of simulations with different combinations of p and n
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doping concentration. The PN junction cross section geometry is the same as the
aforementioned simulations. The PN junction is in the centre of the waveguide and
highly doped region are 1.1 pm away from the waveguide centre. All other condi-
tions are the same, the only two variables are the p and n doping concentrations

ranging from 1el7 cm ™2 to 1.5el8 cm ™3 with a step of 1e17 cm™3.

p(x) Vbiasl

A

VbiasZ
v A

-AQ

Figure 4.9: PN junction charge distribution under different reverse bias
voltages, where Viyias1 < Vihiaso. INp is the donor concentration in the n-
type doped silicon and N4 is the acceptor concentration in the p-type
doped silicon. After [105].

Figure 4.8(a) illustrates the phase shift per mm phase shifter length from 0V
to 3V reverse bias voltage. A large phase shift per unit length is favourable,
it implies higher modulation efficiency and shorter devices. According to the
simulation, higher doping concentration in general providing a larger phase shift
as there are more free carriers to begin with. Another crucial factor is the ratio
of p and n doping concentration. At equilibrium the depletion region is charge
neutral with positive charge of donor and negative charge of acceptor cancel each
other. When adding reverse bias, as depicted in figure 4.9, the displacement of
free carriers causing a depletion width extension and a charge change on each
side; however an equal amount of electrons and holes have been displaced to keep

the depletion region charge neutral. The eventual refractive index change is due
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to the interaction between the optical mode and the change in depletion region.
Since equal amount of electrons and holes has been displaced, depletion region
width change under bias voltages dictates the modulation intensity. Therefore
considering case of fixed total doping (n doping + p doping), the ratio between
two types of doping are tuned to maximize the overall depletion width. If both
free carriers contributed equally to the plasma dispersion dispersion, the optimum
ratio between the n and p doping should be close to 1:1. However according
to figure 3.9, per unit hole concentration change contributes more refractive index
change than electrons at both 1550 nm and 2 pm. To increase the depletion region
width on p side means higher n to p ratio. Thus the actual optimal doping ratio
between n and p for the best modulation efficiency should be greater than one,
somewhat towards 2:1 ratio according to the simulation for this particular phase

shifter structure as shown by the red dashed line in figure 4.8(a).

The insertion loss per mm excluding passive waveguide loss is shown in figure 4.8(b).
Please note that the loss here is the loss at zero bias representing the worst case, in
practice due to operating at carrier depletion mode, the actual loss when operating
with a reverse bias will be lower. As we can seen from the trend in the graph, the
loss contribution from per unit increase in p and n are not equal, the loss rises
significantly with an increasing p doping concentration, but only very moderately
for an increasing n doping concentration. As unit electron contributes much more
than holes in loss, to minimize the loss, we need to decrease the depletion region
on n side, hence favouring a high n doping and a low p doping. Therefore coin-
cidentally, by picking an n to p doping concentration ratio value grater than one,

one can achieve both better modulation efficiency and lower loss.

We find out that the simulated phase shifter bandwidth is always above 30 GHz
for all combinations as illustrated in figure 4.8(c). This however only account
for the bandwidth of an infinitesimal slice of PN junction, and in real device the
actual bandwidth will be further limited by the metal electrode and the signal is
also subjected transmission line loss. We will discuss the RF performance of a

modulator in detail in the next section.

To put all the performance measures together, we can define a figure of merit

Ph hift x BW
of phase shifter as: ase S _X . The passive loss we use here is 0.77
Loss + Passive Loss

dB/mm. Figure 4.8(d) shows that, for this particular cross section geometry,

higher n doping is more favourable than high p doping.
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4.4 High-speed considerations
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Figure 4.10: Phase shifter DC performance under various selected doping
levels.

To obtain a more accurate modulator bandwidth, we need to consider not only the
PN junction cross section but the phase shifter and the travelling wave electrode
as a whole. We picked 25 doping levels to further analyse the effect of doping
concentration on AC performance. The doping levels are generally following the
red dashed line in graph 4.8 linearly ranging from lowest level 2 with n-type doping
concentration 2el17 cm ™2, p-type doping concentration lel7 cm™3 to highest level

25 with n-type doping concentration 15e17 cm™3, p-type doping concentration
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7.5e17 cm™3. All other dimensions are identical to the previous section with PN

junction in the middle of the waveguide.

Figure 4.10 shows the DC performance of phase shifters with these doping con-
ditions. The modulator are assumed to work in a push-pull condition, which
effectively doubles the efficiency. The reverse bias voltage on each arm is 2V for
off states and 4V for on state. In the simulation we set a target extinction ratio of
6 dB, which at quadrature point is equivalent to approximately 37 degree phase
shift on each arm. As shown in figure 4.10(c), the phase shifter length required for
achieving 6dB ER drops significantly as doping increases, and there is a turning
point at around doping level 5. Of course the short length are associated with
higher total insertion loss due to the absorption from the free carriers at higher
doping levels. However there is an extra perk for being shorter length: shorter
phase shifter means shorter electrode which implies lower RF signal attenuation
and higher bandwidth.

For each doping level, the capacitance and conductance value of the phase shifter
structure are then extracted at different frequencies. The C and G values here are
extracted from the total impedance and do not take account of the electrode part.
Figure 4.11 shows the simulated C and G against the frequency at doping level 10.
The capacitance increases while conductance decreases as frequency rises. Also a

larger reverse bias causes a wider depletion region which gives a lower capacitance

value.
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Figure 4.11: Simulated C and G of a phase shifter at doping level 10
against the frequency.
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If keep the frequency fixed, the trend of C and G against doping levels are shown

in figure 4.12. The capacitance rises as the doping level increases, mostly because

of a reduced depletion width. The conductance however are relatively stable with

a changing doping level.
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Figure 4.13: EE S21 measurement data from a 1.8 mm long phase shifter
with doping concentration of n 3e17 cm ™3, p 8.5e17 cm 3.

To include the the response from electrode and other parasitics, we can resort
to a lab measurement. The figure 4.13 shows an experimental S21 EE response
measurement of a 1.8 mm long phase shifter with a different doping concentration
(n 3el7 em™3, p 8.5¢l7 cm™3). But the travelling wave electrode is the same.
Knowing the total length of 1.8 mm, the R, C, G, L value per unit length can be
extracted from the experimental S21 measurement as shown in 4.14. The R and

G have then been smoothed, to eliminate some resonance glitches.
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Figure 4.14: The extracted R, C, G, L value from the experimental S21
data.

The R and L value are contributed mostly from the metal electrode. While the
C and G comprises mostly portions from the PN junction and other parasitics.
The simulated C and G of the phase shifter with n 3e17 cm™3, p 8.5e17 cm ™2 are
first been subtracted from extracted experiment value. And C and G values from
various doping level 2-25 are then be add back. The updated C and G are combined
with the experimentally extracted R and L to generate S21 EE response. For each
doping level the S21 are generated with a phase shifter length capable of delivering
6 dB extinction ratio modulation, referring to figure 4.10(c). The resulting S21 of
selected doping levels are plotted in 4.15. The -6 dB EE bandwidth of such curve
can then be used to estimate the -3 dB EO bandwidth of the modulator [106].
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Figure 4.15: Simulated S21 EE response of phase shifter with multiple
doping levels.

The bandwidth and insertion loss of a push-pull MZM to achieve 6dB extinction

ratio with 2V to 4V DC reverse bias are given in figure 4.16(a). The updated figure

BW
of merit, ————————, shows a maxima in figure 4.16(b) at doping level of 4.
Insertion Loss

However if one can sustain a higher loss in their device specification, higher doping
level can be used to further reduce the device length and to improve high-speed

performance.
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Figure 4.16: The simulated bandwidth and total insertion loss to achieve
6 dB extinction ratio with 2V to 4V DC reverse bias in a push-pull con-
figuration.

Doping concentration and ratio therefore play a pivotal role in device performance
in terms of both efficiency, loss and RF bandwidth. The three are trading off with
each other. Therefore to fully optimize a depletion type modulator based on SOI
platform one need to start from the application requirement and specifications.
One can trades some loss performance to efficiency and bandwidth by increase
overall doping concentration. And depends on the certain geometry of PN junc-
tion, there should be a optimized p-n doping ratio. For junction in the middle, it is
often more favourable to have higher n doping. If the drive voltage is exceptionally
large, a ratio close to 1:1 will make the depletion region grow symmetrically inside
the waveguide and delay the saturation voltage. For a PN junction positioned
lopsided, the doping region takes up smaller region inside the waveguide should
then have higher doping concentration to properly expand depletion region into

the waveguide.

4.5 Layout mask drawing

The Mach-Zehnder Modulator (MZM) in this run (Figure 4.17) contains phase
shifter on both arms. This converts the phase shift modulation into amplitude
modulation. Both the device with grating coupler and the device using butt cou-

pling are included in the mask design. All beam coupler are based on MMI, no

25
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Y-splitter is used. This implies that the wavelength supported by the modulator
will be limited by the MMI, but the insertion loss in generally lower in MMI than
in Y-splitter. The two arms of MZI are of difference length to create a sinusoidal
amplitude response against waveguide, which facilitate the testing procedure. The

shift in peaks can be more intuitive to observe than change in amplitude.

Optical Input

1x2 MMI

Phase Shifter
Phase Shifter

>
Optical Output

Figure 4.17: Principle schematic of a Mach-Zehnder Modulator.

The chip design is carried out on L-Edit layout software. The mask layout is gen-
erated with C++4 scripting code paired with L-Edit library. The script predefines
the drawing of some common structures eg. waveguide, taper, grating couplers
into functions. For each new mask layout, a new C++ macro is created and it
specifies the geometric parameters, alignment and linking of various basic struc-
tures. In modulator case, new function files was created as new structures are
required and they may be reused in the future. Complex structures and repeti-

tive patterns can be fast implemented by this semi-auto scripting approach. The
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mask design is output in GDSII file format. Both e-beam lithography and photo
lithography can be performed based on this mask file.

k

Figure 4.18: Mask design of modulator with unbalanced MZI.

A example modulator mask design is illustrated in Figure 4.18. It consists an MZI
at its core and two phase shifters on both arms. The arm difference is related to
the free spectral range (FSR). In our case an FSR around 5 nm should provide us
a convenient view of the modulation shift during the device testing. Therefore arm
difference around 200 pm are generally adopted. Some 150 pm and 300 pm devices
are often also included. The number of bends for each arm are deliberately made
the same, so that the bend loss of each arm would affect little in the extinction
ratio of MZI. If balanced MZM is used, it needs to include a thermal heater so
that the operating point can be fine tuned during the characterisation. Since the
device is the push-pull type the length of the phase shifter should be comparable
to the half of the L,. In our case, we usually include devices with phase shifter

length of 0.5 mm, 1.0 mm, 2.0 mm and so on.

Since the high speed and long phase shifter length, travelling wave electrode is
required. A good electrode design should satisfy three criteria: a) electrical signal
velocity matches the optical signal, b) the device impedance matches the driver
impedance and the terminal load impedance ,and c) low attenuation of microwave.
To design such electrode however is not trivial, it requires several iterations of
simulations and test fabrication to optimize the design. In our case, since the

device dimension is comparable to a previous design, instead of designing and
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(b) Schematic of travelling wave electrode.

Figure 4.19: Schematics of electrode design.

simulating from scratch we modified a functional electrode design from a previous

device.

The contact pad dimension is chosen according to the 100 pm pitch RF probe
available in the high speed lab. Since it is a push-pull design, GSGSG probe is
used, and the contact pad design is shown in Figure 4.19a. The contact pad pitch
is 100 pm, the width of the pad is 70 pm, the height is 75 pm, the gap between two
pad is 30 pm. As shown in Figure 4.19b, the travelling wave electrode consists 5
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different sections and it is vertically and horizontally symmetrical. The dimension
of the electrode: L1=75 pm, L2=100 pm, L3=250 pm, L4=50 pm, L5 equals to
the phase shifter length, w1=75 pm, w2=11.1 pm, w3=9.1 pm, w4=184.9 pm,
wbH=175.3 pm, s1=2 pm, s2=7.8 pm, s3=4 pm. The electrode consist two sets
of pads on both side of the modulator. One is for input signal and the other for

external impedance termination.

r \

(a) Mach-Zehnder Mod- (b) Loss analysis struc- (c) Loss analysis struc-

ulator. ture will MZI and all ture will bare passive
dopings but without MZI.

metal electrode.

Figure 4.20: Example mask layout design for the modulator and reference
normalisation structure used to analyse the loss contribution from different
factors.

Various normalisation structures are also included. For example the structure in
Figure 6.10b is identical to the one in Figure 6.10a except no electrode is included.
From which the loss contributed by metal layer and metal via can be estimated.
Similarly Figure 6.10c include only waveguide of a modulator. The effect of doped

region can then be analysed.
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Experimental Setup for
High-Speed Modulators
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Figure 5.1: 1300nm/1550nm modulator measurement set up

For normal modulator measurement set up, the light source is a 1310 nm or 1550
nm tunable laser. The light is passed through device under test (DUT) and after
that it is amplified by EDFA. The light path at this stage can also be switched to
low speed detector for DC measurement and alignment. It is followed by a tunable
filter to filter out unwanted signal, for example amplified spontaneous emission
from EDFA. 10% of the light goes the optical spectrum analyser (OSA) to analyse

its wavelength, and the spectrum information is used to fine tune the optical

61
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Figure 5.2: Photos of the high speed lab, modulator measurement corner

filter. The rest 90% goes either to a high speed detector or directly to the digital
communication analyser (DCA) to produce an eye diagram. The DCA model is
Keysight Infiniium DCA-X 86100D with Agilent 86116C-040 plugin module. For
1550 nm, the DCA has a build-in detector module, therefore no extra dedicated
high-speed detector is required.

Expanding the measurement capability to 2 pm requires new components along
the optical path, as most 1300/1550 nm equipment is incompatible with the 2
pm wavelength. Some bespoke 2 pm equipment has been used: an EOT ET-5000
high-speed 2 pm InGaAs detector, with a rated bandwidth of >12.5 GHz and
peak responsivity of 1.3 A/W at 2000 nm; an amplified Thorlabs low speed 2 pm
InGaAs detector, with peak responsivity of 1.3 A/W at 2300 nm and maximum
internal gain of 70 dB; Thorlabs SM2000 silica fibres with 11 pm core diameter
and optimized for 2 pm; and a Thorlabs TLK-L1950R tunable laser, which is
tunable from 1890 nm to 2020 nm. We have also used a thulium doped fibre
amplifier (TDFA) to increase the optical power, similar to the one presented in
[18]. It uses an EDFA as a pump source, and gives 13 dB gain. Since the TDFA is
polarization sensitive, a polarization controller before the signal input is essential.
As the peak output power of the tunable laser is only 7 mW, the TDFA is used
before the device under test (DUT). The low speed but more sensitive detector is

used during alignment and DC measurements.
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Figure 5.3: High-speed RF measurement set up for 2 pm wavelength mod-
ulator.

During the high-speed testing, a pseudorandom binary sequence generator (PRBS)
is used to generate a bit sequence. The high-speed electrical signal is then amplified
by a 3 stage Centellax OA4MVM3 amplifier and applied to the DUT with an RF
probe. A bias tee is used to combine DC bias and high-speed RF signal. While
testing the MZI with travelling wave electrodes, a second probe and external 50
Q) termination load and DC block are used. The modulated light is then feed into
the high-speed InGaAs detector and then analysed by the digital communication
analyser (DCA) to produce an eye diagram.

Compared to the conventional 1300/1550 nm setup, there are limitations in the
2 um system. The high-speed detector had a nominal bandwidth of >12.5GHz,
limiting the speed at which we could measure the modulator to around 20 Gbit/s
and with reduced extinction ratio. A signal faster than 20Gbit/s cannot operate
with the detector.

Moreover, the limited power budget of the 2 pm system often leads to a decent eye
been masked by the noise floor of the DAC, hence an open eye is hard to discern.
In the case of RF testing of the 2 ym ring modulator, a linear amplifier (SHF
S804A) with 22 dB gain is inserted between the detector and DCA. The signal
will degrade to some extent but is amplified enough to obtain a healthy signal to

noise ratio.






Chapter 6

2 pnm Wavelength Modulator

Demonstrations

6.1 Wideband MZI modulator covering both 1550

nm and 1950 nm wavelengths

The design aim of the device is to demonstrate a proof-of-principle 2 pm modulator
as well as using the same modulator with 1550 nm wavelength. This is to be able
to provide an direct experimental comparison and show the various effects when

scaling the optical wavelength up.

6.1.1 MZI modulator design

Figure 6.1: Optical microscope image of the MZI modulator. (to add scale
bar and label)

The MZI modulators exploit the carrier depletion effect. It is therefore based on a
PN junction in its active region. The fabrication platform is based on 220 nm SOI
wafers with a 2 pm buried oxide (BOX) layer, in order to maintain compatibility

with standard Si thicknesses used in NIR silicon photonics multi-project wafer
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foundry services. Figure 6.2 shows a schematic of the cross section of the phase
shifter in the MZI modulators. The silicon rib waveguide is 550 nm wide (W)
and etched by 90 nm in the slab region (hy ). The device is fabricated by IME

in a multi-project wafer (MPW) run with customised doping concentration.

Figure 6.1 is an optical microscope image of the core of the MZI modulator. The
phase shifter is incorporated into both arms of an MZI, to convert the phase
shift into an amplitude shift. An arm length difference of 180 pm is used in
the MZI to obtain a sinusoidal response and to facilitate the characterization.
In order to perform such wide band modulation at both 1550 nm and 1950 nm,
special considerations need to be taken. For the 3dB coupler in the MZI, the
device is designed to use Y-splitters instead of multi-mode interferometers (MMIs),
providing significantly wider spectral bandwidth. Also it uses butt coupling, so
that the modulator operating wavelength range is not limited by the relatively
narrow bandwidth of grating couplers. The overall spectral bandwidth of the
phase shifter is then only limited by the single mode waveguide bandwidth. At
1550 nm the waveguide does have a higher order TE1 mode, but the mode is
weakly confined and with high loss. Therefore, the waveguide could be treated
as single mode from 1550 nm to 2350 nm. A travelling wave electrode design is
used with GSGSG pads on both ends and a tapered down section along the phase
shifter. The pad pitch is 150 pm.

Metal layer

Ground

I hslab n+ n i p p+ Si

Figure 6.2: Cross section of the phase shifter for MZI and ring modulator.

The PN junction position is in the centre of the waveguide. The highly doped
regions are 1.125 pm (Sgepn) for n+ doping and 1.025 pm (Sgep) for p+ doping

away from the junction. The reason for the asymmetrical separation is that p
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type silicon absorbs less optical power than n type silicon for the same doping
concentration, so it can be positioned closer to the waveguide core to enhance RF
performance; while n type silicon has higher loss, it also has greater conductivity,
so we can afford for it to be placed further away to reduce the overall loss. In this
case, the simulated loss is below 20 dB/cm (at reverse bias of 4 V) and the device
bandwidth is above 75 GHz. The target doping concentrations in the simulation
are 3el7 cm™2, 8.5e17 cm™3, 1e20 cm 3 and 1e20 cm™3 for n, p, n+, and p+
regions respectively.

6.1.2 Results and Analysis
6.1.2.1 MZI modulator under carrier depletion
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Figure 6.3: Experimental and simulated phase shift for a MZI modulator
with 0.15 mm long phase shifter. (a) Phase shift at 1550 nm. (b) Phase
shift at 1950 nm.

We tested and confirmed that the device transmits and modulates at both 1550
nm and 1950 nm. The modulation efficiency (V.-L;) at a reverse bias of 4 V is
2.02 V-cm at 1550 nm and 2.68 V-cm at 1950 nm. In the experiment, the MZI
modulator comprises a 1.5 mm long phase shifter and is driven in a single arm.
The phase shift measured is shown in figure 6.3. It can be seen that the response

agrees reasonably well with the simulation predictions for both wavelengths.

The high-speed RF characterization is performed by applying an amplified high-
speed 27 — 1 psuedorandom-bit-stream OOK signal with a peak-to-peak amplitude
of 4 V to a single arm only. A DC bias is applied simultaneously to the device via
a bias-T. Combining the DC bias and the amplified RF signal, the overall scanning
voltage is from -4.5V to -0.5V. At 1950 nm, an open eye is obtained at 8 Gbit/s
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with an extinction ratio of 7.6 dB and 20 Gbit/s with extinction ratio of 5.8 dB,
as shown in Figure 6.4. At 1550 nm, the device modulates at 20 Gbit/s with an
extinction ratio of 10.3 dB, as in Figure 6.5(a), and 30 Gbit/s with an extinction
ratio of 7.1 dB, as in Figure 6.5(b).

Figure 6.4: Eye diagram for MZI modulator at data rate of 20 Gb/s at
1950 nm wavelength. Extinction ratio is 5.8 dB.

Figure 6.5: Eye diagram for MZI modulator at 1550 nm wavelength. (a)
Data rate is 20 Gb/s, Extinction ratio is 10.3 dB. (b) Data rate is 30 Gb/s,
Extinction ratio is 7.1 dB.

According to the simulation, the MZI modulator should give similar RF perfor-
mance for both 1550 nm and 1950 nm wavelengths. The power budget of the
system however is lower at 1950 nm, which renders the eye diagram at 1950 nm
noisier than at 1550 nm. Furthermore, the insertion loss of the device at 1950 nm
is measured as 13 dB which is significantly higher than was measured at 1550 nm
(4 dB). The difference is partially due to the stronger plasma dispersion effect and
a larger mode overlap with the highly-doped region in the 2 pm band. According
to our simulations these factors only contribute to around 1 dB additional loss for
a 1.5 mm long phase shifter. The remaining difference can be attributed to the
loss from metal absorption in areas where the waveguide passes directly below the
metal layer. The vertical separation between the top of the Si waveguide and the
bottom of the metal layer is only 600 nm and because the optical mode at 1950
nm is substantially larger, there is greater overlap with the metal. This could be

corrected in the next fabrication run either by increasing the silica top cladding
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thickness to more than 1.0 pm, or by redesigning the mask to minimize the length

of waveguide that passes directly underneath the metal.

Because of the bandwidth limit of the detector we were unable to obtain an eye
diagram for data rates greater than 20 Gbit/s at 2 pm wavelength with this par-
ticular combination of modulator and detector, but since the bandwidth of the PN
junction should be very similar at both wavelengths, we expect that the modulator

can operate at higher data rates at 2 pm.

6.2 MZI Modulator Optimized at 2 pym

The next step is to build modulators dedicated to and optimized for 2 pm. This
is a subsequent fabrication run from the last so experiences from previous designs

have been applied to guide the new design and to avoid certain pitfalls.

6.2.1 Design

Figure 6.6: Taper structure that transitions from a strip waveguide on
the left to a rib waveguide on the right. The dark red layer is the silicon
waveguide core and the pale red layer is the slab region,

Figure 6.7: Mask design for grating coupler and part of taper down to
the waveguide, working at 2 nm wavelength. The red layer is the fully
etched waveguide layer, which defines protected region from the full 220
nm silicon etch. The purple layer is the gratings and it is to be etched
down by 70 nm.
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Table 6.1: Design parameters for 2pm SOI 1x2 MMI Splitter and 2x2 MMI
3dB Coupler. For the meaning of each parameter please refer to Figure 3.1.

1x2 MMI Splitter | 2x2 MMI Coupler
Etch Depth | 220 nm (full etch) | 220 nm (full etch)
Wrnr 6 pm 6 pm
Wiap 2.25 pm 2.25 pm
Liap 10 pm 10 pm
Wio 0.55 pm 0.55 pm
Laraer 23.44 pm 92.19 pm
S 3.25 pm 3.25 pm

A similar 220 nm SOI platform has been chosen to leverage MPW runs. Since it
is optimized solely for 2 pm operation, the MZM now includes gratings couplers
and MMIs. Devices are fabricated on 220 nm SOI wafers with a 2 pm buried
oxide (BOX) layer. The silicon rib waveguide is 550 nm wide and etched by 90
nm in the slab region. The top silicon dioxide cladding layer is at least 1 m thick,
which should cope well with the swelled optical mode of 2 pm and minimize the
mode overlap of metals on top of a waveguide. There is a transition taper that
gradually converts the strip access waveguide to a rib waveguide in the active
region, illustrated in Figure 6.6. The multi mode region of grating coupler is
designed to have fully etched borders without slabs, the strip waveguide is used
to bridge between is coupler and the rib waveguide in active region. Also as 2 pm
wavelength has slightly more bend loss, the use of strip waveguide improves the
bend loss. The grating coupler is optimized for 2 nm, the etch depth is 70nm, the
pitch of the gratings is 0.92 pm, the duty cycle is 0.552 (ie for each period silicon
width is 0.508 pm and the air gap width is 0.412 um), the fully etched waveguide
hosting the gratings is 10 pm in width. It takes a taper with length of 500 pm
to taper down to the width of single mode strip waveguide, 550 nm. Table 6.1
summarises the design parameters for 1x2 and 2x2 MMI. For the meaning of each
parameter please refer to Figure 3.1. In simulation, the insertion loss for each
MMI is no bigger than 0.1 dB. These are used as coupler in the modulator MZI

structure.
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Figure 6.8: The phase shifter cross section of the 2 pm MZI modulator.

The phase shifter exploits the carrier depletion effect, and as shown in Figure
6.8 it comprises a PN junction. The device is fabricated in a CORNERSTONE
multi-project wafer (MPW) run. Self-aligning lithography for n doping is used,
as illustrated in Figure 6.9. The n-type dopant has been doped at an angle of 45
degrees. Therefore the junction appears angled and is positioned towards the n
side. The self-alignment step helps reduce the junction position variation across
devices introduced by the lithography [107]. Both highly doped regions p+ and
n+ are 1.3 pm away from the junction. The target doping concentrations in the
simulation are 3.8¢17 cm™3, 1.1el8 cm~3, 1.5e17 cm ™2, 7.5e17 cm ™3, 1e20 cm ™3
and 1e20 cm~3 for the p, n, p (rib), n (rib), p+, and n+ regions respectively. Please
note that the n doping concentration is higher than doping which might be counter-
intuitive to the fact that a unit amount of free electrons contributes large loss to
holes. The reason for this traces back to the unique doping geometry resulting
from the self-alignment process. Since the n doping is implanted from the side
wall by implanting the dopant with an angle, it is geometrically highly away from
the waveguide centre and comprise only a small fraction of the waveguide. This
makes the optical mode overlap with the n region small and hence an acceptable
level of loss is expected. To maximize the modulator efficiency however, the PN
junction is needed to be as centred as possible to increase the interaction with the
optical mode. By choosing a higher n doping and lower p doping, the depletion at
p penetrates a lot deeper than n side, compensating the geometrically de-centred

PN junction and effectively shifting it back towards the centre.

The Mach-Zehnder modulator contains two arms of the aforementioned phase
shifter each with 2 mm length as shown in Figure 6.10(a). Various normalisation

structures have been inserted. As in Figure 6.10(c), a short section of waveguide
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Phosphorus
Implantation

\\ SiO2 hard mask Photo Resist
=

p Si

Buried oxide

Figure 6.9: Self-aligned process used in Cornerstone PMW. Silica hard
mask was used to etch the rib waveguide and it doubles as a mask for
the phosphorous implantation. The photo resist edge can then be placed
anywhere within the rib and the PN junction position will be independent
of the resist edge. In order to make n-type dopant penetrating more into
the waveguide, an implantation is performed at an angle and without any
rotation.

taking the exact shape of the access waveguides of MZM is used to normalise the
device insertion loss. A MZI structure is included as shown in Figure 6.10(b) to
extract the optical loss from doping and metal electrode. And a doped MZI is also
included as shown in Figure 6.10(d) to find out the optical loss due to via and

metal electrode.
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(a) Mach-Zehnder Modulator

(b) Loss analysis structure will MZI and all dopings but

without metal electrode.

) L.

(¢) Loss analysis structure will bare passive MZI.

(d) Normalisation gratings and waveguide for calculating

insertion loss.

Figure 6.10: Mask layout design for the modulator and normalisation refer-
ence structures used to analyse the loss contribution from different factors.
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6.2.2 Updated Experimental setup

50Q .
1.55um load For alignment
Tunable laser I and DC test
| DC Ny
EDFA block Low speed
T
. detector 2um
‘\Pump Probe ”
Shao. T -
2pm TDFA PC DUT High speed
Tunable laser > | detector 2um
,,,,,, I
Polarisation ~ Probe -
control DC I Digital
ontro Sunol Bias T Communications
PRl Analyser
DC Link i
High Speed RF link Clock :
Optical Link RF Bit Pattern

Amp PRBS Generator

Figure 6.11: High-speed RF measurement set up for 2 pm wavelength
modulator.

Compare to the previous 2 pm modulator characterisation setup, we have made
several changes. The TDFA has been upgraded and it no longer uses polarisation
maintaining fibres, therefore no polarisation controller is required between the
seed laser and the TDFA. As the seed tunable laser power is relatively low, we
found out it works more favourably to place the TDFA before the device. During
the RF characterisation, a SHF 12104A Bit Pattern Generator (BPG) is used to
generate a pseudorandom binary sequence (PRBS). The BPG is capable output
2 V peak-peak signal, so in the push-pull configuration no further RF amplifier is

required.

As mentioned earlier, the high speed detector had a nominal bandwidth of >12.5
GHz, limiting the speed at which we could measure the modulator to around 25

Gbit/s with reduced extinction ratio.
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6.2.3 Results
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Figure 6.12: (a) Normalised light intensity from the MZM under 0 -6V bias
voltages. (b) Experimental and simulated phase shift for a MZI modulator
with 0.2 cm long phase shifter.

The modulation efficiency (V,-L.) at a reverse bias of 4 V is 2.89 V-.cm at 1950
nm. The experimental phase shift for the measured MZM that comprises a 2.0
mm long phase shifter is shown in figure 6.12. The simulated phase shift is also
shown in the same graph. It can be seen that the response agrees reasonably well
with the simulation predictions. According to the results from Figure 6.13, the
insertion loss at zero bias voltage of the MZM with 2 mm phase shifter is 5.25 dB.
A similar MZI without metal and via has also been tested to have an insertion
loss of 4.96 dB. A similar MZI without doping and metal has a insertion loss of
1.25dB. We can therefore conclude that for the this CORNERSTONE MPW run,
the vertical separation between the waveguide and metal is sufficient, and the main

source of loss is attributed to doping.

The high speed RF characterization is carried out in a push-pull configuration.
The DC bias is -4.5 V. A high-speed 27 — 1 psuedorandom-bit-stream OOK signal
direct output from the BPG with a peak-to-peak amplitude of 2 V is applied
on each arm. Since the modulator has a unbalanced interferometer design, we
can tune the wavelength of the 2 pm seed laser to shift the operation point to
quadrature point. The wavelength picked is 1956.5 nm. The device modulates at
10 Gbit/s with an extinction ratio of 12.7 dB, as in figure 6.14(a), at 20 Gbit/s the
extinction ratio is 10.3 dB, as in figure 6.14(b), and at 25 Gbit/s the extinction
ratio is 6.25 dB, as in figure 6.14(c). Because of the bandwidth limit of the detector
we were unable to obtain an eye diagram for data rates greater than 25 Gbit/s at

2 pm wavelength.



76

Chapter 6 2 pm Wavelength Modulator Demonstrations

N
(@)
1

Insertion Loss (dB)
)
¢

-25

—MzI
—— MZI+Doping 1
—— MZM

1950

1955

1960

1965

Wavelength (nm)

Figure 6.13: Insertion loss of the 2 mm MZM device and its reference
structures.
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Figure 6.14: Eye diagram for MZI modulator at 1956.5 nm wavelength.
(a) Data rate is 10 Gb/s, Extinction ratio is 12.7 dB. (b) Data rate is 20
Gb/s, extinction ratio is 10.3 dB. (c)Data rate is 25 Gb/s, extinction ratio
is 6.25 dB.(d)Data rate is 30 Gb/s, without filtering the eye is not open.
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6.3 Michelson Interferometer Modulator at 2 pm

A Michelson Interferometer modulator, as in Figure 6.15, retains some of the
MZM’s merits such as broad spectral bandwidth and temperature insensitivity,
whilst maintaining a significantly smaller footprint, by doubling the effective op-
tical path length on each arm. Successful silicon-based Michelson Interferometer
modulator devices have been reported in the 1550 nm wavelength band [108]. We
aim to explore the feasibility of Michelson Interferometer modulator at 2 pm and
directly compare its performance against an equivalent MZM with twice as long
a phase shifter length. The phase shifter design is the same as in the previous 2
mm long MZM, the details are specified in section 6.2.1.

EIN

Eoun Mirror

> §, —r\
Mirror

Figure 6.15: Schematic representation of a integrated Michelson Interfer-
ometer with looped mirror on both arms.

6.3.1 Design

The Michelson Interferometer modulator resembles a MZM, but it uses reflectors
to reflect light back from both arms, as shown in Figure 6.16. Therefore, instead of
combining and interfering the light from both arms at a second MMI, the Michelson
interferometer uses the same MMI to split and combine the reflected light. Light
then passes forth and back in total twice in the phase shifter which nearly doubles

the efficiency of the modulator. The phase shifter length is 0.5 mm.

In our design we uses looped mirrors as reflectors. The looped mirror is advanta-
geous in terms of reflectivity but introduces slightly larger optical delays compared
to more compact mirrors such as metal reflector or 1-D photonics crystal mirror.
Figure 6.17 illustrates the looped mirror design, it consists of a 1x2 MMI with

parameters fromTable 6.1 and a section of waveguide arc. The total arc length is
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319.26 pm. The scanner lithography mask layout for the Michelson Interferometer
modulator is shown in Figure 6.16. We do have a alternative 1-D photonics crystal
reflector design but it is not compatible with the DUV lithography process used
with the MPW run, and hence not fabricated.

An MZM with the identical phase shifter design has been placed along side. The
only apparent parameter difference is the phase shifter length, which is 1.0 mm,

twice as long as the Michelson version.

Figure 6.16: Scanner mask layout for the Michelson Interferometer modu-
lator, with 0.5 mm phase shifter length, and looped mirror at one end.
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Figure 6.17: Scanner mask layout for the looped mirror design that has
been used in the Michelson Interferometer.

6.3.2 Results and analysis

The Michelson Interferometer could produce significant back reflections. Hence an
optical isolator between the output TDFA and the device is essential to prevent any
disturbance of the TDFA and seed laser by the back reflection from the measured

device.

In the DC regime, as shown in Figure 6.18, the 0.5 mm long Michelson modulator
have almost identical modulation efficiency as with the 1 mm long MZM. They
both have about half the efficiency of the 2 mm long MZM, which is as expected.
At -4V DC voltage, the 1 mm MZM has a measured modulation efficiency (V,-L;)
of 2.78 V-cm, the Michelson interferometer modulator due to its double passes,

managed to provide around double the performance, reaching 1.36 V-cm.
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Figure 6.18: DC Modulation efficiency of a looped-mirror Michelson inter-
ferometer modulator with 0.5 mm phase shifter length and a Mach-Zehnder
Interferometer modulator with 1.0 mm phase shifter length, compared
against an ideal 1.0 mm active length MZM simulation.

The measurement from loss analysis structures shows a similar result as in MZM
case. The insertion loss of a Michelson interferometer modulator at zero bias is
approximately 3.9 dB. With waveguide loss of about 2.3 dB, doping contributing
to about 1.0 dB and metal and via contributing to the remaining 0.6 dB.
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Figure 6.19: Insertion loss of the 0.5 mm Michelson interferometer modu-
lator and its reference structures.
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In the RF characterisation of the device, only single arm is used. The RF 27 — 1
psuedorandom-bit-stream OOK signal output from BPG is amplified from 900 mV
to 4 V peak-to-peak with an SHF S804A linear amplifier. The DC bias voltage
is -2 V for the looped mirror Michelson modulator and -2.2 V for the MZM. To
operating both device at the quadrature point, the wavelengths picked are 1954.10
nm for the Michelson modulator and 1955.10 nm for the MZM. The Michelson
modulator with 0.5 mm long phase shifter gives extinction ratio of 1.45 dB at
8Ghit /s datarate, and extinction ratio of 0.8dB at 20 Gbit/s datarate. The MZM
with 1.0 mm phase shifter gives extinction ratio of 1.98 dB at 8Gbit/s datarate,
and extinction ratio of 1.97dB at 20 Gbit/s datarate. The 1 mm MZM is expected

to provide lower extinction ratio than the 2 mm version tested earlier.
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Figure 6.20: Eye diagram for 0.5 mm Michelson Interferometer modulator
and 1 mm MZI modulator at 1950 nm wavelength.

The degradation of the extinction ratio at 20 Gbit/s datarate for the Michelson
modulator is likely due to the mismatch of electrical and optical signal propaga-
tion, since the electrode is optimised for MZI and it is unchanged in Michelson.
The effective index of RF electrical signal propagation matches closely to the opti-

cal group index. Thus in MZI, the electrical signal and optical signal co-propagate
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and the modulation effect is accumulated along along the device. In the Michel-
son interferometer however, that condition does not hold. For moderately low
datarate, there is still long enough electro-optical interaction time, but at high
datarate for example in the case of 20Gbit/s, the RF modulation efficiency drops
significantly.

6.4 PAM4 modulation at 2 pym

PAM4 uses 4 distinctive levels to encode 2 bits data per baud. For a system
with limited bandwidth but relatively large extinction ratio, adopting PAM4 can

essentially exploit the given bandwidth and offers overall higher data rate.

As industry moves to higher data rate, PAM4 has gradually become a essential
standard in both optical (400G ethernet) and electrical (PCIE 4.0) fields.

6.4.1 Existing Optical PAM4 modulation architectures with
MZMs

There are mainly three variants to generate optical PAM4 signal with MZMs.

Figure 6.21(a) illustrates a standard travelling waveguide MZM with a PAM4
electrical drive signal. The PAM4 electrical signal signal is normal generated by
merging two NRZ signal with an electrical digital-to analogue converter (DAC).
It is however very difficult to design a high performance DAC, or in terms of the
price, not cost effective to be used in a real product. Furthermore, the electrical
PAMA4 signal quality is often inferior than a OOK signal, due to the constrains in
electronics. Lastly, PAM4 requires high optical ER (at least 4 6 dB) than OOK
for a similar BER performance. Therefore in a single MZM, the length needs to
be extended; but this will have adverse effect in bandwidth.

The second option is to resort to a segmented MZM as shown in figure 6.21(b).
Compared to the previous standard MZM, this shortens arm length on each seg-
ment and helps maintain a high bandwidth. On both segments it uses NRZ electri-
cal driving signal , which involves no DAC and is easier to generate. Nevertheless,
the segmented design is inherently subject to delay issue. The most significant bit

(MSB) and most significant bit (LSB) driving signal need to be precisely tuned to



Chapter 6 2 pm Wavelength Modulator Demonstrations 83

offset the delay in the optical link. Controlled delays in high datarate signal could

be rather challenging to implement.

In Figure 6.21(c) a pair of parallel MZMs are used to implement a PAM4 trans-
mitter. Both MZMs are identical in length, eliminating the delay issue. The MSB
side then requires 6dB more amplified NRZ signal than the LSB side. Extra phase
shifters (often thermal) need to be added to fine tune the phase of optical MSB
signal and LSB signal so that they match each other. Since each modulator is only
modulating half of the total input light, the driving peak-to-peak voltage would

be higher than the segmented version to achieve the same ER.
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(c) Parallel MZM with regulated dual NRZ drive signal.

Figure 6.21: Three commonly used optical PAM4 modulation setups with
MZMs.

6.4.2 Proposed Streamlined IMDD PAM4 with Dual-Drive
MZM

We proposed a streamlined method to implement PAM4 transmitter with a stan-
dard MZM and minimal modification of current characterisation setup. As illus-
trated in figure 6.22 the PAM4 signal are generated by feeding NRZ electrical
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signal with different peak-to-peak power into two arms of the MZM respectively.
At the detection end, any phase information has been discarded and only inten-
sity information are interpreted. The full link is called intensity-modulation, direct
detection (IMDD).

N,yz_}-_» ﬂﬂjv MSB ]-\f\j

1l

| >
S a— i

Light out
NRZ 2_> j H th
LSB

Figure 6.22: Proposed streamlined PAM4 modulation with dual-drive
MZM. RV stands for reverse bias voltage. The upper arm NRZ 1 sig-
nal is been amplified 6 dB than the lower arm NRZ 2 signal. The more
amplified drive signal carries the MSB and the other carries the LSB.

To proof the validity of the method, we need to analyse the system mathemati-
cally. Equation 3.12 provides the transfer function of a 1x1 MZI. To simplify the
calculation, assume there is no loss in each arm and ignore the plasma dispersion

effect induced loss.

E 171 j(wt— j(wt—
E?IIJJVT ~ 5[6]( $1) 4 il ¢2)] (6.1)
1492
e11ee 1—¢2
— T2 cos (¢T¢) (6.2)
where w is the argument, which corresponds to the phase. And | coS (—d)lgdﬁ) } is

the magnitude, which corresponds to the amplitude. The phase shift on each arm
¢; consists inherent propagation delay ¢! and phase shifter induced delay Ag;.
If assume the phase shifter response is linear, the phase change A¢; induced is

linearly propositional to the reverse bias voltage V; imposed.

b=+ Doy~ g 4l (63
br = Gy + Ay ~ 6 + T2 (6.4

Va
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When operating at the quadrature point, ¢] — ¢, = /2. Therefore,

E 1 [¢itds  «
% — _63[ 2 +2v7,(‘/1+‘/2)} . [(b 5 ¢2 2V (V1 Vz)} (6.5)
IN
¢+,
_t ][ +2V (V1+V2)} . o
S Ccos [ + oV (V1 Vz)] (6.6)

The reverse bias voltages V; consists a DC bias voltage Vs, and a RF AC signal
with peak-to-peak voltage of V.

v

‘/1 - %iasl + 1;1?1 (67)
V.

‘/2 - ‘/biaSQ + p2P2 (68)

If Vip, = 2Vpp Vi, = Vpp, Vi and V5 can then take these four distinctive levels.

(‘/biasl ‘/Enasz) =+ %(V;Jm + ‘/;)pg)
Vias1 Vzas + 1 V V
‘/1_‘/2: ( b b 2) i( pp1 ppz) (6.9)
(Vl7ia81 V6na82) + 5( pp1 + Vppz)
L (%iasl Vinasz) + %( pp1 VZDP2)
(‘/biasl ‘/bm82) + gv;’l’
Vzasl V’LCLSQ + lv
_ W hoss) > (6.10)
(%iasl ‘/bzasz ) 2 V;?p
L (‘/bmsl ‘/bmsz) %‘/pp
Since,
Loyr — cos? | = + L(Vl —V3) (6.11)
IIN 2V7T

Therefore the output intensity will also take four distinctive levels, if max(V; —
V) < Vi/2. The phase information however is lost in the detection, and the
whole system is effectively a PAM4 transmission and detection. But due to the
residue phase in each output level, coherent application is not possible with this
scheme. The linearity of PAM can be improved by choosing a RF driving signal
with moderately small peak-to-peak voltage V.
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Also if V,,, = Vpp Vip, = Vpp, Vi and V5 can then take three distinctive levels.

(‘/biasl - %iGSQ) + ‘/pp
Vvl - ‘/2 - (%iaﬁ - ‘/biaSQ) +0 (6]‘2)
(%iaﬁ - %iasg) - ‘/;)p

It is now a transmitter with a 3-level dual-binary signal output.

We now proved analytically the proposed dual drive single MZM PAM-4 is feasible.
Please note, there are two major assumptions where we ignored the carrier effect
induced loss and assumed phase shifter response against voltage is linear. However
in real experiment, the actual response should not deviate too much from the

prediction and the results should still remain valid.

We have build a rudimentary proof-of-principle simulation in Lumerical Intercon-
nect to testify our argument. We feed two streams of 25 Gbit/s PRBS signals into
each arm of a MZM. The bias voltage is -4 V on both arms and the peak-to-peak
voltages of the RF signal are 1 V and 2 V, corresponding to least significant bit
(LSB) and most significant bit (MSB) respectively. We have build a full coherent
detector in order to capture both phase and amplitude information and hence to
generate a constellation diagram. Figure 6.23(a) shows the raw constellation dia-
gram showing all the transitions between states. And when plot the heat map of
these transitions, we can clearly distinguish four PAM 4 states as in figure 6.23(b).
The figure 6.24 shows the direct oscilloscope view of the signal output from such

transmitter and it is indeed a optical PAM4 signal.
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Figure 6.23: Simulated constellation diagram of signal output from a

streamlined PAM4 transmitter.
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Figure 6.24: Simulated raw oscilloscope view of the signal output of the

transmitter.
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6.4.3 PAM4 Experiment Results in 2 pm

The same MZM with 2 mm phase shifter length in the previous chapter is used
to perform the PAM4 experiment. We have applied -4.5 V reverse bias on both
arms. The LSB arm are feed with RF signal with peak-to-peak voltage of 2 V
directly output from the BPG. While for the MSB arm, the signal are amplified
by the linear amplifier to provide 4 V peak-to-peak voltage. The two channels
are independent 27 — 1 PRBS signals. The delays between the channels are ad-
justed in BPG to compensate propagation delay difference in cable. The operation

wavelength used is 1956.5 nm.
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Figure 6.25: Eye diagram showing PAM4 operation of a 2 mm MZI mod-
ulator at 1950 nm wavelength.

Figure 6.25a shows the eye diagram of a 20 Gbit/s PAMA4 signal (10 Gbaud/s),
with an extinction ratio of ERyy_1; = 8.9dB. Figure 6.25b shows the eye diagram
of a 25Gbit/s PAM4 signal (12.5 Gbaud/s), with an extinction ratio of ERgy_11 =
20dB. The usually high extinction ratio is due to the device is not operating at
the quadrature point. We have also tested the 30 Gbit/s PAM 4 signal as in figure
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6.25¢, the eye however is not opening. PAM4 is a good way to improve the data

rate when the bandwidth is limited but there is plenty of extinction ratio.






Chapter 7

Conclusions and Future work

7.1 Conclusions

The 2 pm communication window could be one of the solutions to mitigate the
capacity crunch and it can be jointly used with other powerful method such as spa-
tial division multiplexing to further delay the crunch. The 2 pm wavelength band
is originally arisen from the predicted lowest loss window of the next-generation
hollow core fibres, which offer low loss, low nonlinearity, low latency and many
other advantages over incumbent SMF fibres. Those favourable properties can
greatly improve SE compared to a SMF system. Also a larger optical bandwidth
(1700-2200 nm), three times bandwidth of the C+L band, is becoming available

thanks to thulium ion and holmium ion doped fibre amplifiers.

Multiple system-level 2 pm communication links have been demonstrated with the
highest total capacity reaching 100 Gbit/s. The modulation however uses directly
modulated ITI-V lasers with limited speed, or external commercial LiNbO3 mod-
ulators with high drive voltages, or InP MZMs which are not CMOS compatible.

The 2 pm window has one extra vital advantage: compatibility with the silicon
photonics SOI platform. Being CMOS compatible means full leverage of high yield
low cost manufacturer capability. The small device size with silicon photonics also
ensures that a system-level integration of a whole transceiver with WDM becomes
feasible. In silicon, a 20 Gbit/s defect detector sensitive at 2 pm wavelength
has previous been realised, which paves the way of a silicon based transceiver [21].

However, prior to our work in this thesis, there have been very few demonstrations
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of high-speed silicon modulators. Only IBM has demonstrated a 3 Gbit/s carrier

injection modulator operating at 2 pm wavelength in 2012.

The works in this thesis however have addressed this by demonstrating a 25 Gbit/s
carrier depletion silicon MZM operating in the 2 pm wavelength band. A 25 Gbit/s
PAM4 operation have also been demonstrated with the same device. We have also
explored the Michelson interferometer modulator, and have achieved an efficiency
of 1.36 V-cm and capable of operating at 20Gbit/s. In one of the older fabrication
runs, we have also published a broadband device modulating both at 1550 nm and
1950 nm wavelengths. At 1950 nm it reaches a datarate of 20 Gbit/s and at 1550
nm it reaches a datarate of 30 Gbit/s. These works are, at the date of writing,

the state of the art, as summarised in table 7.1.

Table 7.1: High-speed 2 pm-band silicon modulators including our works.

Ref V,.-L, &E}I’_ﬂ?&t Dz:;)?te Loss Length
2011]_3)1\[/150] 1.2V.cm Injection OOK ?é%z/g 9dB lmm
'I?l?iisw[ir(')lj]l 2.68V.-cm Depletion OOK 250(;(5%8 13dB 1.5mm
’I‘zl?lisw[;fl: ]1 4.4V.-cm Injection OOK 2%3/§ - Ring
20%\?11%02] - Depletion OOK 12.5Gb/s  3.2dB 1.5mm
igif/[ssfi 2.1V-cm Depletion OOK 12.5Gb/s - Ring
Tzk?iigw[iflfg 2.89V.cm Depletion OOK 2652%35 5.25dB 2mm
. 2019 2.89V.cm Depletion PAM4 25Gb/s 5.25dB 2mm
This work 2
ThiSZ(\);:(?rk 9 1.36V-cm Depletion OOK ZSSEE/BS 3.9dB (M(icir:lrsr(l)n)

To successfully design a high-speed silicon MZM at 2 pm requires both understand-
ing of high-speed MZM in general at transitional telecommunication wavelengths
as well as the idiosyncrasies of 2 pm. By analysing the plasma dispersion mod-

ulation effect analytically and through numerical simulations, a bigger picture of
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the modulator design trade-offs has been framed. In general an optimal design
choice needs to starts from applications and specifications. A standard paradigm
modulator design in PDK for example may not be suitable for all applications and
operating conditions. Moreover, extra measures need to be taken when designing
a 2 pm modulator, where the longer wavelength causes a swelled mode. Larger
bend radius, higher metal and doping clearing spacing, larger waveguide dimen-
sions are some of the things to be considered to mitigate issues. For example, the
highly-doped regions and metal contact vias should be positioned further away to
reduce the interaction between the 2 nm optical mode, resulting in an inferior RF
performance. The plasma dispersion effect at 2 pm are higher than 1550 nm wave-
length, however it is been counter-balanced by the longer wavelength, resulting to

a similarly length devices at 2 nm and at 1550 nm.

7.2 Future works

In 220 nm silicon thickness SOI, due to the further placement of highly-doped
region the RF performance of the 2 pm modulator is affected. This could however
be mitigated by migrating to a thicker SOI platform with, for example, 340 nm
or 500 nm silicon top layer. In these cases, given similar slab thickness as in
the 220 nm SOI platform (to maintain similar RF properties), the optical mode
retreats further from the slab region and is better confined in the rib part of the
waveguide hence minimizing the interaction with the highly-doped regions in the
slab. However, a thicker silicon layer may also imply a higher capacitance due
to a larger depletion region area. The capacitance will also adversely affect the
high-speed performance. Therefore 500 nm might be too thick and 340 nm may
become the sweet spot. But all these are to be find out by actually designing such

devices in various platforms in the future.

Another direction worth exploring is the WDM. AMMI is capable of a 4-channel
CWMD with 20 nm channel spacing at 2 pm wavelength band. This can be added
to an array of modulators to form a mini WDM system. Electrode design with
awareness of flip-chip bonding of integrated driver are also worth developing. A
further vision would be to design and fabricate a 2 pm silicon photonics transceiver
with wire-bonding or flip-chip bonding integrated driver. The transceiver can then
be used in various telecommunication transmission tests either back-to-back or

going through kilometres of hollow-core fibres.
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If exploring further beyond silicon, germanium becomes transparent in 2 pm wave-
length, making germanium on insulator a promising platform. In germanium, the
free carrier effect in 2 pm wavelength is on par with silicon. The higher refrac-
tive index of germanium provides a better refractive index contrast against the
cladding and hence beneficial in terms of a tighter mode confinement. There-
fore, we could expect higher high speed performance by being able to place the
electrode and highly-doped region closer. Furthermore, a GeSn alloy opens up
Franz-Keldysh effect by effectively shifting absorption edge right into the region
of 2-3 pm wavelength. The absorption edge can be shifted by external electrical
signal. An absorption type modulator based on the effect can offer a superior

high-speed performance.

Other field effect modulation mechanism can also be exploited by adopting materi-
als with high Pockels effect, such LiNbO3, BaTiO; (BTO), PbZr,Ti;_,O3 (PZT).
These material can be integrated into a silicon platform and providing not only
solid high-speed performance due to lack of free carriers but also highly efficient
modulation. The high efficiency implies a compact and low power consumption

structure, which is highly desirable in numerous applications such as LIDAR.



Appendix A

MMI Theory

A.1 Multi-Mode Interference Device Self-Imaging

Conditions

The self-imaging theory of multi-mode interference devices were initially published
by Soldano et al. in 1995 [73] and thereafter forms the theoretical basis of all MMI
devices as well as the later AMMI device family. Since many of the designs in this
project depend on self-imaging theory as their underlying principle, it is worthy
elaborating on it here.

he ny

=
T

W () _E
é

—
y '\ y

Figure A.1: The schematic of step-index multi-mode structure with core
refractive index n, and the cladding refractive index n.. The width of the
multi-mode waveguide is Wy Extract from Soladno et al.[73]

The core of a multi-mode interference device (MMI) is a multi-mode waveguide.

The Figure A.1 illustrates the generic features of such waveguide, with width
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Wrar and core refractive index n, higher than the cladding refractive index n..
Light propagates along positive z direction. The transverse mode pattern is in y
direction with mode number v = 0,1, ...(m — 1). According to light propagation
theory in a waveguide, the lateral wavenumber, £, and the propagation constant,

By = k.., need to satisfy the following dispersion relationship: [73]

2+ 82 = ki (A1)
where,
2T
(v+ 1)
ky, = ——— A3
Yy Weff,v ( )

where \ is the free-space propagation wavelength. And we assumed infinite x, so
that the whole multi-mode section can be approximated to a 2D model. The term
on the right hand side of the equation then uses n, as refractive index. Whereas
for actual 3D device one has to account for upper and lower cladding in x direction
and instead use n.s¢ accordingly. Wy, is the effective width of each mode, which
is determined by Goos-Héhnchen shifts [109]. In Silicon-on-insulator waveguide,
since the core/cladding contrast is high, the effective width of higher mode Wy,
is approximately equal to the effective width of fundamental mode W,yso. It can

be further approximated to the multimode waveguide width Wy, ;. ie:

Weppo = Wepro = Wamr (A.4)
Since also k7, < kgn?, [73]
(v+1)2m
/87.] ~ konr " — (A5)
4n€ffWe2ff,v

The beat length of the fundamental mode and first mode is then [73]

. m - Aneyy Wezf fo
Bo — B 3A

L, (A.6)
The arbitrary propagation constant difference from the fundamental mode can be
simplified as: [73]

v+ 2)m

Bo — B ~ T (A.7)
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Figure A.2: The multi-mode waveguide width is Wy, with core refrac-
tive index n, and cladding refractive index n.. The input signal ¥(y,0)
propagates along the multi-mode waveguide exhibits a direct single image
at 2(3L,), and an inverted single image at (3L,) and two two-fold images
at $(3L,) and 3(3L,) respectively.

Consider an arbitrary input signal propagating from z=0 into the multi-mode
waveguide. Since the all modes in the waveguide form an orthonormal basis, the

input signal can thus be represented as the linear combination of those modes:
=Y cwn) (A8)

where ¢, is coefficients representing the portion of each mode in input signal. If

we ignore the radiation mode and consider the confined mode only:

m—1
U(y,0) = > cuthu(y) (A.9)
v=0
As the signal propagates along z: [73]
m—1
U(y,z,t) = ) cotho(y) explj(wt — Bu2)] (A.10)

I
o

v

If we drop the time dependence exp(jwt); and absorb the common fundamental

mode term exp(—jfpz) into the constant ¢,, Equation A.10 transforms into: [73]

-1

\Ij(yv Z) = C’U¢U( )eXp[j(BO - /BU)Z] (All)

3

i
o
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Take z = L and substitute Equation A.7 into Equation A.11: [73]

m—1

ch% eXp[ (U;Lr 2 L]

v=

If meeting the following condition:
L =p(3L,) wherep=0,1,2....

The exponential part of Equation A.12: [73]

-ML] 1

exp |:j Y p is even

2
exp [jv(vg#lz} =(—=1)" pisodd

Also due to the symmetry of transverse modes:

gy =4 W e ) = ()
—y () v is odd
Thus,
Uy p3L) = 3 cutly) = ¥(5.0) p s even
U(ypGL) = 5 ctly)(-1) = B-p.0) pis odd

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

Therefore in the case of L = p(3L,), the multi-mode waveguide produces direct

self-image of input signal when p is even and produces inverted self-image when p

is odd. (Figure A.2)

A.1.1 Multi-fold self-imaging conditions in MMI

Consider the two-fold self-imaging condition, when

L=

l\DI%

(3L ) where p =1, 3,5...

(A.17)
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then [73]
(1,5 (3L)) = m cotbu(y) exp [jo(v +2p(3 )| (A18)
- U;n cothu(y) + X;d (=j) entu(y) (A.19)
1+ (Q_j)qu(y,o) N #qj(_%o) (A.20)

This implies at such distance L = g(BL,,) where p = 1, 3,5..., the multi-mode
waveguide produces a direct image and an inverted image simultaneously and both

with half of the power (\/L5 of the amplitude) as the original ¥(—y,0) signal.

Soldano et al. further generalised the result and concluded that N-fold image will
then be produced at [73]

p
L= N(SLW) (A.21)

where integer p > 0 and integer N > 1 have no common divisor. The power of

each N-fold sub image will split the power equally among each other.
Substitute beat length from Equation A.6 into Equation A.21:

_ 4Nneffvvesz _ 4Nn€ffW]%/[M[
- A - A

(A.22)

Indeed in the case of N=2, as in Figure 3.2(b), the MMI is used as a 2x2 3dB

coupler.

As indicagted in Figure 3.2, in the case of N=2, the MMI is used as 2x2 3dB

coupler.

A.1.2 Restricted Interference with symmetrical mode only

excitation

As for a 1x2 splitter implemented by MMI (with singled end in the middle of the
MMI), the total device length can be effectively shortened into one quarter. This

is achieved by exciting only the even symmetric modes in MMI. Because we have

mody[v(v +2)] =0 where v is even (A.23)
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If we excite even symmetrical mode by placing the input access waveguide in the

middle, single images of the input field will now be obtained at

L —

3

(3L) where p=0,1,2... (A.24)

In general for N-fold images,

L=-2(3Ly) wherep=0,1,2... (A.25)

A.2 Bandwidth analysis of MMI

For a MMI with a given length L, the centre wavelength A. is as following;:

_ 4NneffWe2ff Ny 4Nn€ffW]%4MI
¢ L - L

(A.26)

Any wavelength deviation from the centre wavelength will cause excessive loss.
According to equation A.22; the perturbation in wavelength is related to pertur-

bation of length:

[0A]_ oL|

== (A.27)

Each wavelength will have there own optimal MMI length, the image forms at the
output of a MMI at different wavelength will be slightly in front or behind the
output collecting waveguide (§ L). The loss can be calculated from the overlap
factor between the image produced at the output of MMI and the optical mode of
the collecting output waveguide. For a single mode input and output waveguide,
the optical mode can be approximated by Gaussian beams with beam waist of
wy. At centre wavelength \. it focuses at length L. The wavelength perturbation
will shift the focus position to L+d. The excessive optical loss due to mode mis-
match can then by found be calculating the overlap factor T. Besse et al [110] has
analytically worked out, for excess loss a = —10log10(7T),

2
0L < 7 WG

(A.28)

C
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with

P \/(4 —5T2) + /(4 — 5T?)2 — 16T2(T? — 1)

77 (A.29)
The optical bandwidth 2[0)| is then
2
210 ~ 710 (A.30)
TWiA
=72 (A.31)
ANWZ 00

For excessive insertion loss of 0.5 dB, the Z is approximately 0.5. Therefore the

0L is about a quarter of the Rayleigh length of the Gaussian beam.

2
TWEAe

for excessive loss of 0.5 dB (A.32)
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Appendix B Plasma-dispersion Coefficients in Silicon

Table B.1: Coefficients for free-carrier electro-refraction/absorption effect

in Silicon at 1.3pum-14pm [49]

Wavelength, -An Aa

A(pm) p (em?) q r (em3) s a(em?) b c(em?) d

1.3 2.98E-22 1.016 1.25E-18 0.835 3.48E-22 1.229 1.02E-19 1.089
1.55 5.40E-22 1.011 1.53E-18 0.838 8.88E-21 1.167 5.84E-20 1.109
2.0 1.91E-21 0.992 2.28E-18 0.841 3.22E-20 1.149 6.21E-20 1.119
2.5 5 70E-21 0.976 5.19E-18 0.832 1.67E-20 1.169 8.08E-20 1.123
3.0 6.57E-21 0.981 3.62E-18 0.849 6.29E-21 1.193 3.40E-20 1.151
3.5 6.95E-21 0.986 9.28E-18 0.837 3.10E-21 1.210 6.05E-20 1.145
4.0 7.25E-21 0.991 9.99E-18 0.839 7.45E-22 1.245 5.43E-20 1.153
4.5 1.19E-20 0.985 1.29E-17 0.838 2.16E-22 1.277 5.58E-20 1.158
5.0 2.46E-20 0.973 2.03E-17 0.833 9.28E-23 1.299 6.65E-20 1.160
5.5 3.64E-20 0.968 3.31E-17 0.826 4.58E-23 1.319 8.53E-20 1.159
6.0 4.96E-20 0.965 6.91E-17 0.812 3.26E-23 1.330 1.53E-19 1.149
6.5 5.91E-20 0.964 &.23E-17 0.812 2.70E-23 1.338 1.22E-19 1.158
7.0 5.52E-20 0.969 1.15E-16 0.807 2.25E-23 1.345 1.29E-19 1.160
7.5 3.19E-20 0.984 4.81E-16 0.776 1.36E-23 1.359 9.99E-20 1.170
8.0 3.56E-20 0.984 7.44E-16 0.769 1.85E-23 1.354 1.32E-19 1.167
8.5 8.65E-20 0.966 7.11E-16 0.774 3.05E-23 1.345 1.57E-18 1.111
9.0 2.09E-19 0.948 5.29E-16 0.783 4.08E-23 1.340 1.45E-18 1.115
9.5 2.07E-19 0.951 9.72E-16 0.772 4.14E-23 1.341 1.70E-18 1.115
10.0 3.01E-19 0.944 1.22E-15 0.769 3.81E-23 1.344 1.25E-18 1.125
10.5 5.07E-19 0.934 1.16E-15 0.772 4.23E-23 1.344 &.14E-18 1.137
11.0 1.51E-19 0.965 3.16E-15 0.750 5.81E-23 1.338 1.55E-18 1.124
11.5 2.19E-19 0.958 1.51E-14 0.716 8.20E-23 1.331 4.81E-18 1.100
12.0 3.04E-19 0.953 2.71E-14 0.704 1.13E-22 1.325 4.72E-18 1.102
12.5 4.44FE-19 0.912 2.65E-14 0.706 1.22E-22 1.324 2.09E-18 1.124
13.0 6.96E-19 0.936 2.94E-14 0.705 1.09E-22 1.328 1.16E-18 1.140
13.5 1.05E-18 0.928 6.85E-14 0.686 1.20E-22 1.327 2.01E-18 1.130
14.0 1.45E-18 0.922 2.60E-13 0.656 1.62E-22 1.321 7.52E-18 1.101
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