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Nederlandse samenvatting
—Summary in Dutch-

In de huidige tijd is het moeilijk om zich het leven zonder communicatie voor
te stellen. In de voorbije decennia is de athankelijkheid van optische communi-
catie steeds maar toegenomen. Optische communicatie heeft ingang gevonden
(en is zelfs noodzakelijk) bij zowel korte- als lange-afstandscommunicatie. Ook
on-chip communicatie en computing toepassingen steunen meer en meer op
het gebruik van optica en fotonica.

Groeiende behoeftes om grote hoeveelheden data te transporteren, een
steeds diepere penetratie van multimedia in ons dagelijks leven, de behoefte
aan snelle processoren voor computers en een snel expanderende e-commercie
sector hebben tot een ongeziene vraag geleid naar een nieuwe generatie van
snellere en kleinere (on-chip) componenten met laag vermogenverbruik. Om-
wille van deze vraag is een breder gamma van nieuwe optische oplossingen
vereist. Verschillende optische en fotonische platformen hebben als basis ge-
diend om de nieuwe componenten te ontwikkelen. Deze platformen omvatten
o.a. Inp silicium, silica, polymeer of een combinatie van deze materialen. On-
der al deze platformen wordt het siliciumplatform beschouwd als het meest
belovende. De voornaamste reden is dat het siliciumplatform toelaat om de
optische componenten op goedkope manier te fabriceren gebruik makend van
de standaard halfgeleiderfabricatietechnieken (CMOS) en om deze compo-
nenten te integreren met micro-electronische chips. Silicium fotonische chips
kunnen zorgen voor een goedkope en hoogperformante implementatie van
optische modulatie en signaalverwerking. Maar het genereren van een optisch
signaal zelf, gebruik makend van een kleine, elektrisch gepompte silicium chip,
is momenteel praktisch onmogelijk. Deze fundamentele beperking is te wijten
aan het indirecte bandendiagram van silicium. Aan de andere kant is het InP
platform wel geschikt voor het genereren, transporteren, verwerken en detec-
teren van optische signalen, maar het is een duur platform. Een veelbelovende
aanpak voor het maken van multifunctionele fotonische chips is evenwel om
silicium te gebruiken voor de routeringspaden en het te combineren met InP
voor de andere optische functionaliteiten en om de CMOS fabricatieprocessen
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ook voor InP te gebruiken. Deze combinatie laat toe om een brede waaier aan
mogelijke optische functionaliteiten te implementeren en heeft het voordeel
dat de fabricatie relatief goedkoop is. Dit is dan ook de belangrijkste motiva-
tie geweest voor het uitvoeren van het werk beschreven in dit doctoraat. De
optische functionaliteiten worden gerealiseerd in I1I-V materiaal terwijl de SOI
golfgeleiders dienen als transportmedium voor het licht. De III-V componenten
hebben de vorm van microschijven omwillen van hun potentieel laag vermo-
genverbruik en hun potentieel kleine voetafdruk. In het onderzoekswerk hier
beschreven is de uitbuiting van twee belangrijke fenomenen in microschijven -
laserwerking en het bestaan van resonanties in de transmissiekarakteristieken
- essentieel voor de gerealiseerde optische functionaliteiten. In dit hoofdstuk
wordt een korte samenvatting van de bekomen resultaten gegeven.

Optische flip-flops: De optische flip-flops die onderzocht werden zijn geba-
seerd op op microschijflasers in CW werking. In theorie kan men verschillende
werkingsregimes onderscheiden bij deze lasers: bidirectionele werking, alter-
nerende oscillaties en unidirectionele (bistabiele) werking. In de praktijk wordt
de bistabiliteit niet gemakkelijk waargenomen omdat er koppeling is tussen
de mode in wijzerzin en deze in tegenwijzerzin. Deze koppeling vindt haar
oorsprong voornamelijk in de verstrooiing tgv. de oppervlakteruwheid van de
zijwanden van de microschijf. Door het gebruik van een geéptimiseerd recept
voor het etsen van microschijven met gladde zijwanden werd evenwel bista-
biliteit bekomen in microschijflasers met een diameter van slechts 7.5pum. De
flip-flop werking werd bekomen door het schakelen tussen de wijzerzin- en te-
genwijzerzinmode, bij een stroom van 3.5 mA voor de microschijflaser, waarbij
deze laatste in bistabiel regime werkte. Het schakelen werd geinduceerd door
de injectie van korte optische pulsen in de laser, pulsen met een golflengte
die nagenoeg gelijk was aan de golflengte van de laserende mode. De flip-flop
werkte in CW regime met een elektrische vermogenconsumptie van slechts een
paar mW en liet schakelen toe in 60 ps met behulp van schakelpulsen met een
energie van 1.8 f]. Dit is de enige totnogtoe gerapporteerde elektrisch-gepompte
en CW-opererende optische flip-flop gerealiseerd in III-V-op-silicium.

Optische poorten: Optische poortwerking vormt een tweede fundamentele
functionaliteit die met behulp van III-V-op-Si microschijven kan geimplemen-
teerd worden. Voor deze toepassing dienen de schijven ook niet noodzakelijk
van stroom voorzien te worden. De resonanties in de transmissie van de mi-
croschijfresonatoren kunnen gemanipuleerd worden in een zgn. pomp-probe
configuratie. De manipulatie van de transmissieresonanties vindt trouwens
ook toepassing in bv. golflengteconversie, tijdsdomeindemultiplexering en
formatconversie van optische data.
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Werking als optische poort werd gerealiseerd in microschijfresonatoren met
een probebundel afgestemd op één van de resonanties en een pompbundel
afgestemd op een andere resonantie. De transmissiekarakteristiek van de mi-
croschijf werd veranderd doordat de pompbundel, met hoog vermogen, via
absorptie vrije ladingdragers creéert in de microschijf, hetgeen leidt tot een
verschijving van de transmissienullen naar kortere golflengtes. Door gebruik
te maken van een korte-pulstrein als pomp wordt afwisselend een hoog of laag
uitgangsvermogen bij de probegolflengte bekomen tgv. een periodische ver-
schuiving van de resonantie rond de probegolflengte. Wanneer de probegolf-
lengte iets korter is dan de golflengte waarbij een transmissienul optreedt, zal
in afwezigheid van een pomppuls het uitgangsvermogen hoog zijn en de poort
dus open, terwijl in aanwezigheid van een pomppuls het uitgangsvermogen
laag zal zijn en de poort dus gesloten. In een eerste reeks experimenten werd
poortwerking bij 10GHz gerealiseerd in een microschijf van 10 m diameter, en
mits het aanleggen van een negatieve spanning van 1 Volt. Het gemiddeld ver-
mogen van pomp- en probebundel in de SOI golfgeleider was 4 mW en 170 u
W respectievelijk. De stijg- en daaltijd voor de poortuitgang waren 85 en 41.5
ps respectievelijk. In een tweede serie experimenten, ditmaal met een compo-
nent die volledig in een 200 mm CMOS pilootlijn werd gefabriceerd, werd de
performantie nog verbeterd. De poortwerking werd gerealiseerd bij 10GHz met
een microschijf met diameter 7.5 ym en ditmaal zonder toepassing van enige
elektrische spanning of stroom. Het gemiddeld vermogen van pomp en probe-
bundel in de SOI golfgeleider was 1.5 mW en 375 uW respectievelijk en stijg-
en daaltijd waren 18.6 en 26.4ps respectievelijk. Een dergelijke snelle werking
impliceert dat er potentieel is om deze componenten te laten werken voorbij 20
GHz.

Optische golflengteconversie: ’'Bias’-loze optische golflengteconversie kan
gerealiseerd worden in een pomp-probe configuratie door de pulstrein voor
de pomp te vervangen door optische data. De informatie omvat in de data bij
één resonantiegolflengte kan dan worden gecopieerd naar de probebundel bij
een andere resonantiegolflengte. Het gebruik van kleinere microschijven met
een grotere 'vrij spectraal bereik’ ( 'free spectral range’) kan zelfs de golflengte-
conversie toelaten van de ene telecomband naar de andere, bv. van de C- naar
de L-band. Optische golflengteconversie werd gedemonstreerd van 1550.1nm
naar 1580.9 nm voor 10 Gbit/s PRBS NRZ data. Foutvrije werking met een ver-
mogenspenalty van ongeveer 3.5 dB werd bekomen.

Optische tijdsdomeindemultiplexering: Deze toepassing is gebaseerd op het
feit dat optische data al of niet bij de resonantiegolflengte liggen afhankelijk
van het vermogen van de optische klok. In essentie is de optische klok de pomp



en vormen de optische data de probebundel. Indien de optische data naar de
microschijf gestuurd worden, dan zal aan de uitgang het vermogen hoog of
laag zijn wanneer de klok (bij een resonantiegolflengte) een hoog dan wel laag
vermogen heeft. Op basis van dit principe werd optische demultiplexering van
10 Gbit/s NRZ data gedemonstreerd, dit zowel voor een 5 GHz als een 2.5 GHz
klok. Het is verder ook vermeldenswaardig dat ook deze experimenten gedaan
werden zonder toepassing van elektrische bias, net zoals bij de optische poor-
ten en de golflengteconversie.

Optische data formatconversie: De optische functionaliteiten die in de vo-
rige paragrafen besproken werden kunnen nuttig zijn voor zowel on-chip als
off-chip communicatie. Optische data formatconversie van NRZ naar RZ daar-
entegen is waarschijnlijk alleen interessant voor lange-afstands-communicatie
en dus off-chip communicatie.

Het principe waarop de format conversie gebaseerd is, is gelijkaaardig aan dat
van de optische tijdsdomeinmultiplexering. Alleen is bij formatconversie de
pulsduur van de optische klokpulsen korter dan de duur van een bit. De op-
tische data blijven gekoppeld in de microschijf zolang het vermogen van de
optische klok laag is. Wanneer het vermogen van de klok hoog is worden de
data niet meer in de schijf gekoppeld voor de duur van de klok. Op die manier is
het vermogen aan de uitgang van de busgolfgeleider enkel hoog wanneer zowel
de data als de klok een hoog vermogen hebben. Wegens het verschil in tijdsduur
tussen de klok en de data bit is de tijdsduur van de databit aan de uitgang korter
dan de initiele tijdsduur. Dit is een soort pulsinkorting van de databit. Dit feno-
meen resulteert in conversie van NRZ naar RZ. Gebruikmakend van dit principe
werd biasvrije en foutvrije formatconversie (van NRZ naar RZ) bekomen van 10
Gbit/s data met een vermogenpenalty van ongeveer ~3.6 dB.



English summary

In the present era, its difficult to imagine life without communication. There has
been increased reliance on optical communication in the past few decades. Op-
tical communication has made its presence ( and even has become necessary)
for short distance as well as long distance communication. On-chip commu-
nication and computing applications are relying more and more on the use of
optics and photonics.

Growing needs to transport large amount of data, penetration of multime-
dia into our daily lives, need of fast processors for computers and a rapidly
expanding e-commerce sector has triggered an unprecedented demand for
the new generation of faster, smaller (on-chip) and low power components
and devices. Due to these demands, a wide range of new optical solutions are
required. Several optics and photonics based platforms have been used to in-
vestigate the new devices and components. These platforms include, but are
not limited to, InP silicon, silica, polymer, or a combination of these platforms.
But out of these, silicon has been considered the most promising platform so
far. The main reason for this is the fact that the silicon platform allows optical
devices to be made cheaply using standard semiconductor fabrication (CMOS)
techniques and integrated with microelectronic chips. The silicon photonic
chips can provide the cheap and high performance solutions for modulation
and processing of optical signals. But the generation of an optical signal using
a small silicon chip in an efficient way is still far from reality. This fundamental
limitation is due to the indirect band gap of silicon. On the other hand, the InP
based photonics platform is capable of signal generation, transportation, pro-
cessing and detection but is very costly. Using InP for the optical functionalities
while using silicon for the routing paths, and adopting the CMOS fabrication
processes for InP is a promising way ahead for having fully- and multi-function
photonic chips. This combination will provide the advantage of a range of opti-
cal functionalities while still having cheaper fabrication. Such an advantage has
been a key motivation for carrying out the research work presented here. The
optical functionalities are realized in III-V material while the SOI waveguides
served as the light transportation medium. The III-V devices are in the form
of microdisks due to their potential for low foot-prints and low power con-
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sumption. In the research work presented here, the exploitation of two main
phenomena in microdisks - lasing and transmission resonance characteristics
- has been at the heart of the optical functionalities realized. In this chapter, a
brief summary of the obtained results is presented.

All-optical flip-flops: The all-optical flip-flops (AOFFs) investigated here are
based on a continuous wave microdisk laser. In theory; different operat-
ing regimes namely bidirectional, alternate oscillations and unidirectional
(bistable) are the typical characteristics of microring/disk lasers. In practice it is
not easy to obtain the bistability in microdisk/ring lasers due to the mode cou-
pling between clockwise and counterclockwise mode. The coupling between
clockwise and counterclockwise modes arises mainly due to the backscattering
from rough sidewall of a microdisk. An optimized recipe was used to fabri-
cate the microdisks with smooth side walls leading to obtain the bistability in a
microdisk laser of only 7.5 ym diameter.

The flip-flop operation was obtained by switching the mode from clock-
wise to counterclockwise and vice-versa when the microdisk laser was biased in
bistable regime at 3.5 mA of injection current. The switching between clockwise
and counterclockwise mode was triggered by injection of external optical pulses
into the microdisk laser. The triggering pulses were closely matched in wave-
length to the lasing longitudinal mode. The AOFF worked in continuous-wave
regime with an electrical power consumption of only a few mW and allowed
switching in 60 ps with pulses of energy 1.8 f]. This is the only electrically-
pumped and CW laser based AOFF built on III-V-on-silicon platform.

All-optical gates: All-optical gating phenomenon is another dimension for
obtaining a range of functionalities in III-V-on-silicon microdisks. For gat-
ing phenomenon, the microdisks do not need to be biased necessarily . The
transmission resonance characteristics of the microdisk resonators can be ma-
nipulated in real time in a pump-probe configuration. The manipulation of
transmission resonances can provide not only the gating functions but also
functionalities such as wavelength conversion, time domain demultiplexing
and all-optical format conversion of optical data.

All-optical gating operation was achieved in microdisk resonators with the
probe beam tuned at one of the resonances and the pump at another. The
transmission characteristic of the microdisk was altered by having the pump
intensity higher than that of the probe beam. When pump light was injected
into the microdisk at another resonance of the microdisk, free carriers were
generated which caused a blue shift in the transmission dip. Using a pulse train
as a pump resulted in high or low output of the probe beam due to a periodic
shifting of the resonance around the probe wavelength. When the probe wave-
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length was slightly blue tuned off the transmission dip, then in the absence of
the pump pulse, the output was high and the gate was in the open state while
in the presence of the pump pulse the output was low and the gate was in the
closed state. In the first series of experiments, the gating at 10 GHz was realized
in a microdisk of 10 pm diameter with an application of a reverse bias of one
volt. The average power of pump and probe in the SOI waveguide was 4 mW
and 170 uW respectively. The rise time and fall time for the gate output was
8.5 ps and 41.5 ps respectively. In the second series of experiments for which
the devices used were completely fabricated in a 200 mm CMOS pilot line, the
performance of the gating was improved. The gating phenomenon was realized
at 10 GHz in a 7.5 pm diameter microdisk without application of any electrical
bias. The average pump and probe power in the SOI waveguide was 1.5 mW
and 375 pW respectively. The rise and fall time of the gate output were recorded
to be 18.6 ps and 26.4 ps respectively. Such a fast response implies the potential
of these devices for bias-free operation beyond 20 GHz.

All-optical bias-free wavelength conversion: All-optical and bias-free wave-
length conversion can be realized in a pump-probe configuration by replacing
the pump pulse train with optical data. The information contained in the data at
one resonance wavelength can be copied to another wavelength provided that
the target wavelength is at another transmission resonance of the microdisk
resonator. Use of smaller microdisks which have larger free spectral range can
facilitate the wavelength conversion from one telecom band to another, e.g.
from C to L band of telecom. All-optical wavelength conversion from 1550.1 nm
to 1580.9 nm was done for 10 Gbits/s PRBS NRZ data. An error-free operation
was obtained with a power penalty of ~ 3.5 dB.

All-optical time domain demultiplexing: All-optical time domain demultiplex-
ing is based on the phenomenon of optical data becoming on- or off-resonance
as a function of the power level of the optical clock. In essence, the optical data
is a probe signal and the optical clock is a pump signal. If the optical data is
coupled to the microdisk, then the output of the microdisk will be high/low
when the on-resonance clock signal has high/low level respectively. Based on
this principle, proof-of-concept demonstration of all-optical demultiplexing of
10 Gbits/s NRZ data was done. Two sets of optical clock frequency, one at 5 GHz
and another at 2.5 GHz were used. It is worth mentioning here that these exper-
iments were also done without using any electrical bias like for the all-optical
gating and wavelength conversion.

All-optical data format conversion: The optical functionalities presented in
the previous paragraphs can be useful for both on- and off-chip communica-
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tion. The all-optical data format conversion from NRZ-to-RZ is most likely to
find applications only in long distance communication and hence has off-chip
communication applications.

The principle of all-optical format conversion from NRZ-OOK to RZ-OOK is
similar to that used for all-optical time domain demultiplexing. But in case
of format conversion, the temporal pulse width of the optical clock is shorter
than the temporal duration of a single bit. The optical data remains coupled
into the microdisk when the power level of the optical clock is low. When the
power level of the optical clock is high, the optical data becomes off-resonance
for the duration of the clock pulse. In this way, the output from the microdisk
becomes high only when both optical data as well as the optical clock are high.
Due to the difference in the temporal pulse width of the clock and the data bit;
at the output, the temporal width of the data bit becomes shorter than its initial
temporal width. This is effectively the pulse carving of the data bit in the time
domain. This phenomenon results in format conversion from NRZ to RZ. Using
this principle, all-optical bias-free and error-free (BER ~ 10~1?) format conver-
sion of 10Gbits/s data from NRZ to RZ was obtained with a power penalty of ~
3.6 dB.



Introduction

In the 20th century the optical fiber communication systems brought a revo-
lution in the information transportation from one part of the world to another
at an unprecedented speed. These optical fiber based communication systems
are named as long haul transmission systems. At the heart of this revolution
are three important inventions. These are: (a) invention of a semiconductor
laser [1], (b) development of low-loss optical fiber [2] and (c)invention of an
erbium-doped fiber amplifier [3]. A semiconductor laser operating in a contin-
uous wave mode has been a reliable source for encoding information in the op-
tical domain. The low-loss optical fiber has been serving as a robust medium of
transmission as it not only provides high bandwidth but is also immune to elec-
tromagnetic interference. Since the optical fiber has a finite loss, although only
0.1-0.2dB/km at 1550, the optical amplifiers were needed to realize the trans-
oceanic optical networks. The invention of an erbium-doped fiber amplifier
was a major breakthrough to realize the fiber-optic networks as we see them to-
day. Before the advent of modern optical communications, the electrical com-
munication systems were widely used for long distance communications. In
the electrical communication systems, the signals in the electrical form are sent
through the co-axial cables and are bandwidth limited. Along with several other
reasons, bandwidth limitation is the primary reason for the electrical communi-
cation systems being less preferred and being replaced by the optical communi-
cation systems. The devices and components used in the conventional optical
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communication systems are discrete, bulky and expensive. The primary rea-
son for these photonic devices being expensive is that they are manufactured
using various technologies and different base materials. Therefore, the inter-
est has arised to assemble many photonic components and devices on a single
chip which can be used for performing large number of functions. The com-
pact assembly of various photonic components and devices on a single chip
is expected to bring down the cost of fabrication and will also result into easy
handling in practical situations. The compact assembly of a large number of
different photonic components and devices on a single chip has the potential
of processing the data at a faster rate, as compared to their electronic coun-
terparts, for on-chip as well as off-chip communication with a reduced power
consumption.

In the past three decades there has been a tremendous research effort by
the optics and photonics researchers to use the mature complementary metal-
oxide semiconductor (CMOS) technology for fabricating the silicon photonic
chips for diverse applications. These applications are mainly in the area of long
reach as well as short reach communication networks. Although new applica-
tions have emerged in the field of bio-photonics, this work is communication
network centred and hence bio-photonics will not be discussed here. The prime
aim of using the CMOS technology for fabricating the silicon photonic chips is
motivated by the cost advantage which silicon electronics industry can offer.
Although silicon has a long and successful technological history, the indirect
bandgap of silicon has been a limiting factor to realize active functionalities.
This has been the driving force for the work being presented here. In this chap-
ter, a brief description of all relevant topics related to the research work pre-
sented here will be provided.

1.1 Fiber-optic communications

A fiber based optical communication system mainly consists of a transmitter
(modulated laser or light emitting diode), a communication channel (silica
fiber), and the photo-receiver (photo-detector). Advanced fiber-optic com-
munication systems include many more components such as amplifiers and
repeaters. A serial bit stream in an electrical form is presented to a light source
directly (often called direct modulation) or externally (often called external
modulation) which results in the generation of a serial bit stream in an opti-
cal form. This information in optical form is sent through the optical fiber to
the other end, called the receiver end, of the communication system. At the
receiver end, the light is fed to a detector and converted back into the electri-
cal form to construct the original bit stream. The research for the fiber based
optical communication systems started around the year 1975 [4]. The first gen-
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eration of optical communication systems used GaAs semiconductor lasers in
the visible region of the electromagnetic spectrum. The first generation sys-
tems became commercially available in 1980 [5]. Although these systems could
handle only tens of Mbit/s, they allowed a repeater spacing of ~ 10 km. The
repeater spacing of the state-of-the-art co-axial copper cable based electrical
communication systems was only 1 km in those days. The larger repeater spac-
ing served as the main motivation to prefer the optical communication systems
because it reduced the installation and maintenance cost of the repeaters. The
second generation of fiber based communication made use of 1.3 ym wave-
length region due to the low propagation loss of the fiber (<1 dB/km). Another
reason to choose 1.3 ym was the minimum dispersion of the optical fiber in this
wavelength region. In the second generation fiber optic communication sys-
tems, multimode fiber were used [6] first but were soon replaced by single mode
fibers. The third generation fiber-optic communication systems operating at
1.55 um with a capacity of 2.5 Gbit/s became commercially available in 1990.
These systems made use of dispersion shifted fibers which can be designed to
have minimum dispersion around 1.55 pym and have a propagation loss of 0.2
dB/km. The third generation had a drawback of making use of repeaters typi-
cally separated by 60-70 km. The coherent detection schemes were being devel-
oped to minimize these problems because the use of coherent detection system
improves the receiver sensitivity resulting into larger separation of repeaters.
But the advent of fiber amplifiers led to the postponement of the commercial
introduction of coherent detection schemes. The current (fourth) generation of
the optical fiber communication systems exploits WDM (wavelength-division
multiplexing) and optical amplification for increasing the bit rates and the re-
peater spacing respectively. In real-life the communication between different
end-users happens through a collection of transmission links. The collection
of transmission links along with other equipments which provide a means of
information exchange and processing is called a network. A network based on
fiber-optic transmission lines and electronic/optoelectronic/all-optical infor-
mation processing devices is called a fiber optical network. Three basic network
topologies [7] used for fiber optical networks are the following - (a) Linear-bus
configuration, (b) Ring configuration and (c) Star configuration. In a linear bus
topology, at one end is the controller while at another is the terminator. The
controller and the terminators are basically computers. Any computer that
wants to communicate with the main computer must wait till the transmission
line becomes available to it. When a terminator uses the network, the informa-
tion is sent to the controller computer which in turn sends back the response to
information down the line of computers until it reaches the terminating com-
puter. In a ring topology, consecutive nodes are connected by point-to-point
links to form a single closed path. The information is transmitted from node to
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node going around the ring. The nodes have the active devices to recognize the
address and the data is forwarded to the next node if it is not addressed to the
current node. In a star network, all the nodes are linked to a single point. The
central node can be an active or a passive device. The single point is called the
central node or the hub. The star topology reduces the chances of a network-
failure. It also prevents the passing of data packets through an excessive number
of nodes.

1.2 On-chip optical communications

Board-to-board and chip-to-chip communication using optical links and sys-
tems have been proposed and are under development but the feasibility of on-
chip optical communication is an open research question. The optical commu-
nication links on a chip scale are likely to be similar to fiber-optic communica-
tion links as used for long distance communication. From a functionality point
of view, in a broad sense and at the basic level on-chip data links will mimic
the fiber-optic links. The simplified schematic of an on-chip data communi-
cation link is shown in figure 1.1. Since there does not exist a reliable on-chip
laser suitable for practical applications, it is shown off-the chip but connected
to an on-chip modulator. The optical modulator and the electronic circuitry
associated to the transmission-end shown here has the same role as in case of
fiber-optic transmission links. An electro-optical modulator converts the elec-
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Figure 1.1: Simplified schematic of an on-chip data communication link.

trical data supplied from an electrical driver into a modulated optical signal.
There have been several proposals on high speed electro-optical modulators.
These are based on either a Mach-Zehnder interferometric configuration or a
resonant microcavity structure. The operating principle of these modulators is
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based on a change in the refractive index or absorption coefficient of an optical
path with the application of an electrical signal.

As a transmission medium an optical waveguide replaces the optical fiber.
There are several possible choices of optical waveguides for future applica-
tions. Among them, the most prominent ones are silicon-on-silica or SOI [8],
silica-on-silica [9], silica-on-silicon [10], InP-on-InP [11], InP-on-silicon [12]
and silicon nitride-on-silica [13]. The high index contrast waveguides offer a
smaller pitch while low index contrast waveguides offer a low propagation delay
[14]. The optical waveguides exhibit a smaller propagation delay as compared
to electrical wires. This is clearly an argument in favour of optical waveguides
for delay limited on-chip networks. The optical waveguides on a chip need
to be separated from each other by an approximate distance of 0.5-3.0 um to
avoid a significant cross-talk. For a given pitch, if the waveguide is too wide,
then crosstalk is higher due to the proximity between the sides of the adjacent
waveguides. If the waveguide is too narrow, the optical mode becomes less con-
fined resulting into a higher crosstalk due to larger overlap between adjacent
optical modes. The optical waveguides have the same promise of wavelength-
division multiplexing (WDM) on a chip as an optical fiber for long distance
communications.

On the receiver side, the functionality of the photo-diode and the electronic
circuitry following it is analogous to that in the fiber-optic communication links.
A photo-diode is followed by a trans-impedance amplifier (TIA) stage. The TIA
converts the electrical current generated by the photodiode into the voltage
which is thresholded by subsequent stages to the digital levels. Of these, the
TIA is arguably the most critical component for high-speed performance. The
reason being the fact that it has to cope with a generally large photo-diode ca-
pacitance situated at its input.

The research is being carried out for optical Network-on-Chip (ONoC)[15-
16]. The need for the on-chip optical networks has been discussed for almost
more than two decades [17] but it has not been possible to implement due to
the large foot-prints of the necessary components which prevented their inte-
gration on a chip. Also, the power consumption of many necessary components
was way too high to be good for practical applications. One notable thing re-
garding the power consumption in ONoC is the fact that the power consump-
tion of an optical interconnect is almost independent of the interconnect length
[18]. Itis much less as compared to electrical interconnect (around 1/10 in gen-
eral). The ONoC has been considered to enabling high bandwidth and low con-
tention routing of data using WDM [19]. A micronetwork based on wavelength
routing is suggested in [20]. As an example of a ONoC, a brief description of a
simple wavelength routed optical network architecture proposed in [21] is pre-
sented here (see figure 1.2). A general wavelength routed optical network con-
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sists of input/output nodes and multiple stages. The number of stages equals
the number of input/output nodes but this rule is not valid when the number
of input/output nodes is 2. In figure 1.2 (a) there are four stages corresponding
to four input/output nodes while in figure 1.2(b) the number of stages is five as
the number of input/output nodes is five. At any stage, all the optical switches
within it share the same resonant wavelength (W).
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Figure 1.2: Wavelength routed ONoC [21].

1.3 Silicon photonics

The history of silicon photonics can be traced back to the work of Soref and
Petermann in the late 1980s and early 1990s [21-24]. Early work in the field of
silicon photonics was mostly related to passive optical devices [24-31]. Creation
of photonic devices and components by making use of electronic IC industrial
processes has been the main motivation for photonics researchers. Another
motivation has been the availability of highly-pure silicon-on-insulator (SOI)
wafers for the creation of planar lightwave circuits. The high index contrast
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between silicon ( n ~ 3.45) and SiO, (n ~ 1.45) offers strong optical confine-
ment making it possible to scale down the photonic waveguides to hundreds of
nanometer. The large index contrast between silicon and silica leads to a high
optical intensity . This makes it possible to observe non-linear effects such as
Raman and Kerr effect on an SOI chip. These non-linear effects in SOI wave-
guides have led to amplification [32], lasing [33] wavelength conversion [34] etc.
which were perceived to be beyond the reach of silicon photonics. Silicon also
has other excellent material properties such as high thermal conductivity, high
optical damage threshold and high third-order optical nonlinearities which are
important for photonic devices. As compared to silica fiber, the Raman and Kerr
effects are 1000 and 100 times stronger in silicon respectively. As can be seen
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Figure 1.3: Absorption spectrum of silicon [36].

from figure 1.3, the low-loss wavelength window in silicon extends from 1.1 to
~ 7um [36]. Therefore, the utility of silicon is not limited to the telecommunica-
tion band but it can also serve as a good material for nonlinear optical devices
in the mid IR range.

One of the main applications of silicon photonics is optical interconnects
for CMOS electronics [37]. The optical interconnects are thought to be much
better suited than copper interconnects in handeling high data rates (~ 10s of
Gbits/s). But for this to become a reality, the optical interconnects must provide
a low power solution. Untill now focus has been on the realization of optical
functionalities in silicon and very little attention has been paid to the issue of
power consumption. Overall an impressive progress has been made in passive
as well as active photonic devices based on silicon. Below a brief description of
each type (passive and active) is provided.
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1.3.1 Passive silicon photonic devices

The basic requirement for on-chip optical communication devices is a low-loss
optical waveguide. This waveguide may be used just as a transmission medium
or for advanced functionalities such as modulators. Silicon photonic wave-
guides are able to fulfill this condition. All the passive silicon photonic devices
make use of a silicon waveguide. Due to the high index contrast between a sili-
con waveguide and the medium surrounding it ( air or SiO,), the surface rough-
ness causes a significant scattering loss. In ref. [38], it has been shown that
backscattering due to sidewall roughness is one of the most severe limiting fac-
tors in state-of-the art SOI nanowires employed in densely integrated photon-
ics. In general, the silicon waveguides are characterized by losses in the range
of 0.1-3 dB/cm depending upon the dimensions and the processing conditions.
Obviously, the losses are higher in smaller waveguides due to the higher optical
intensity at the surface and with an increase in the dimensions the losses de-
crease as the evanescent tail of the light feels the surface roughness less. There
have been two main approaches to reduce the propagation losses of the wave-
guides. One makes use of optimized waveguide geometry to avoid scattering
loss from the waveguide cross-section [39-41] while another is based on post
fabrication treatments [42-44] such as wet chemical oxidation and thermal ox-
idation. The main passive silicon photonic devices based on the waveguides
are the following: (i) microrings [45]/disks [46], (ii) delay lines formed by spirals
[47], (iii) directional coupler [48], (iv) star couplers [49], (v) multimode inter-
ference couplers [50],(vi) arrayed waveguides or phasors [51], (vii) waveguide
crossings [52] and (viii) couplers (inverse tapers and the gratings) [53-54] for
coupling of light from chip to fiber and vice-versa. One of the most important
applications of passive silicon photonic devices is in the form of optical filters
used for wavelength multiplexing and de-multiplexing . The AWG was one of
the first devices aimed for WDM applications and recently microring and mi-
crodisk structures have been investigated extensively for the same applications
[55-56]. For the initial characterization of devices formed on a chip, a light in-
and out-coupler is necessary. Basically, there are two main approaches adopted
for this purpose. One is the inverse taper approach where there is a gradual ex-
pansion of a core guided mode into a much larger cladding guided mode. Using
this approach, coupling loss uncertainty as low as 0.2dB has been demonstra-
ted from a single-mode fiber to a silicon wire waveguide [57]. The limitation of
this approach is that the access fibers need to be aligned at the chip facets and
hence the chips can not be used for wafer scale testing. Another approach is the
use of grating couplers. This approach has been used for all the work reported
here and hence it is described in detail here.

The grating coupler is basically a one dimensional diffraction grating etched
into silicon. The light impinging on the grating will diffract under an angle de-
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termined by the projected Bragg condition, which is graphically illustrated in
Figure 1.4. The z- component of the wave vector belonging to a certain diffrac-
tion order is given by

Kzm =P+ mK

Where f is the effective propagation constant of the optical mode in the grating,
K is inversely proportional to the grating period A and m is the diffraction or-
der. The actual diffraction angle in the superstrate and substrate is determined
by taking into account the dispersion relation in these media, for an isotropic
medium the dispersion relation is given by

Ksub,sup = @mr/A) Nsub,sup

isuperstrate

g
iradlus = KoNgyp

substrate
radius = Kghgp '

Figure 1.4: Cross-section through a basic diffraction grating structure and the
associated Bragg diagram [58].

By a proper design of the grating structure, the diffraction can be limited to a
single order. Variation in the grating periods results into a change in diffraction
angle. At first sight, one may prefer to position the optical fiber perfectly vertical
with respect to the photonic chip. This requires K = §. However, this is not a
suitable choice as it allows another diffraction order to exist when exciting the
grating from the optical waveguide, namely

Kz=pf-2K=-p.

The equation above implies that the grating structure will provide a strong re-
flection in the waveguide. While these reflections are as such problematic for
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many applications, they also result in a drastically decreased fiber-chip cou-
pling efficiencies. To overcome these problems a slightly detuned configuration
in which the grating period is chosen such that the fiber is tilted slightly off-
vertical (with 10° off-vertical being a typical number). Given the fact that the
mode field diameter of a single mode optical fiber is about 10 um, the diffracted
field profile needs to have comparable dimensions, which implies that a strong
(i.e. high index contrast) grating is required.

il

Figure 1.5: SEM image of a grating coupler fabricated at imec.

This kind of gratings can be easily achieved on an SOI platform. Figure 1.5
shows the SEM image of such a grating fabricated at imec.The height of the sil-
icon is 220nm which rests on a 2um thick BOX (burried oxide) layer. Below the
BOX layer is the silicon substrate. The depth of the grating slit into top sili-
con is 70nm and the fill factor is 50% while the grating period is 630 nm. The
complete fabrication process for such grating couplers is done in the 200 mm
CMOS pilot line with 193nm DUV lithography. As an illustration of a real fiber-
to-chip coupling scenario, figure 1.6 shows the schematic of the fibers aligned
to grating couplers at each end of an SOI waveguide for in- and out-coupling
of light. The coupling efficiency of fiber-to-chip couplers, as described here, is
30% around 1550 nm. The efficiency of such grating couplers is limited by two
factors. First, a uniform grating, as is the case here, creates an approximately
exponentially decaying output field along the propagation direction while the
fiber has a Gaussian mode profile. This results into mode mismatch between
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the fiber and the grating. Secondly, the grating does not only couple light from
the SOI waveguide upward towards the fiber but also towards the substrate. The
light coupled to the substrate is lost.

LIGHT IV /OUT LIGHT IN /
A

i

i E—),

Figure 1.6: Basic configuration of fiber-to-chip-coupler.

1.3.2 Active silicon photonic devices

As discussed in the previous section, silicon photonics has delivered up to the
expectations in the area of passive devices. For light modulation many break-
throughs have been achieved, e.g. [59-60]. A remarkable success was achieved
at INTEL where researchers invented first GHz speed electro-optic modulators
[61]. But a significant progress in active silicon photonic devices such as lasers
and amplifiers is still awaited. Over the years, researchers have explored a myr-
iad of ways to generate light emission from silicon, including doping with active
rare-earth ions such as erbium [62], riddling silicon with an array of nanoscale
holes to create porous silicon, or relying on gain from nonlinear processes such
as the Raman effect [33-34]. These schemes, although capable of emitting light
and even achieving lasing, either require optical pumping (and thus the pres-
ence of another laser) or emit light only weakly, and are therefore not considered
as practical or satisfactory solutions [63]. At the root of all these limitations lies
the fact that the silicon has an indirect band structure i.e. the conduction and
valence band extremes do not occur at the same level of crystal momentum.
As a consequence, the probability for a radiative recombination is low which
means that the e-h(electron-hole) radiative life time is long (of the order of some
milliseconds). During this time both the hole and electron move around and
cover a volume of ~ 10,um3. If they come across a defect or a trapping center,
the carriers may recombine nonradiatively. Typically, the nonradiative recom-
bination lifetime in Si is of the order of some nanoseconds. In addition, there
are two more phenomena which limit the use of Si for light amplification. The
first one is a nonradiative Auger recombination process. This process is a three
particle recombination process in which an excited electron (hole) recombines
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with a hole (electron) by releasing the energy to another electron(hole). The
second phenomenon is associated with free carrier absorption. Excited carri-
ers may absorb photons and hence deplete the inverted population and at the
same time increase the optical loss suffered by the signal beam.

1.4 Fully-functional photonic chips

A fully functional chip needs to be capable of performing passive as well as ac-
tive functions. As discussed in previous sections, silicon photonics provides
robust solutions for passive functionalities. Light generation and processing
( such as buffering, wavelength conversion and time domain de/multiplexing
etc.) has not yet been realized in silicon with acceptable level of power con-
sumption and performance. In the near future it does not look feasible to realize
these function in Si with smaller footprints and low power consumption. There-
fore, the photonics community is at a junction where I1I-V-on-silicon is the most
promising road ahead. The III-V/SOI technology has already been used to real-
ize the most advanced devices and most advanced photonic integrated circuits
(PICs) [64].

Optical network

ayer
[ |
s 1 l.|:| ll -

Figure 1.7: Above-IC silicon photonics and III-V-on-silicon integration
scheme [65].

Traditionally, the argument for not using III-V-on-silicon in a CMOS pilot
line has been that the III-V fabrication process is not CMOS compatible. But
recently, at LETI in France, the CMOS pilot line has been used to fabricate III-
V-on-silicon devices with satisfactory performance [65]. Devices fabricated in-
cluded the III-V microdisk lasers, the photodetectors and the wavelength se-
lective circuits on 200 mm wafer scale. Using the III-V-on-silicon microdisk
resonators fabricated on the same platform, all-optical wavelength convertors



INTRODUCTION 13

[66], all-optical de-multiplexers [67], all-optical format convertors [68], tunable
microwave photonic filters[69] and electro-optic phase modulators [70] were
demonstrated.

A specific process adapting and modifying the standard III-V material pro-
cess steps to comply with a CMOS environment was developed, using the so-
called above-IC approach as shown in figure 1.7. In this approach the devices
were fabricated at the back-end of line (BEOL) levels keeping the temperature
budget limited to 350°C-400°C. To achieve CMOS compatibility, (a) die-to-
wafer bonding was developed at the 200mm scale, (b) a dry etching chemistry
capable of etching the III-V dice while preserving the Si/SiO, based surface was
used and (c) CMOS compatible metals (Ti/TiN/AlCu) were used to replace the
standard gold based contacts used in optoelectronics.

1.5 Overview of this work

The prime idea behind carrying out this work was to demonstrate the feasibil-
ity of multifunctional and fully-functional photonic chips using the III-V-on-
silicon photonics platform. It was envisaged that the III-V-on-silicon platform
will be a CMOS compatible platform in the near future. At present III-V ma-
terial based device fabrication is not widely accepted to be CMOS compatible,
but processes can be developed in which III-V-on-silicon will become CMOS
compatible. The microdisk was chosen as a building block because it can be
fabricated with a small foot-print and different photonic functionalities are pos-
sible in it with lower power consumption. Based on the different functionalities
tested separately, a functional digital photonic circuit can be constructed. For
example, a 4X1 mux/demux with latching memory. This is illustrated in figure
1.8. In this figure 7 represents the optical delay and optical flip-flops represent
the photonic memory.

Chapter 2 gives a generic and brief overview of designs and fabrication pro-
cesses used to fabricate III-V microdisks on top an SOI waveguide circuit. In re-
maining chapters, the versatility of single microdisks for different optical func-
tionalities is investigated. These functionalities can find applications in on-chip
as well as off-chip communication networks. Using a microdisk laser, an all-
optical flip-flop operation was shown with a switching energy as small as 1.8 {].
This has been a great success with a potential for realization of all-optical ran-
dom access memories. All the challenges faced for the realization of all-optical
flip-flops and the results obtained are presented in chapter 3. Chapter 4 is de-
voted to all-optical gating based on the concept of one light beam controlling
another. The success of this gating approach was extended for the realization
of bias-free all-optical wavelength conversion. In chapter 5, all-optical time do-
main demultiplexing and format conversion from non-return-to-zero (NRZ)to
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Figure 1.8: Illustration of a digital photonic circuit.

return-to-zero (RZ) is presented. The format conversion was mainly aimed at
applications in long haul communication network nodes. Chapter 6 is aimed at
providing the detailed view of complex designs constructed by integrating mi-
crodisks for complex functions such data flip-flops and shift registers. Chapter 7
highlights the future scope of this work and draws the conclusions of the whole
work.

1.6 Publications

The results obtained within this work have been published in several interna-
tional journals and were presented at various international conferences. The
work presented in international conferences included several invited talks. The
work on all-optical flip-flops was widely covered in popular scientific media.
The following list gives an overview.
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Design and fabrication of
[11-V-on-silicon microdisk based
photonic integrated circuits

2.1 Introduction

As elaborated in section 1.4 of chapter 1, for the realization of fully-functional
chips III-V-on-silicon technology is the most promising way ahead [1]. III-Vma-
terials are capable of providing all the active functionalities such as amplifica-
tion, lasing, modulation, gating and memory etc. and SOI waveguides are most
suitable as the transmission channels and the routing paths. A robust technol-
ogy is required to transfer the III-V material on the silicon platform. In the last
decade two main technologies have been used extensively to integrate III-V on
silicon. These are: (1) Direct bonding technology [2-3] and (2) Adhesive bond-
ing technology [4-5]. Recently, a new way -direct growth- of integrating III-V
on silicon has also been considered and is under investigation in different re-
search groups [6-9]. Since the microdisks used for the functionalities reported
here were fabricated using either direct bonding technology or adhesive bond-
ing technology, a brief description of both of these will be given in section 2.4.
In section 2.2, a description of the epitaxial structure of the I1I-V material is pro-
vided. Later on, the structure of the fully fabricated microdisk is discussed. Sec-
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tion 2.3 highlights the fabrication technology aspects of SOI waveguide circuits
while section 2.5 provides an overview of III-V processing steps to fabricate mi-
crodisks.

2.2 Design of I1I-V-on-silicon microdisks

The base material used for fabricating the microdisks is the InP, a III-V group
material. The material growth was done at INL (LInstitut des Nanotechnolo-
gies de Lyon) in France using solid source molecular beam epitaxy (SSMB) on
a two inch wafer at 490°C. One of the difficulties in fabricating the microdisk is
to form an ohmic contact at the p-type layer of the junction. Normally it can
be done by using a heavily p-doped layer, but these layers are highly absorb-
ing and hence not suitable for thin membranes. To overcome this problem, a
tunnel junction based design is used which allows to have two n-type contacts.
The tunnel junction consists of two very thin (20 nm), highly doped layers (10 '°
cm ) and is reverse biased [10]. The use of a tunnel junction makes it possi-
ble to have a low electrical resistivity and acceptable optical losses. The total

P Contact

N+ (1x10"%cm= to 1x10'%cm2) : 80 hm

Tunnel junction) N++ (2x10'%cm3) Q1.3 : 20nm
] P++ (2x10"%cm?) Q1.3 : 20nm

P+ (5x10"7cm31x10'8cm3) InP : 135 nm

Q1.2 (nid) @1.2 : 25nm

Q1.2 (nid) Q1.2 : 25nm

N+ (1x10'8cm=3) @1.2 : 120 nm

N Contact N+ (5x10'8cm3) : 95 nm

Figure 2.1: Epitaxial structure of InP based material.

thickness of the epitaxial membrane is 583 nm. A schematic of the epitaxial
membrane is shown in figure 2.1 which gives the details of the other parts of the
membrane. Most important is the fact that three compressively strained quan-
tum wells are meant to provide transverse electric (TE) gain [10-11]. In figure
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2.2, a schematic of the structure of a III-V microdisk [12] integrated on top of an
SOI waveguide circuit is drawn. The bonding layer (of BCB/silica) and the metal
contacts meant for the electrical injection are also shown in this figure.

Tunnel junction

Top metal Quantum well

Lateral
SOIwg Si0, contact

Figure 2.2: Structure of a III-V-on-silicon microdisk [12].

To make the designs of III-V-on-silicon microdisk based PICs, the PICAZZO
and IPKISS softwares [13] are used extensively. These are in-house developed
softwares of INTEC Photonics, Ghent University (Belgium). The SOI waveguide
circuits are designed using PICAZZO while the mask layers to define the III-V
microdisks and the metalization for electrical contacts are designed using IP-
KISS. As an illustration, the virtual fabrication diagram of an SOI waveguide cir-
cuit generated from a .gds file is shown in figure 2.3 (top). It can be seen from
this figure that the grating couplers for in- and out- coupling of light to/from
the SOI waveguide are shown at the ends of the waveguides. Details about the
grating couplers have been provided in the previous chapter (section 1.3). Since
high-index contrast is needed for high optical confinement factor of light in the
III-V microdisk, a part of the silicon is replaced by silica. This is the area where
the ITI-V material will remain after the complete fabrication. The same is visible
in the top part of the figure 2.3 indicated by the blue color. In the same figure
at the bottom side the snap shot of the .gds file is shown which shows the mi-
crodisk design on top of an SOI waveguide. In this figure a microdisk coupled
to a single waveguide is shown but as the complexity level of the PICs increases,
the microdisks coupled to the waveguides from two or more sides are needed.
This will be elaborated in chapter 6 while describing the design of the complex
PICs such as data flip-flops and shift registers. The GSG (ground-signal-ground)
electrical contact pads at a pitch of 150 um are designed to enable high-speed
electrical probing. This kind of electrical pads are not necessary for static (dc)
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Figure 2.3: Design of a III-V-on-silicon microdisk.

electrical probing of the microdisks but are needed when a high speed electri-
cal signal is needed to drive the microdisk. For example, the high-speed elec-
trical signal is required (a) for direct modulation of microdisk lasers [14] and (b)
when using microdisk as an electro-optic modulator [15]. In figure 2.4, the de-
sign layers for III-V microdisk fabrication and metalization are presented in a
sequential order.

2.3 SOl optical waveguide circuit technology

The wafers of the SOI optical waveguide circuits are fabricated using the ePIX-
fab platform [16]. These wafers are diced to get dies when required. For the
fabrication of SOI optical waveguide circuits, the starting material system is an
SOI wafer with crystalline silicon of 220 nm thickness on 2 pm buried oxide.
The SOI wafers are of 200 mm diameter and are purchased from SOITEC [17].
The process of SOI waveguide circuit fabrication is light and dark field in LETI
and IMEC, respectively. In the case of a light field based process, the silicon
waveguide is surrounded by silica while in the case of a dark field the silicon
waveguides have trenches of silica surrounded by silicon. The waveguides are
defined using 193 nm deep ultra violet (DUV) lithography. Generally the wave-
guide width is in the range of 450-600 nm for the devices using the telecommu-
nication wavelength. The height of the SOI waveguide is 220 nm. These dimen-
sions are optimized for the SOI waveguides to be single mode in the telecommu-
nication wavelength band around 1550 nm. As an illustration, a SOI waveguide
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Figure 2.4: Design layers of a III-V microdisk : (a) disk definition, (b) island,
(c) Bottom metal, (d) bottom via, (e) top via, (f) top metal and (g) elec-
trical contact pads.

fabricated at imec is shown in figure 2.5. More information about the fabri-
cation process of SOI photonic wire waveguides can be found from references
(18-19].

2.4 Bonding technology for III-V-on-silicon

For the integration of two different material systems direct molecular bonding
or adhesive bonding techniques have been used extensively in the past decade.
Direct molecular bonding [20] relies on the van der Waals interaction between
both surfaces. As this is a short-range force, sub-nm rms roughness of the sur-
faces is required [21]. This can be obtained on unprocessed SOI wafers using
chemical mechanical polishing (CMP) which is also the preferred way to fabri-
cate SOI layer stacks. In case of adhesive bonding, one of the main advantages
is that the surface quality required for bonding is less stringent as the polymer
wets the surface and fills the troughs of the surface. For the devices investigated
in this work both the bonding technologies were used. For the microdisks used
for flip-flop operation and biased optical gating, DVS-BCB polymer based ad-
hesive bonding was used. While for the devices used for bias-free all-optical
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Silicon BOX

Figure 2.5: Silicon-on-insulator waveguide fabricated at imec.

gating, wavelength conversion, de-multiplexing and format conversion, direct
bonding was used and the complete fabrication run was done in a 200 mm
CMOS pilot line at LETI in France. The next two subsection are devoted for
the description of each of these bonding processes.

2.4.1 Adhesive bonding

The bird’s eye view of adhesive bonding between a III-V die and an SOI die is
drawn in figure 2.6 (a). In order to achieve a good bond, the die surface needs to
be very clean, since the inclusion of particles at the bonding interface can result
in large unbonded areas. Therefore, cleaning of the SOI die as well as the III-V
die is of paramount importance. The hydrocarbon contamination of an SOI die
can be removed by immersing the sample in a Piranha solution, a warm mixture
of 3H,S04 : 1H,0-. In a second step, particles can be removed by using a Stan-
dard Clean 1 solution. This solution is a mixture of NH;OH, H,0O, and H,O.
After surface cleaning, the commercially available adhesion promoter AP3000
is applied by spin coating. The cleaning of the InP/InGaAsP dies can best be
done by removing a pair of sacrificial InP/InGaAs layers by selective wet etch-
ing using the etchants 3HCl : H,O and 1H,SO, : 3H20, : 1H,0, respectively.
This etch lifts-off foreign particles and etches down and lifts off InP/InGaAsP
particles, created by the cleaving or dicing of the dies. No adhesion promoter
is applied to the III-V surface, as this would require spin coating of the indi-
vidual cleaved dies, which is very time intensive and leads to the formation of
an edge bead. After surface cleaning, the DVS-BCB is deposited on the SOI die
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surface by spin coating. Although most of the mesitylene solvent already evap-
orates during the spin-coating process, some solvent may still be remaining in
the spin-coated film, which is evaporated by a thermal treatment at 150°C for
one minute. This thermal treatment also causes a reflow of the DVS-BCB, which
improves its planarizing properties. In the next step, both samples are brought
into contact. Attachment is done at 150°C, as DVS-BCB has about the lowest
viscosity at this temperature [22] and keeping the DVS-BCB at this temperature
does not significantly increase the degree of polymerization for at least an hour.
The attachment of the III-V die onto the SOI waveguide circuit can be done in
clean room air, by using tweezers to attach the die to the host substrate. After at-
tachment of the I1I-V die, the DVS-BCB film has to be cured. The curing has to be
performed in an atmosphere containing less than 100 ppm oxygen, to prevent
the oxidation of the DVS-BCB. In order to do so, nitrogen is purged through the
curing chamber. After bonding of the InP/InGaAsP die, the InP substrate needs

) SOl ; SOl
I-v _mm — [I-v o m—
I I

$i0, depo.

+CMP
BCB spinning SiO; depo. IS
o — —— | ——
L —— e —
I —

Bonding Bonding

e .
- =
—)

(a) (b)

Figure 2.6: Sketch of (a) BCB adhesive bonding and (b) SiO» direct bonding.
The sketch is adapted from [23].

to be removed so that InP/InGaAsP epitaxial layers can be accessed and pro-
cessed. The InP substrate can be removed by complete wet chemical etching
or by using a combination of mechanical grinding and wet chemical etching.
Complete chemical etching can be done using a mixture of HCl and H,O. For
a good compromise between etch rate and etching quality a mixture of 3HCI
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: 1H,0 is used. An InGaAs etch stop layer can be used, which shows nearly
complete etching selectivity to InP. However, the drawback of complete chemi-
cal etching using a HCl : H,O etching solution is the arising of unetched ramps
at two sides of the cleaved InP die. Since no isotropic but selective etching so-
lution for InP is known, a combination of isotropic non-selective etching and
anisotropic selective etching can be used to avoid the formation of the ramps.
A combination of HNOs : HCl and 3HCI1 : H,0 is a good choice to avoid the for-
mation of the ramps. Good timing for changing the etch bath is needed in order
to prevent the etching of the InP/InGaAsP epitaxial layers by the non-selective
HNOs : HCI etchant.

2.4.2 Direct bonding

The process of direct bonding of III-V material on a SOI wafer is depicted in fig-
ure 2.6(b). The description given in this section is based on the process flow as is
done at LETI [24] in a 200 mm CMOS pilot line. In this process, the unpatterned
III-V wafer is integrated on top of a processed SOI wafer by means of SiO,/SiO»
bonding. The thickness of SiO, above the Si waveguide is adjusted to be 100
nm. In the next step CMP is performed. Following the CMP, the SOI wafers
are cleaned in a RCA solution, which is performed in a specific equipment -
the FSI Magellan. The InP heterostructure is directly covered by a 10 nm thick
SiO, layer compatible with direct bonding (means a roughness < 0.5 nm RMS)
deposited by plasma-enhanced chemical vapor deposition (PECVD). In order
to prevent the undesirable outgassing from the oxide layer during subsequent
heat treatments, the wafers are annealed at a temperature higher than the sub-
sequent processing temperature after SiO, deposition. After annealing, the InP
wafer is first cleaned in acetone and ethanol, followed by a DI water rinse and
blow-dried in nitrogen. The O, plasma treatment is then performed in order
to activate the surface by creating a high density of hydroxyl groups (-OH). The
wafers are then brought in contact at room temperature to perform the bond-
ing. Since the III-V structures are fabricated after bonding, no tight alignment
is needed at this stage. Finally, the bonded pair is annealed at 200°C for three
hours. A selective wet etching in 3HCl : 1H,0 and 1H,SO4 : 1H,0; : 10H,0 is
done to remove the InP substrate and InGaAs etch stop layer, respectively. After
this, the III-V material bonded on silicon becomes ready for further processing
of devices in III-V.

2.5 Postbonding InP processing

For the BCB bonded samples, the InP processing was done partly in the UGent
clean room and partly in the COBRA (Technical University of Eindhoven) clean
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room. For molecularly bonded samples , the InP processing was done com-
pletely at LETI in France. A description of this can be found in reference [24]. I
was not involved in fabrication done at LETI. In the following section, a descrip-
tion of the InP processing, as done in the UGent clean room and the COBRA
clean is provided. I was involved only in post bonding InP processing at UGent
clean room and COBRA clean room.

2.5.1 Microdisk definition

In order to define the microdisks, a hard mask of SiO, with a thickness of 200
nm is deposited on top of the bonded samples. The contact lithography is used
in combination with a silica etching . Positive-tone photoresists are used in this
work (AZ5214 or HPR 504), which also can be used for image reversal, using a
flood exposure. After spin coating of photoresist, typically at 3000 RPM (rota-
tions per minute), the chip is pre-baked at 100°C. Then, the glass mask plate
- containing the microdisk patterns in chromium - is aligned with respect to
the sample in the mask aligner tool (Karl Suss MA-6). After alignment using the
complementary markers in the chromium plate with respect to the SOl markers,
the mask plate is pushed against the photoresist and the sample is illuminated,
with 320 nm wavelength. After an additional post bake at 110°C, the photoresist
is developed. This is followed by stripping of the photoresist by oxygen plasma.
In the next step, the oxide hard mask is removed using a reactive-ion etching
(RIE) process.

2.5.2 InP etching

Inductively coupled plasma (ICP) etching is used to etch the InP material so that
it leaves a thin (around 90 nm) bottom contact layer. This is the most crucial
step for the fabrication of InP microdisks and an optimized recipe is required as
the total thickness of the InP material is only 583 nm. During InP etching the
ICP machine is operated with an RF power of 110 W and maintains a pressure of
23 mTorr. In total normally eight cycles of etching are required to etch around
480 nm deep into the InP. In order to have an idea of the etch rates, the process
of etching is completed in two or three steps. After 4-5 cycles, the etch depth is
measured using a profilometer. Figure 2.7 shows the SEM images after InP etch-
ing where in (a) the InP microdisk aligned to the SOI waveguide is shown while
in (b) a view of another microdisk covered with the hard mask is shown. In the
next step, the hard mask is removed by image reversal lithography and plasma
etching. This is followed by island definition. Defining of the islands means
that the bottom contact layer of III-V material is removed from all the places ex-
cept in the vicinity of the microdisks. In order to define islands, lithography is
followed by RIE to remove III-V material.
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Hard mask

Figure 2.7: SEM image of (a) a microdisk aligned to an SOI waveguide and (b)
a microdisk covered with the SiO» hard mask.

2.5.3 Contacts definition and Isolation

After island definition, photoresist is spin coated on the chip which is followed
by the image reversal lithography. The bottom contact is formed by evaporating
the Ti(25 nm)/Pt(50 nm)/Au(100 nm) followed by the metal lift-off. In order to
optically isolate the waveguides - both the SOI waveguides and the microdisk
resonator-from the absorptive metal contacts, a DVS-BCB polymer is spun over
the chip. Undiluted DVS-BCB Cyclotene (3022-35) is used for this purpose. The
polymer is spin coated at 5000 RPM. Then, the DVS-BCB is cured in an N, at-
mosphere to avoid oxidation, with the following temperature evolution. First
the temperature is increased to 150°C at a rate of 5°C/minute. Then the tem-
perature is increased to 250 °C at a rate of 1.6°C/minute, and kept at that tem-
perature for 60 minutes. Finally, the sample is left to cool down. The shape and
position of the top contact via in the DVS-BCB layer is of paramount impor-
tance for proper device operation, since it determines where the subsequently
deposited metal will be in contact with the microdisk. The most important thing
to be taken care of is that no metal contacts should be deposited on top of the
whispering-gallery zone, as this would lead to excessive optical absorption. The
top and the bottom vias are defined in separate lithography and etching steps,
since they require different etch depths. Contact lithography is used in com-
bination with the AZ5124 resist, which is also used as an etch mask. Both the
bottom and top vias are etched by ICP-RIE, using a SFg/ O, gas mixture (5/40
sccm) at 60 mTorr and 150W RF power and 50W ICP power. To soften the side-
wall edges of the deep bottom vias, they are subsequently treated with an RIE
step using the same gas flow, but at a high pressure (1000 mTorr) and 100W RF
power. After the definition of the bottom via, the next step is to deposit the top
contact metal using the image reversal lithography and metal evaporation. The



CHAPTER 2 37

Top metal

T

SOl wg BOX (2 um) SOl wg

Buffer Silicon

HFW mag fi WD HV curr Spum
10.2 ym |25 000 x | 5 51 mm[18.00 kV|2.3 nA

Figure 2.8: FIB-SEM image of a fully fabricated III-V microdisk on an SOI
waveguide circuit.

metal combination is Ti(25 nm)/Pt(50 nm)/Au(100 nm). This is followed by the
metal lift-off.

2.5.4 Probe pads definition

The final step for making the microdisks ready for electrical injection is the def-
inition of the contact metal for the electrical probing pads. The process to de-
posit the metal for electrical probe pads is similar to the metal deposition for
bottom metal definition and the top metal definition. But the metal combi-
nation is different. The Ti(40 nm)/Au(500 nm) is deposited by the evaporation
technique using resistance heating.

2.6 Overview of fully fabricated chips

The fabrication process is complete after definition of the electrical probe pads.
For an illustration, in figure 2.8, the focussed-ion beam (FIB)-SEM image is
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Figure 2.9: Overview of a fully fabricated chip.

shown depicting the fully fabricated III-V microdisk on a SOI waveguide cir-
cuit. It also shows the buffer silicon on which SOI waveguide circuits are fabri-
cated. In the next figure, an optical microscope picture of a fully fabricated chip
is shown depicting the array of the microdisk based devices. This figure also
indicates the location of the electrical contact pads.

2.7 Conclusions

In this chapter, the design, structure and the overview of the fabrication process
used for making III-V microdisk based devices and PICs is provided. Adhesive
and direct bonding technologies are discussed in view of their importance and
necessity for heterogeneous integration of III-V material based active devices
on top of passive silicon waveguide based circuits. Details of the microdisks
after etching are given, as inspected by the SEM. Details of the fully fabricated
devices are also given. These details are obtained by using FIB-SEM and optical
microscope.
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Microdisk laser as an all-optical
flip-flop

Digital subsystems for optical processing are of great importance due to their in-
trinsic properties such as large bandwidth and immunity to the electromagnetic
interference and their potential for achieving high speed with low power con-
sumption. The key basic functionalities for optical processing are logic gates,
mux/demusx, optical buffers or optical random access memories (ORAMs) and
wavelength convertors etc. Out of all these functionalities, optical buffers or
ORAMs are the least mature from the point of view of practical applications.
This is mainly due to the fact that the devices investigated for optical buffering
had large foot-prints [1-2] and many of them operated with high power con-
sumption [3].

Multi-bit ORAM can be constructed by cascading many single all-optical
flip-flops. In this chapter, the results on experimentally demonstrated all-
optical flip-flops using a single microdisk laser of only 7.5 ym diameter are
presented. It is important to mention here that the devices used for exper-
iments were jointly fabricated by Dr. Liu Liu and my self. Also, Dr. Koen
Huybrechts helped during dynamic measurements. The chapter begins with a
background on the need of an ORAM, highlights the theory of bistability and
practical challenges to achieve it in the small dimension microdisks and ends
with the conclusions and the discussion of the obtained results.
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Figure 3.1: Schematic of 1x2 all-optical packet switch showing the all-optical
flip-flop needed to store the processed header information [4].

3.1 Need of an all-optical buffer

For fully functional photonic chips for short reach communications, many ac-
tive functionalities are needed and optical flip-flops or optical buffers are one
of them. An example of a fully functional digital photonic circuit is represented
by figure 1.8 in chapter 1 in which flip-flops are used as memory elements. At
the same time, all-optical packet switching is being considered as the long term
solution for the problems arising due to the exponential increase in the data
rates in optical telecommunication networks. An all-optical flip-flop memory
or ORAM is envisaged as an integral part of an all-optical packet switch [4] as
shown in figure 3.1. In this figure, the arrayed waveguide(AWG) forms the de-
multiplexing unit. Depending upon the information in the header, a pulsed out-
put from the header processing unit changes the state of the flip-flop.

In order to process the header and to resolve the contention in optical net-
works in the optical domain itself, a good ORAM is required. Unfortunately, a
good ORAM which can be competitive or better as compared to an electronic
RAM in terms of power consumption, footprint and buffer time does not exist
yet. The main requirements to be met by optical buffers are briefly discussed in
the next paragraph. The primary reason for the need of an ORAM is the fact that
it will eliminate the need of optoelectronic conversions. Optoelectronic con-
versions are power hungry. This can be understood by an example as presented
in reference [5] taking the case of a packet router. An OC-768 16:1 multiplexer-
demultiplexer chip set typically dissipates 4.5 W of power [6]. An additional OC-
48 8:1 multiplexer-demultiplexer typically dissipates 2.5 W of power [7]. This
brings the total power consumption for the chip sets required to demultiplex a
40 Gbits/s data stream into 64 622 Mbits/s data streams to approximately 45 W
(per wavelength channel). An equal amount of power is required for multiplex-
ing. Apart from that, a 40 GHz clock recovery circuit typically dissipates 15 W of
power [8]. This brings the total power consumption for demultiplexing, multi-
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plexing, and clock recovery for a single 40 Gbits/s channel to the order of 100 W.
This sounds moderate, but in the case of a thousand-port switch, this adds up
to 100,000 W of power, only for optoelectronic conversions.

Optical buffers must meet certain requirements to achieve acceptance [9].
First of all, it is necessary that a buffering approach can impart a delay of at least
the length of the packet payload in order to provide contention resolution. It is
important for the buffering device to be bit rate scalable to 10 Gbits/s or more
to offer an advantage over their electrical counterparts. For acceptable network
loads, optical buffers should have the capability to store packets of at least 40
bytes with guard bands no more than several nanoseconds long. Packet pay-
load length is one of the difficult challenges for many buffering approaches, but
unless the ratio of the payload length to the overhead of the header and guard-
bands is reasonable, optical buffers and packet switches can not be advanta-
geous. In addition, it is desirable to require less header processing for a given
amount of payload. In order to accommodate short guard bands, buffers must
be able to switch or reset in less than several nanoseconds. There are also other
considerations that increase the probability of success of a given optical buffer
approach. As usual, low cost is a main issue. Optical packet switches must lower
the cost per bit for data transmission to make them advantageous. It is also nec-
essary that optical buffers have low power consumption, low heat dissipation,
and a small footprint. For both cost and footprint, it is obviously important that
the number and complexity of components included in a given buffer archi-
tecture must be kept to a minimum. In order to make the optical buffer more
flexible, it is desirable for the buffer to be transparent to packet length and to
provide dynamically variable storage time. Apart from these architectural con-
siderations, it is also desirable that the buffer devices impart the least possible
dispersion and minimum optical power penalty.

3.2 Laser theory for optical bistability

The possibility of achieving bistability in two mode lasers via gain saturation
was first explained mathematically in terms of an idealized model in [10]. In this
section, description of bistable operation of a two mode semiconductor laser
based upon the mode competition through gain saturation is presented. The
notations used here are the same as in [11].

The saturated gain of a given mode in an ideal laser is related to the unsatu-
rated gain through the following relation:

gD = g[1-SI]

where I, g(I) and g are the mode intensity, saturated gain and unsaturated gain

respectively. And S = %{U where I, is the saturation parameter. In case of
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two modes, the rate of change of the intensity of one mode depends upon the
intensity of the other mode and can be expressed by the equations (3.1) and
3.2).

dI
d—; =g, ) =g L[1-81 1, - Cia ] (3.1)
dl,

ar =g, ) =g h[1-SI - Co1 1] 3.2)

In the equations above S’, C’s and g’s represent the self-gain saturation coeffi-
cient, the cross-gain saturation coefficient and the net gain of each mode re-
spectively. The stability of such a gain-coupled two-mode system can be ana-
lyzed in the phase plane (I3, I2) by looking at the slope of the trajectory of I»(1;)
given by

dl, _ gDh[1-S1,-Cull

= (3.3)
dli g hL[1-811-Cpl]
which is obtained after dividing equation (3.2) by (3.1). The trajectories of
L _, (3.4)
an '
and
dl, 3.5)
— =00 .
dhL
cross at a point X (x1, x») such that
Ci2—-§
X = (C12—-82) 3.6)
(C21C12 = 8152)
Co1-S
X = (Co1—81) 3.7)

~ (C21C12—5152)

The bistability occurs when the product of cross-gain saturation coeffi-
cients exceeds the product of self-gain saturation coefficientsi.e. C;Ci2 > S Sz.
Within the case of bistability, if x; < 0 and x, > 0 then mode 1 will oscillate; and
mode 2 will oscillate when x, < 0 and x; > 0.

A model proposed by Sorel et.al. [12] fits well to describe the occurrence of
bistability in case of a microdisk laser. This model takes into account the carrier
reservoir, gain saturation and linear coupling between the CW and CCW mode.
The linear coupling between CW and CCW modes will be addressed further in
the next subsections too. The model proposed by Sorel et.al. has been used to
simulate the LI curves of a microdisk laser by Yanick De Koninck [13]. The rate
equation model of the microdisk laser described here is the same as presented
in the thesis of Dr. Koen Huybrechts [14] which is primarily based on the model
proposed by Sorel et. al.[12]. If the electric field associated to the clockwise
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mode is denoted as E* and that in the counter clockwise direction as E~, the
rate equations can be written as follows :

dE* 1 1
=—1+ja)|G"——|E"-KE~ 3.8

e s

dE- 1 1

— =-(1+4ja)|G -—|E -KE* 3.9

S a

where «a is line width enhancement factor accounting for phase-amplitude cou-
pling in the semiconductor medium, G is the modal gain factor which will be
described further and K = K; + jK, represents an explicit linear coupling rate
between the two modes. Here K is the dissipative coupling and K, is the con-
servative coupling. This coupling describes the effect of scattering due to side-
wall roughness of the microdisk and the reflections from different points such
as grating couplers, disk-waveguide interface and the fiber facets. The carrier
density rate equation can be written as
AN _ L N g _gripp (3.10)
ar qV 1.
where N, I, q, V and 7. are carrier density, applied current, elementary charge,
volume of active region and carrier life time respectively. The gain suppression
takes place due to spectral hole burning and carrier heating. In order to account
for this effect, a gain suppression is added in the denominator of the expression
for the modal gain :
+_ T'govg(N—Ny)
T 1 teg BT e B
1—‘gOVg (N — Np)
C14eg BT el B

(3.11)

(3.12)

where T, go, v and Ny represent the mode confinement factor, differential gain,
group velocity and ’carrier density at transparency’ respectively. The €, reflects
the self-gain suppression while €. reflects the cross-gain suppression. These
expressions can be re-written as follows:

G* =Tgovg(N - No)( —e5|E*I* —ec|E 1) (3.13)
G~ =Tgovg(N - No)(1 -5 E™ 2 —ecl E* ) (3.14)

It can be proved that €, = 2¢; [15-16]. The cross-gain suppression €, will
break the symmetry and enforce the unidirectional operation of the laser. The
gain suppression is, however, only significant when the photon density is high.
At lower powers laser will operate in a bidirectional regime.
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From the above equations, we can conclude that there are two main effects
in the coupling between the two modes: (a). The linear coupling K due to re-
flections at the end facets (dissipative) and due to sidewall roughness (conser-
vative). Unidirectional operation is favoured by a lower value of the coupling K.
(b). The nonlinear cross-gain suppression prohibits the counterpropagating
cavity mode to build up. This effect is necessary for the unidirectional oper-
ation and occurs at large values of the photon density. The above equations
have been used to implement a simulation tool to study the influence of the
laser parameters. More information on this topic is available in the Master the-
sis of Yanick De Koninck [13]. In Figure 3.2, a typical light-current (L-I) graph
of a ring/disk laser structure is depicted. Three different operating regimes can
be seen in this figure. The first regime, just after threshold, is the bidirectional
regime where the two counterpropagating modes are equally strong. There will
be a small notch in their spectrum as the coupling between the two modes will
introduce a very small frequency splitting. When the injection current is in-
creased, laser operates a bidirectional regime with alternating oscillations [12,
17]. In this regime, the intensities of the two counterpropagating modes are
modulated with harmonic sinusoidal oscillations. The modulation is out-of-
phase (or alternate) which means that the power in one mode is high when it is
low in the other mode. The graph depicts the maximal and minimal values of
the mode intensities. The last regime is the unidirectional regime and the initial
conditions determine which of the two modes is dominant [18]. When the laser
operates in a unidirectional regime, one can switch the lasing direction ( from
CW to CCW and vice-versa) by exterally injecting an optical pulse to realize the
flip-flop operation.

3.3 Practical challenges to achieve bistability

The main problem for achieving the bistability in a microdisk laser arises from
coupling between CW and CCW modes. The coupling between CW and CCW
modes depends on the surface roughness of the disk sidewalls, on the coupling
between the microdisk and the straight SOI waveguides, on the reflection feed-
back from the grating couplers, and on the reflection at the interface between
disk and straight waveguide. The sidewall surface roughness is the most critical
parameter for the coupling between the two contra-propagating modes. The
surface roughness on the microdisk sidewall breaks the azimuthal symmetry
and results in removal of the degeneracy of CW and CCW modes. Scattered light
couples either in to a radiation mode or the counter propagating mode [19]. Ex-
citation of the counter propagating mode by back-reflected light prevents unidi-
rectional or bistable behaviour. A detailed experimental and theoretical analysis
by Sorel et.al. in ref. [12] has revealed that conservative scattering acts as a driv-
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Figure 3.2: A simulated LI curve showing different regimes of a microdisk
laser.[13].

ing force for alternate oscillations while dissipative scattering tends to restore
either bidirectional or unidirectional regime depending upon the value of con-
servative scattering. The large roughness of the microdisk sidewall also leads to
the high propagation loss making it difficult to achieve lasing with high output
power.

Normally the bonding layer (DVS-BCB) thickness is about a few hundred
nanometers and the coupling ratio between the microdisk and the waveguide
is estimated to be about 1 %. The estimated value for the reflection from grating
couplers used is about -22dB. Therefore , the influence of reflections from the
grating couplers and from the interface between disk and straight waveguide
can be ignored. From the description of the optical field evolution for the CW
and CCW modes using coupled wave equations, it can be shown that there
is a frequency split in the spectrum of the total optical field due to the mode
coupling. The frequency split is normally too small to be seen in an optical
spectrum, but it can be seen in an RF-spectrum. On these aspects theoretical
investigations have been reported by different authors [19-20]. Also, there have
been measurements of propagation loss in microring/disk resonators [21-22]
where sidewall surface roughness induced backscattering accounts for either
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the most significant or a substantial contribution to the propagation loss. In
reference [23], the transmission loss in S;/S; 0, waveguide is measured where
again sidewall roughness is the major source of loss. Transmission measure-
ments [24] in passive silicon microdisks have shown lifting of the degeneracy
between the clockwise (CW) and the counterclockwise (CCW) propagating
whispering gallery modes (WGMs), due to scattering from disk sidewall surface
roughness. Experimental investigations were reported on surface roughness
induced detrimental effects on the bistability in disk/ring lasers in ref. [25].

3.4 Characterisation of mode coupling

The measurement of the RF-spectrum of mode beating between CW and CCW
modes allows to extract the information about the coupling between CW and
CCW modes. Assuming K, > > K, an analytical expression for K. and K; can be
derived from the rate equations for CW and CCW mode :

dE* 1 1

==(1+ja) [G——]E++(jKC+Kd)E_+FS+e (3.15)
dt 2 Tp
dE- 1 1
—=-(+ja) [G——]E’+(jKC+Kd)E++FS’e (3.16)
dt 2 Tp

Where Fy, and F,, represent the spontaneous emission noise in the CW and
CCW direction respectively while all other symbols have the same meaning as
stated in the previous section. Taking the solutions of above equations as E* =
E* exp(jQt) and E” = E” exp(jQtland AG=G -1 p'l, above two equations result
into the following equations :

1
[jQ—E(1+ja)AG]E+ =(jKc+Kg)E~ +F, (3.17)

1
[jQ- (1 +JOAGIE™ = (jKe + K E* + F, (3.18)

In absence of the spontaneous emission noise, multiplying equations (3.17)
and (3.18) results into :

[j(Q—%(a)AG]—%AG=+(jKC+Kd) (3.19)

[j(Q—%(a)AG]—%AGz—(jKC+Kd) (3.20)

Comparing real and imaginary parts of equation (3.19) gives AG = -2K; and Q
= K, - aK; while from equation (3.20) AG = 2K; and Q = -K; +a K is obtained.
The difference between angular frequencies equals to 2(K; - aK;). Under the
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condition K, > > Ky, the difference between the freqencies will be equal to K./
and will appear as a peak in RF spectrum.

Only the mode at Q = K, - «K; will be lasing since it has lower AG = G— rp'l
as compared to the mode at Q = -K, +aK; . Spectral variation around Q = -K,
+a K, can be given as :

Q=Aw-K.+aK, (3.21)
Now in presence of noise and with A G = -2K;, equation (3.17) can be written
as: .
Ke+Kg)E™ + F,
+_ (]' c d) se (3.22)
JjQ+aKy) + Ky
Substitution of equation (3.22) in (3.18) yields:
K.+ Kg)FY +[j(Q+aKy) + K41F~
B = (JK: +Kyg) [ Q+aKy) + Kyl (3.23)

CjQ+aKy - K (Q+aKy+ Ke) +2Ky]

After substitution of Q from equation (3.21), under the condition Aw < <K, and
by ignoring the small value terms; equation (3.32) can be rewritten as:

_(jKc+KQ)F" +[jw—Ke)+KglF~
B (—2K.) [jAw +2K4]

E™ (3.24)
Above equation can be transformed to equivalent optical power as written be-

low:
1

Aw? + (2K )2
Equation (3.25) implies that 6dB bandwidth of RF-spectrum of mode beat-
ing between CW and CCW modes will correspond to 2K /7w
The schematic of the experimental set-up employed for beat frequency

Popr ~ (3.25)

measurements is shown in Figure 3.3. As the output power of the microdisk
laser coupled to the fibre is very low, it is amplified with an erbium doped fiber
amplifier (EDFA). An optical isolator is placed in between the microdisk laser
and the EDFA to avoid coupling of amplified spontaneous emission noise back
to the microdisk laser which can destabilize it. The EDFA is followed by an op-
tical tunable filter, tuned at the wavelength of the microdisk laser output light,
to suppress spontaneous emission noise generated by the EDFA. The amplified
and noise suppressed light is fed to the HP70810B Light Wave Section of an
RF spectrum analyser which converts the optical input into a radio frequency
(RF) signal. This RF signal is given as an input to the HP7090 8A. Finally the
beat frequency of the CW and CCW modes appears as a resonance in the RF
spectrum and is seen on display screen. As an example, the RF spectra of mi-
crodisk lasers of two generations G; and G, measured at different bias currents
are presented in figure 3.4. The microdisk lasers of G; have high roughness as
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Figure 3.3: Experimental set-up used for characterization of mode coupling.
DUT, device under test; RFSA, radio-frequency spectrum analyser;
BPE band pass filter.

compared to that of G,. Exemplary SEM images of the sidewalls of microdisk
lasers of both the generations are shown in figure 3.5 illustrating the difference
in the roughness. As can be seen from figure 3.4, the peaks of the RF spectra
do not shift to higher frequencies with an increase in the bias current increases.
Therefore, it is concluded that the observed resonances are not the relaxation
oscillation between the photons and the carriers in the active material, but are
due to the beating of the two split lasing frequencies.

In Gymicrodisk lasers, the frequency splitting is large due to the large side-
wall surface roughness. As shown in figure 3.4 (a), f =6.0 GHz is normally ob-
tained, corresponding to the conservative coupling coefficient K, of 1.8 X 10'°
s~1. This high coupling between the CW and CCW modes prevented achieving
the unidirectional operation in G; microdisk lasers. In G, devices, the sidewall
roughness is reduced significantly , and therefore, the resonant frequencies in
the RF spectra are now of the order of hundred MHz as shown in figure 3.4(b).
While the resonance frequency decreases slightly with increasing bias current
as a result of the changing phase of the reflection from the grating couplers,
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Figure 3.4: Measured RF spectra of the microdisk lasers at different bias cur-
rents in (a) first generation [G;] and (b) second generation [G>].

Figure 3.5: The SEM images of the sidewalls of the microdisk cavities in (a)
G, and (b) G, device.

the measurements allowed to conclude that the conservative coupling between
CW and CCW modes is K, = 1.8 X 10° s~!. It is difficult to read the dissipa-
tive coupling between CW and CCW modes in the results in figure 3.4(b) due to
the signal floor from the intensity noise of the laser. The dissipative coupling is
of less importance than the conservative coupling concerning the threshold of
unidirectional operation [12]

3.5 Lasing characteristics

In this section, the lasing characteristics of microdisk lasers of both generations
are presented. As is discussed in the previous section, the mode coupling be-
tween CW and CCW modes in G lasers was way too high to achieve bistable
behaviour. The same is confirmed by scanning the bias current applied to the
microdisk laser and recording the output power from both ends of the wave-
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Figure 3.6: The LI curve of a microdisk laser from Gj.

For an illustration, the LI (Light-Current) curve of a microdisk laser from G;
is plotted in figure 3.6. The diameter of this device was 10 um. The optical spec-
trum of the same microdisk measured at 4.3 mA of bias is plotted in figure 3.7.
The SMSR (side mode suppression ratio) is > 20 dB and the free-spectral range
(FSR) of this laser is 24 nm which is in agreement to theoretical prediction ac-
cording to the formula: FSR = A?/n ¢L. Here A is the peak resonance wavelength
while ng and L are the waveguide group index and the circumference of the mi-
crodisk, respectively.

In the LI curve, the ripples are also visible which are due to the Fabry-Perot
resonances. The Fabry-Perot cavities are formed in the fiber-optic circuit used
for the measurements. For example, the reflections from the fiber-optic con-
nectors, access fibers and grating couplers lead to the formation of Fabry-Perot
resonances. As can be seen the output power of these lasers is very low ( only
few hundreds of nano watts) implying that the photon density in the microdisk
cavity is not enough for the occurrence of the bistability.

In figure 3.8 (a) the LI curve of a microdisk laser from G; is plotted showing
clear bifurcation of power (bistability) between CW and CCW modes for bias
current above 1.7 mA. Threshold current is as low as 0.33 mA. The occurrence of
the bistable behavior as seen in the LI curve is in agreement with the informa-
tion of low beat frequency (figure 3.4(b)) obtained by measuring the RF spec-
trum. The maximum power in the SOI waveguide was 21 yW and is limited by
the thermal rollover around 3.8 mA. Figure 3.8(b) presents the lasing spectrum
at 3.8 mA bias, showing a single mode operation with SMSR > 40dB. Bistable,
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Figure 3.7: The optical spectrum of a microdisk laser from Gj.

unidirectional operation starts at 1.7 mA. Any switching of the lasing direction
in the unidirectional regime when increasing the bias current is not observed,
which does occur in the large ring lasers [26]. This switching behavior only hap-
pens when the laser mode hops to another azimuthal order, i.e., several FSRs
away, due to the self heating [26]. Such a mode-hopping is unlikely to happen
in this laser, since the microdisk cavity is so small that the FSR is larger than 30
nm as depicted in figure 3.8(b). Periodic oscillations can also be found in the
L-I curves, which are an evidence of the reflection feedback from the grating
coupler or the fiber facet.

It is to be noted that the epitaxial structure used for G; and G, microdisk
lasers were different. The description of the epitaxial structure used for fabri-
cating the G, laser can be found in reference [27] while the epitaxial structure
used for fabricating G, lasers is provided in chapter 2 (section 2.2). The top
contact layer (Au) in the G, microdisk laser was made extra thick (600 nm) and
served as a heat sink. The heat sink which helped to decrease the thermal resis-
tance to 6.1 KmW™!, The thermal resistance of G; microdisk lasers was 10
KmW ™!, The diameter of the microdisk cavity was 7.5 ym.

3.6 Dynamic all-optical flip-flop operation
In unidirectional regime, the output power of one of the modes (CW or CCW)

is high while that of another is suppressed. The output power of the dominant
mode can be suppressed while that of the suppressed mode can be enhanced by
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Figure 3.8: (a) The LI curve and, (b) the optical spectrum of a microdisk laser
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injecting an external optical pulse in the direction of the suppressed mode. This
way, depending on the direction of injection of the external optical pulse, the
random switching between CW and CCW modes is possible. This phenomenon
is equivalent to an electronic set-reset flip-flop (SR-FF). The dynamic measure-
ments were performed to show the all-optical flip-flop operation in a microdisk
laser.

The measurement set-up used for testing the dynamic response of the AOFF
is outlined in figure 3.9. Two circulators were connected to the access fibres to
the sample to separate the injected laser pulses and the output from the mi-
crodisk laser. The output laser was detected either by a high-sensitivity, low-
speed photodetector (HP 81532A; for the low-speed switching shown in figure
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Figure 3.9: Experimental set-up used for dynamic flip-flop operation. The
equipments in the dashed frames were used for the low-speed mea-
surements, and those in the dash-dotted frames were used for the
high-speed measurements. TL, tunable laser; OS, optical switch; LN,
lithium niobate modulator; PG, pattern generator; ODL, tunable op-
tical delay line; PC, polarization controller; DET, high-sensitivity, low-
speed detector; BPE tunable band-pass filter; EDFA, erbium-doped
fibre amplifier; CSA, communication signal analyser.

3.10) or by a communication signal analyser (Tektronix CSA8000; for the high-
speed switching shown in figure 3.11) with preamplification by an EDFA and
filtering by a band-pass filter (FWHM, 0.9 nm). Because the grating couplers
give a coupling efficiency of ~ 30 % between the SOI waveguide and the access
fibres, ~ 6 uW of the microdisk laser output was normally collected by the fibres.

To achieve a reasonable power level for the communication signal analyser,
25 dB amplification was needed from the EDFA. This high amplification resulted
in a large level of spontaneous emission power, which caused a degradation of
the extinction ratio of the flip-flop operation when compared to static measure-
ments. For the results shown in figure 3.10, the injected laser pulses were gen-
erated by switching on and off an optical switch connected between a tunable
laser and the circulator. The typical pulse duration in this scenario was in the
order of 100 ms, which was sufficiently long for the microdisk laser to settle. For
the high-speed results shown in figure 3.11, the injected pulses were generated
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Figure 3.10: Diagrams of the flip-flop operation and measured lasing power at
alow switching speed. (a) The microdisk laser (wavelength, 1572.198
nm) initially works in the CW dominant state. (b),( c¢) An optical
pulse (wavelength, 1 572.2 nm) is injected from the left side (b) and
switches the laser to the CCW dominant state (c). (d), (e) Similar to
(b) and (c), but with injection from the right side. (f),(g) Power mea-
sured at the left and right ends of the SOI waveguide, respectively.
The vertical dashed lines indicate, approximately, the moments at
which the stages in (a)-(e) occurred.

by a lithium niobate modulator (speeds up to 10 Gbits/s) driven by a pattern
generator. They were split into two by a 3dB fiber-optic splitter, and then fed to
the sample. In one of the arms, a tunable optical delay line was inserted so that
the arrival time of the set/reset pulses at the microdisk laser could be adjusted.

A low-speed switching experiment was first performed. The flip-flop opera-
tion is presented in figure 3.10. Assume that the microdisk laser works initially in
the CW dominant state (figure 3.10 (a)), in which the CCW mode is suppressed
and the power measured from the left side of the SOI waveguide is high. At a
certain clock period, an optical reset pulse is injected from the left side (figure
3.10(b)). This pulse will couple into the microdisk cavity. If the injected pulse
is strong enough, it will invoke the CCW mode. Even after the pulse has passed
through, the microdisk laser will stay in the CCW dominant state (figure 3.10(c)).
In this case, the power at the left side of the SOI waveguide becomes low. Sim-
ilarly, the CW dominant state can be recovered by injecting an optical set pulse
from the right side (figure 3.10(d) and (e)). Note that this operation is equivalent
to a conventional set/reset flip-flop in an electronic circuit. The microdisk laser
was biased at 3.5 mA, about twice the threshold current for the unidirectional
operation, because self switching due to noise can be observed if working too
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close to it. If a continuous-wave light - or a sufficiently long pulse - is injected,
reliable switching can be achieved with a power of 360 nW, which is 17 dB below
the output power from the microdisk laser. As shown in figure 3.10(f) and(g),
power extinction ratios of 13 dB were measured at both sides of the SOI wave-
guide.
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Figure 3.11: High-speed measurements of the switching characteristics. (a)
Waveform of the injected optical pulse (central wavelength, 1572.23
nm).(b) Waveform of the measured optical signal at one side of the
SOI waveguide. (c),( d)Details of the switch-off (c) and switch-on (d)
transients, after applying the index-matching fluid to suppress the
appearance of the reset pulses.

To test the switching speed [14] and switching energy, short laser pulses were
used as the triggers for flip-flop operation. Figure 3.11 (a) shows the waveform
of the triggering pulse, which has a width of 100 ps. As shown in figure 3.11(b),
switching between the CW and CCW modes was achieved with a peak power
as low as 18 yW measured in the SOI waveguide, corresponding to a pulse en-
ergy of 1.8 f]. An extinction ratio of 11 dB was obtained, slightly less than that
observed in the low-speed results shown above, probably due to the sponta-
neous emission noise from an EDFA used to amplify the relatively weak output
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signal from the microdisk laser. Further increasing the peak power of injected
pulses induced a strong relaxation oscillation at the switch-on transient, due to
the deep depletion of the carriers. The injected set/reset pulses are also visi-
ble in 3.11(b). They cover the transient of the microdisk output, which makes
it difficult to measure the exact switching time of the flip-flop. The residual re-
set pulses mainly come from the interface reflection at the cleaved facet of the
access fibre. They can be suppressed, to some extent, by using index-matching
fluid between the access fibres and the SOI chip. The measured switch-off tran-
sient in this case is presented in figure 3.11(b). A switching time of 60 ps was
obtained. Any significant improvement of the switch-off time was not observed
when increasing the pulse peak power up to the point where the reflected re-
set pulse started to appear again in the waveform. On the other hand, the set
pulses cannot be removed in the current design, because they are at the same
wavelength as the microdisk output, and are also propagating in the same di-
rection. Nevertheless, it is obvious from figure 3.11 (d) that the switch-on time
should be less than 100 ps. From the above discussions, we can conclude that 10
Gbits/s operation can be supported in the proposed AOFE In principle, the ulti-
mate switching time is determined by the round-trip time of the cavity. To build
up the resonance, the injected photons have to travel over at least several turns
inside the laser cavity. Numerical simulations have suggested that a switching
time of the order of picoseconds can be achieved in such a small microdisk laser
[28-29]. However, to measure such a fast transition, a short triggering pulse is
required (to maintain a similar or higher injected energy, the peak power of the
pulse should increase [30], which might become even higher than the output
laser power from the device), and a smart design to efficiently separate the mi-
crodisk laser output from the injected pulses also has to be introduced.

3.7 Discussions and Conclusions

The active device area and the electrical power consumption of the proposed
microdisk laser AOFF are the smallest among the AOFFs [32]. The switching en-
ergy is similar to that of the VCSEL based AOFF at its lowest speed, and is much
better at high speed [29]. It has lower switching energy than the approaches
based on ring lasers[27, 29, 33]. The measured switching speed is still less than
that of the coupled ring lasers [33], but has the potential for greater speed, as
discussed above. The proposed device is also the only electrically pumped AOFF
built on SOI so far. This characteristic makes it very suitable as a building block
for photonic integrated circuits in various all-optical signal processing applica-
tions [34-39], in combination with other ultra-compact functional devices such
as optical gates, with ultra-low power consumption. To implement such a sys-
tem, for example, an optical RAM [37] or shift register [38], requires that the
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wavelength of an individual microdisk laser is tuned to within another’s injec-
tion locking bandwidth. Using deep-ultraviolet (DUV) or electron- beam lithog-
raphy, the wavelengths of nominally identical microdisk lasers on a single chip
vary by 1.0 nm [40]. Thus, on average, tuning of 0.5 nm for each AOFF would be
necessary. Accounting for the thermal resistance of the proposed device (6.1 K
mW™1) and the temperature sensitivity of the lasing wavelength (0.1 nm K -y,
thermally aligning the lasing wavelengths of these lasers requires about 0.8 mW
of extra heating power per disk. The overall power consumption can thus be
estimated to be 6 mW for storing one bit (3.5 mA X 1.5 V + 0.8 mW), which is
close to that of state-of-the-art optical buffering technology with re-circulating
delay lines (3.1 mW bi t~L ref.[41]). Although such arrangements may have ad-
vantages over AOFFs in terms of the scalability of the data rate and the data
format, the fibre or silica-on-silicon based delay lines occupy at least two orders
of magnitude larger area. Even with a densely packed SOI waveguide [2], the
footprint is still more than ten times higher. Using slow-light based delay lines,
the footprint may be reduced to the level of the proposed AOFE However, the
high losses in this technology limit the buffer scale and energy efficiency [42-
43]. The AOFF-based optical buffer is also capable of providing a longer and
more flexible buffering time, as well as full random access. The threshold cur-
rent (and thus the power consumption) at which the microdisk laser becomes
unidirectional can be further decreased by further reducing the coupling be-
tween the CW and CCW modes (for example, by eliminating or reducing the
reflections from the grating couplers and by improving the surface roughness
of the disk even more) and by reducing the disk diameter or improving the cur-
rent injection into the disk. Microdisk lasers with a threshold current as low as
40 pA under continuous operation have already been demonstrated in a sim-
ilar platform [44], and it is therefore estimated that AOFF operation should be
possible with an average power consumption of 0.5 mW. Including thermal tun-
ing, the average power consumption per AOFF is then 1.3 mW. Assuming op-
eration at 10 Gbits/s, this corresponds to 0.13 pJ energy consumption per bit
over one bit duration. Comparing CMOS buffers, the energy consumption of,
for example, an electronic dynamic RAM is projected to be 0.1 pJ bit~! in the
next decade, this mainly arising from interconnections and I/0 interfaces [45].
Further optimization of the speed of the microdisk AOFF to allow operation at
40 Gbits/s will result in an energy consumption that is very competitive with
CMOS solutions. This is even more the case after taking into account the extra
opto-electronic conversion that is required for CMOS buffers, which would typ-
ically need tens of femtojoules to 0.1 pJ per bit using future optical-interconnect
technology [5,45]. Optical buffers can also yield a much smaller access time or
latency, although the footprint of CMOS will always be much smaller than that
of optical buffers. It is, however, worth noting that the energy consumption in a
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CMOS memory does not scale with buffering time [46]. Optical buffering will be
a preferable approach in scenarios that require high-speed switching and high
data throughput.
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Microdisk resonator as an all-optical
gate and wavelength converter

An optical gate is a device in which an optical probe signal output is controlled
by the control signal. The control signal can be in the electrical or optical do-
main. In an electrically controlled gate, the applied voltage decides the output
level of the optical probe signal. While in an optically controlled optical gate, the
probe as well as the control signal both are in the optical domain. An integrated
all-optical gate was reported by Lattes et.al. in 1983 [1]. Using the CMOS com-
patible platform, all-optical control of light by light was reported by Almeida
et.al. in 2004 [2]. Afterwards, all-optical gates or modulators on III-V or Si based
platforms have been reported by different research groups, e.g. [3-5]. In this
chapter, the experimental demonstrations of all-optical gating realized in the
microdisks are presented. In the second part of this chapter, the concept of all-
optical gating is exploited to realize the all-optical wavelength conversion. Re-
sults described in section 4.1.3 and 4.2 of chapter 4 and all the results described
in chapter 5 were obtained using molecularly bonded III-V-on-silicon devices
fabricated by colleagues at LETT in France.
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4.1 All-optical gate using a microdisk

4.1.1 Concept

An all-optical gate can be realized in the microdisk resonator in a pump-probe
configuration [3]. When a high-intensity pump beam is tuned to one of the
transmission resonances of the microdisk, the change in the transmittance al-
lows to switch a continuous wave (CW) probe beam tuned to the next resonance
as shown in figure 4.1. For a given band gap of the active material used for fab-

FSR
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Pump Probe

v

Wavelength (a.u.)

Figure 4.1: Transmission resonance characteristics of a microdisk and the se-
lection of pump and probe wavelengths.
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Figure 4.2: Illustration of the concept of an all-optical gate.

ricating the resonator, the switching can be achieved by exploiting either single
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photon absorption (SPA) or two photon absorption (TPA) depending upon the
wavelength chosen for of the pump. In SPA, each absorbed photon generates
an electron-hole pair and these generated carriers change the absorption co-
efficient and the refractive index of the active layer of the microdisk. Figure 4.2
illustrates the gating concept in a pictorial way. The dotted blue curve shows the
transmission dip of the microdisk around the probe wavelength. When pump
light is injected into the microdisk at another resonance of the microdisk, free
carriers are generated which causes a blue shift in the transmission dip as shown
by the solid red curve. Using a pulse train as a pump results in high or low out-
put of the probe beam due to a periodic shifting of the resonance around the
probe wavelength. If the probe wavelength is slightly blue tuned off the trans-
mission dip then in the absence of the pump pulse the output is high and the
gate is said to be in the open state. In the presence of the pump pulse, due to
blue shift of the resonance, the output will be low and the gate is said to be in the
closed state. In this way, the power level varies between points A and B in the
time domain as represented by the dotted black line. During this whole process,
the variation in the power level of the output of the gate follows the pattern of
the pump pulses.

4.1.2 Gating with BCB bonded microdisks

First experiments on gating were carried out using the microdisk resonators
from generation G,. In G, devices, III-V material was bonded on top of an SOI
waveguide circuit using adhesive bonding process as described in section 2.4.1.
For more information on G, devices, please refer to chapter 3 (page 49, 52). A
particular microdisk used for the experiments reported here had a diameter 10
pm. The microdisk had an add-drop configuration of the waveguides. The off-
sets of the two waveguides were different with respect to the microdisk edge.
This was due to a small registration error in the definition of the III-V microdisk.
This offset is an important parameter which determines the coupling of light
from the waveguide to the microdisk and vice-versa. The FIB-SEM image is
shown in figure 4.3 highlighting this offset. The drop-port waveguide has a neg-
ative offset off-set of 320 nm (figure 4.3(a)) while the throughport waveguide has
a positive off-set of 150 nm (figure 4.3(b)).

4.1.2.1 Transmission characteristics

To find the microdisk resonances, the transmission spectra at the through and
drop port were measured with transverse electric (TE) polarized light from a
continuous-wave (CW) tunable laser. A good transmission characteristic was
observed only at the through port, which is shown in figure 4.4 with the green
curve along with a fit (black curve) for the light coupling efficiency of the grating
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Figure 4.3: Cross section of III-V microdisk and the SOI waveguides showing
the off-set of (a) drop port and (b) through port waveguide, respec-
tively.

couplers [6]. This is attributed to the better alignment of the through port SOI
waveguide with respect to the disk edge [see figure 4.3(b)]. Since the whispering
gallery modes propagate along the edge of the microdisk, the light which cou-
ples into the microdisk from the input port does not couple well to the drop port
due to the position of the drop port SOI waveguide away from the microdisk
edge and more to the center of the disk as is clear from figure 4.3(a). Two reso-
nances, one at 1563.9 nm and another at 1586.5 nm, were observed.

The ripples in the spectral response of the microdisk are due to a Fabry-
Pérot resonance formed between the two grating couplers used for coupling
light from the tunable laser to the waveguide through single-mode fiber, and
reflections from fiber facets, connectors, etc. A large change in the resonance
behavior(extinction ratio, Q-factor) at two wavelengths is seen due to the fact
that the shorter wavelength (1563.9 nm) has higher absorption as it lies far away
from the bandgap wavelength, which is 1600 nm, while the longer wavelength
(1586.5 nm) lies closer to the bandgap wavelength of the microdisk [7].

4.1.2.2 Dynamic all-optical gating operation

Dynamic all-optical gating measurements according to the concept explained
in section 4.1.1 were performed. The experimental setup used is sketched in fig-
ure 4.5. A tunable laser (TL) provides the probe beam while a short pulse source
provides a pulse train which acts as a pump. The repetition rate of the short
pulse source was set by the frequency of an RF output signal from the RF gen-
erator. The gate output was collected at the drop port of a circulator. The gate
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Figure 4.4: Transmission spectrum (green curve) of the microdisk, and a fit
(blackcurve) for the light coupling efficiency of the grating couplers.

output was amplified using an L band EDFA. A band pass filter (BPF) followed
the EDFA to suppress the amplified spontaneous emission noise generated in
the EDFA. The gate output was finally fed to a high speed photodetector (HSPD)
connected to a scope. The trigger signal to the scope was provided from the RF
generator using a 3 dB RF splitter whose one output was connected to the short
pulse source as shown in figure 4.5. The wavelength of the pump light injected
at the through port was set at the lower resonance (1563.9 nm), while the wave-
length of the probe light injected at the input port was set slightly below the
longer resonance (1586.5 nm).

The pump light was a pulse train of 10 GHz repetition rate with each pulse
of 7.5 ps duration, extinction ratio of more than 20 dB, and Gaussian in shape
as shown in figure 4.6(a). Probe and average pump power in the SOI waveguide
were 170 uW and 4 mW, respectively. While carrying out the measurements, the
microdisk was kept under a reverse bias of -1 V to reduce the fall time by sweep-
ing away the generated carriers from the active region [8].The gate output cor-
responding to the pulse train [figure 4.6(a)] is plotted in figure 4.6(b). When the
pump pulse has a high/low power level, the gate is in the closed/open state as
discussed in Section 4.1.1. The extinction ratio between the closed state and the
open state was 4.5 dB. To estimate the gating speed of the device under investi-
gation, transient responses were measured and are plotted in figure 4.7. The rise
time and fall time were 8.5 and 41.5 ps, respectively, which suggest that this de-
vice can operate up to 20 GHz. The low dynamic extinction ratio, as compared
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Figure 4.5: Schematic of the experimental setup used for dynamic all-optical
gating measurements. MDR, microdisk resonator; OS, optical switch;
PCW, polarization controlling wheels.

to the static extinction ratio (~ 10 dB (figure 4.4)), can be attributed to the spon-
taneous emission noise generated in the erbium-doped fiber amplifier (EDFA)
used to amplify the gate output before feeding it to the oscilloscope.

The high speed of the gate is believed to be due to the surface-state recom-
bination at the side walls of the microdisk, along with a contribution from the
reverse bias. It seems that by increasing the pump power, the rise time can be
reduced but it also requires increasing the reverse bias (e.g., to - 2 or - 3 V) to
compensate the increased fall time. Under the same pump power and increas-
ing the reverse bias to -2V, no improvement in the fall time was seen. This can be
explained by the saturation of drift velocity as a function of the applied electri-
cal field. When microdisk is biased at -2V, it is in drift velocity saturation regime
[9].The bandwidth of the pump pulse used is 1 nm while the bandwidth of the
transmission resonance at 1563.9 nm is 0.4 nm. This implies that the pump
power can be further reduced by matching the bandwidth of the pump signal to
that of the microdisk resonance.

4.1.3 Gating with molecularly bonded microdisks

As described in the previous section, 10 GHz all-optical gating in a 10 ym di-
ameter microdisk from G, was demonstrated but the use of reverse bias was
necessary to achieve this speed, and the extinction ratio was only 4.5 dB. Using
the same concept as in the previous section, a new set of experiments was car-
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Figure 4.6: All-optical gating output :(a) Pattern of the pulse train and (b) cor-
responding gate output.

ried out with the microdisks of a new batch Gs. The G3 microdisks were fully
fabricated in a CMOS pilot line. The III-V material was bonded on top of the
SOI waveguide circuit using a SiO, molecular bonding process resulting into a
130 nm thick bonding layer. The width and the thickness of the silicon wave-
guide was 600 nm and 220 nm respectively. Unlike microdisks from G; and G,
the microdisks in Gs were also defined by 193 nm deep ultraviolet lithography
(DUV). A particular ITI-V microdisk used for the experiments reported here, was
etched such that the periphery of the microdisk overlaps with the silicon wave-
guide covering a width of 500 nm. A full description on the fabrication can be
found in reference [10].
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Figure 4.7: Transient response of the gate output: (a) rise and (b) fall edge.

4.1.3.1 Static characteristics

Like in section 4.1.2, the microdisk resonator was characterised statically to lo-
cate the transmission resonances. Two resonances corresponding to two az-
imuthal modes separated by an FSR of 30.8 nm, one around 1550.1 nm and
another around 1580.9 nm, were located. The transmission response of the mi-
crodisk is plotted in figure 4.8. A higher extinction ratio was seen at the longer
wavelength resonance since it lies closer to the band gap of the active material
of the microdisk and hence has less absorption compared to that of the shorter
wavelength resonance.

Measurements of the influence of the power on the extinction ratio were
carried out to identify the critical coupling around 1580.9 nm. Near critical
coupling [11] in continuous wave was obtained for -4.25 dBm coupled optical
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Figure 4.8: Transmission response of the microdisk resonator.

power with an extinction ratio of ~ 25 dB. By fitting the resonator transmission
spectrum, the power coupling coefficient from the SOI waveguide to the disk
was found to be ~ 6 %. Taking the resonance position of this mode for -13 dBm
of power in the SOI waveguide as a reference, the relative change in the reso-
nance position as a function of relative change in the power is plotted in figure
4.9, which shows the spectral shift due to the generation of free carriers and heat
generated in the device (thermo-optic effect). It’s clear from figure 4.9 that ini-
tially there is a blue shift due to the generation of free carriers and as the power
increases, the carrier heating effect starts to take over. With 12dB change in the
power, the blue shift is completely cancelled by the red shift and the red shift
dominates for further power increase.

4.1.3.2 Dynamic characteristics

The dynamic gating measurements were performed for all-optical gating in a
pump-probe configuration keeping the probe wavelength around the longer
wavelength resonance and nearly critically coupled. The reason to choose the
higher wavelength resonance as a probe was that it had a higher static extinc-
tion ratio as compared to that of the shorter resonance wavelength and will give
higher extinction ratio in the output. A pump with 1.5 mW average power in the
SOI waveguide was tuned around the shorter wavelength resonance and was
essentially a pulse train of 10 GHz repetition rate. Every pulse was Gaussian in
shape and had a duration and the extinction ratio of 8 ps (FWHM) and 22 dB
respectively. The pump occupies 1 nm spectral width (FWHM). It is important
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to note here that unlike in the previous case (section 4.1.2.2), no electrical bias
was applied to the microdisk during the measurements.

The gating input and output is shown in figure 4.10(a) and 4.10(b) respec-
tively [12]. Figure 4.11(a) and (b) detail the transient responses. It can be seen
that the extinction ratio is more than 12 dB and the rise and fall time are 18.6
and 26.4 ps respectively, implying an achievable gating speed beyond 20 GHz.
The fast switch-off time is due to fast recombination of free carriers owing to
the high surface to volume ratio and rough side walls of the microdisk. Use of
a smaller diameter (7.5 um) for the microdisk here as compared to that in the
previous work (10 ym) contributes to a faster switch-off time. The light propa-
gating along the sidewall of the microdisk (WGM) sees more effect of sidewall
roughness in case of 7.5 um diameter as compared to that in case of 10 ym di-
ameter microdisk. At the same time we believe that the probe beam also acts as
a seeding beam [13-15] and contributes to a faster response. In case of experi-
ments with 10 ym diameter microdisk, the probe power was 170 uW while in the
present case it was 375 uW. It was observed that the extinction ratio increases
with increasing pump power but the switch-off time also becomes larger. Figure
4.12 shows the variation in extinction ratio and falltime as a function of pump
power. The switching energy (which is 150 f] in the SOI waveguide) can still be
optimized further by properly choosing a pump source which matches the res-
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Figure 4.10: Waveform of gating (a) input and (b) output.

onance width of the microdisk pump resonance (which is ~ 0.52 nm wide at
FWHM). The reduction in the extinction ratio in the dynamic case (more than
12 dB for the dynamic case while about 25 dB in static measurements) is due to
a partial shift of the resonance and a change in the absorption in the presence
of the pump pulses.
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Figure 4.11: Transient details of gating output(a) rising and (b) falling edge.

4.2 All-optical wavelength conversion

4.2.1 Motivation for wavelength conversion

The motivation for wavelength conversion is to increase the flexibility and re-
duce the blocking probability in wavelength division multiplexing (WDM) net-
works [16]. In fact, wavelength conversion has been shown to reduce the block-
ing probability in both circuit switching [17-18] and packet switching wave-
length routed optical networks (WRONSs) [19-20].
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Figure 4.12: Extinction ratio and fall time as a function of pump power in SOI
waveguide.

In a wavelength routed optical network (WRON) employing photonic packet
switching, if a given output port for certain wavelength channel is occupied by
an earlier data traffic, other succeeding data traffic with the same wavelength
can not be routed to the output port untill the earlier data traffic has left the
given port. Such a blocking problem is usually handled by buffering the packets
[21]. If the buffers available are insufficient then the packet is either dropped or
deflected. Wavelength conversion is another way to handel blocking in multi-
wavelength optical networks. If the correct output for the wavelength on which
the packet is coming is not available, the packet can be converted to another
wavelength for which the output port is available.

4.2.2 Techniques for all-optical wavelength conversion

A variety of all-optical wavelength converters have been proposed and inves-
tigated so far. Various kinds of optical nonlinearity can be exploited to real-
ize all-optical wavelength conversion, although there is a significant problem
of trade-off between required optical power and response speed. For example,
the Kerr effect induced in silica fiber has a subpicosecond response time, but
its efficiency is quite low and it requires several hundreds mW of optical pump
power to induce a phase shift large enough to be utilized for wavelength conver-
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sion [22-23]. Most of the wavelength conversion schemes reported so far exploit
the non-linear phenomenon discussed below :

(a) Four wave mixing

The IM, DPSK, DQPSK, or QAM signals; all can be wavelength converted by
means of FWM [24]. The FWM is amongst the most widely used parametric
processes employed for all-optical wavelength conversion. Mathematically, in
the frequency domain, it can be expressed as -

wc =2Wp - Wpr

where wc is the wavelength of the converted signal while wp and wp, represent
the degenerate pump and probe signals. FWM happens due to the Kerr non-
linearity and has been widely investigated using SOAs, e.g. [25-26], nonlinear
fibers, e.g.[24]. The FWM has a huge potential for high operational speed, with
demonstrations exceeding 100 Gbits/s in IM RZ signals [27].

(b) Cross-Gain Modulation

The Cross-gain modulation (XGM) was among the first effects to be exploited
in order to accomplish all-optical wavelength conversion [24]. The XGM based
wavelength conversion is usually realized in an SOA device, where a strong in-
put signal at 1s and a weaker continuous wave (CW) lightwave pump at Ap are
simultaneously injected. As both the signals are within the gain band of the de-
vice and the SOA is saturated, the modulation of the overall intensity turns out
into a fast modulation of the SOA gain, which is directly transferred to the pump
at Ap [28]. The optimum frequency tuning of the signal, saturation effects, and
the use of longer/optimized SOAs has led to conversion speeds up to 40 Gbit/s
[28-30].

(c) Cross-Phase modulation

The Cross-phase modulation (XPM) is a nonlinear optical effect where one
wavelength of light can affect the phase of another wavelength of light through
the optical Kerr effect. Various all-optical wavelength conversion schemes using
XPM have been demonstrated [31-34]. The effect of XPM does not simply result
into all-optical wavelength conversion. In order to achieve wavelength con-
version, the XPM has to be combined with an interferometric structure, where
the nonlinear phase change is transformed into an amplitude modulation. All-
optical wavelength conversion using XPM has been mostly demonstrated using
either a fiber or an SOA as nonlinear material. In case of the fibers, the most
popular all-optical wavelength conversion scheme is by means of the nonlinear
optical loop mirror (NOLM)([31]. The SOA based wavelength convertors using
XPM are similar to the NOLM where in each arm of interferometer an SOA
device is inserted [32-34].
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4.2.3 Wavelength conversion using a microdisk resonator

Owing to their smaller achievable size and enhanced nonlinearity originat-
ing from the resonant behavior along with high optical confinement, mi-
crodisks/rings are considered to be promising for compact and integrated
wavelength conversion devices along with many other applications. Wave-
length conversion in III-V microdisk using FWM was reported by Absil et.al
[35]. On a pure silicon platform, the same was reported by Xu et.al. [36] using
all-optical modulation. Wavelength conversion in III-V-on-silicon microdisks
can be achieved with or without application of an electrical bias. Using elec-
trically biased III-V-on-silicon microdisk, the working principle is based on
the fact that the natural lasing from the microdisk can be suppressed when
an external control beam is injected into the microdisk cavity. Therefore, the
information carried on the injected beam will be copied inversely to the natural
lasing wavelength of the microdisk [37-39].

4.2.3.1 Concept

The concept of wavelength conversion in III-V-on-silicon microdisk without us-
ing any electrical bias is illustrated in figure 4.13. The information at a wave-
length (say, A1) can be transferred to another wavelength (say, 1) if A; and
A, correspond to the transmission resonances of the microdisc resonator. This
concept is based on the refractive index and hence transmission modulation of
the resonance, to which the probe beam is tuned, in response to the logic level
of data (pump) stream tuned at another resonance.

Data @ Al (Pump)

Y

sl

CW beam @ A2 (Probe)

—>

Data @ A2

Figure 4.13: Illustration of wavelength conversion concept in a microdisk res-
onator using pump-probe configuration.

4.2.3.2 Dynamic operation

All-optical wavelength conversion was done for 10 Gbits/s PRBS data having a
pattern length of 27 - 1 as the control (pump) signal. The sketch of the experi-
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Figure 4.14: Schematic of the experimental setup used for all-optical wave-
length conversion. TL1 and TL2, tunable lasers; OS, optical switch;
PCW, polarization controlling wheels; MDR, microdisk resonator;
WBBPE wideband bandpass filter-it has a passband of 10-15nm and
is used to suppress the backreflection of the original control signal
from the fiber facets and grating couplers making sure that only the
probe signal is seen on the scope; BPE bandpass filter-it has a band-
width of 1:2nm (FWHM) and is used to suppress the amplified spon-
taneous emission noise from the EDFA; HSPD, high-speed photodi-
ode (30 GHz); LN MOD, lithium niobate Mach-Zehnder modulator;
PPG, pulse pattern generator; VOA, variable optical attenuator.

mental setup used for these measurements is shown in figure 4.14. TL1 was used
to provide a probe signal and it had the same specifications as described in the
section 4.1.3.2. Electrical PRBS data at the speed of 10 Gbits/s generated from
the pulse pattern generator driven by a RF source at 10 GHz were converted into
optical PRBS data using an electro-optic LINbO3 Mach-Zehnder modulator and
a cw optical signal from TL2 tuned at the shorter wavelength resonance. In this
way, the generated optical PRBS control signal had an extinction ratio of 14 dB
and an average power ~ 9 mW (in the SOI waveguide). The pulse duration was
85 ps (FWHM) for a logic 1 level. A circulator was used to collect the probe sig-
nal. The backreflected control signal was suppressed by a wideband bandpass
optical filter tuned to pass the probe signal. Afterward, the probe signal was
amplified and the ASE was removed with a sharp filter before being detected by
the photodiode connected to a scope. A variable optical attenuator was used to
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control the received optical power into the high speed photodiode. The electri-
cal output of the scope was connected to a bit error rate tester for carrying out
the bit error rate (BER) measurements.
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Figure 4.15: Waveform of the wavelength converted signal (top) and the cor-
responding eye diagram( bottom).

The information contained in the control signal at the lower resonance
wavelength was transferred to the higher resonance wavelength (cw probe
beam) and is plotted in figure 4.15. The eye diagram corresponding to the
wavelength converted signal is shown in the same figure (below) and has an ER
of 11.7 dB. To evaluate the system performance, bit error rate measurements
were done. BER curves are plotted in figure 4.16. These curves show that the
error free wavelength conversion at 10 Gbits/s is possible with a power penalty
of ~3.5dB.
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Figure 4.16: BER curves corresponding to the wavelength-converted signal
and back-to-back measurements taken after the C band EDFA. The
dashed lines are the linear fits to their respective data points.

4.3 Conclusions and discussions

In the first part of this chapter, demonstration of fast all-optical gating in pump-
probe configuration is presented when the microdisk of 10 ym diamter was re-
verse biased. In the second set of experiments, electrical bias-free all-optical
gating in a 7.5 pym diamter microdisk was demonstrated. In second part of
this chapter, the demonstration of high-extinction ratio and bias-free all-optical
wavelength conversion at a speed of 10 Gbits/s with a NRZ-OOK PRBS control
data signal in a 7.5 ym diameter microdisk resonator is presented. This is the
first bias-free demonstration of all-optical wavelength conversion using a PRBS
data on III-V-on-silicon platform. All-optical gating measurements show that it
is possible to achieve bias-free wavelength conversion beyond 20 Gbits/s. The
devices which can be operated without electrical bias do not need top and bot-
tom metal contacts and therefore the number of processing steps during the
fabrication are reduced. The concept of gating presented here can be used to
realize logic functions such as AND and NAND. In that case, two optical pump
signals will control the transmittance of probe signal. The logic level of two
pumps together will decide the logic level of AND or NAND gate. For the re-
alization of AND gate, initially the probe beam wavelength will be needed to be
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tuned at the dip of the probe resonance. In the case of a NAND gate, initially
the probe beam wavelength needs to be placed at the left side shoulder (shorter
wavelength side) of the probe resonance.
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All-optical time domain
demultiplexing and format
conversion

Ultra-high-speed time-division multiplexing-demultiplexing (MUX/DEMUX),
where the channels of the lower digital hierarchy signals are multiplexed to
those of the higher hierarchy signals (MUX) and vice versa (DEMUX) in the
time-domain, is one of the key functions to achieve high speed optical trans-
mission. The basic principle of time-division multiplexing and demultiplexing
is that each of the baseband data streams is allocated a series of time slots
on the multiplexed channel. A MUX assembles the data streams at higher bit
rates from the baseband streams and a DEMUX reconstructs the original data
streams at lower bit rates. The techniques for this purpose are well established
in the electronic domain but are power hungry due to OEO conversions. In the
optical domain these techniques are emerging and the pace of progress is quite
fast. As an example, all-optical demultiplexing of 640-to-10 Gbits/s has been
demonstrated in a 5 cm long chalcogenide waveguide using FWM effect [1].
All-optical demultplexing has been realized on a silicon [2-3] as well as on
III-V [4] platform. In silicon material based devices; FWM is used for all-optical
demultiplexing, but the power requirements are high. Resonant structures in
II1-V-on-silicon material can reduce the power requirements for the realization
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of all-optical demultiplexers. In addition, the III-V-on-silicon devices provide
a size advantage in comparison to the devices investigated so far for all-optical
demultiplexing. In this chapter, a proof-of-concept demonstration of all-optical
demultiplexing using a microdisk of 7.5 um is presented. The details about the
transmission resonance characteristics, which are used for demonstration of
all-optical demultiplexing, of this microdisk have been described in chapter 4
(section 4.1.3.1). In the second part, a format converter from NRZ to RZ signal
is presented. The working principle of NRZ to RZ conversion is similar to all-
optical demultiplexing. But it differs from demultiplexing by the fact that the
pulse width (in the time domain) of the output signal is reduced. All the exper-
iments reported in this chapter were done without application of an electrical
bias to the microdisk.

5.1 All-optical demultiplexing using a microdisk
resonator

5.1.1 Concept

The effect of refractive index modulation caused by the free carrier generation
in a pump-probe configuration can be exploited to realize an all-optical de-
multiplexer in a microdisk resonator. The modulation of the refractive index
results in the modulation of the transmission characteristics of the microdisk
resonator. In a pump-probe configuration, a probe is tuned to one resonance
wavelength while the pump is tuned to another. For the implementation of the
demultiplexer in microdisk resonators an optical clock is used as a pump and
the optical data signal is used as a probe. If the wavelength of the optical data
signal is chosen to be on-resonance of the microdisk resonator then in the ab-
sence of the optical clock pulses, the optical data signal will be coupled into the
microdisk. In the presence of the optical clock pulses, free carriers will be gen-
erated which will result in a blue shift of the resonance and the optical data will
become off-resonance for the duration of the optical clock pulses. This way the
optical data output from the microdisk will be high or low depending upon the
presence or absence of the optical clock pulses. This is illustrated in figure 5.1.
The combination of the input optical data rate and the optical clock rate will
decide the data rate of the demultiplexed output [5-7].

5.1.2 Dynamic measurements on all-optical demultiplexing

The all-optical demultiplexing experiments were carried out using the set-up
as shown in figure 5.2. A 10 Gbits/s NRZ optical data signal was generated us-
ing a pulse pattern generator (PPG), a first electro-optic LINbO3 modulator (LN
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Figure 5.1: Illustration of the concept of all-optical de-multiplexing.
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Figure 5.2: Schematic of experimental set-up used for all-optical
demultiplexing.

MOD1) and a first tunable laser (TL1) tuned around a longer wavelength (1580.9
nm) resonance of the microdisk. An optical clock signal having a repetition
rate of 2.5 GHz and 5 GHz was generated using a second tunable laser (TL2)
tuned around a shorter wavelength (1550.1 nm) resonance, a second electro-
optic LINbO3 modulator (LN MOD2) and the electrical clock from the PPG. An
optical delay line was used for the synchronization of the optical clock with the
optical data signal. A circulator was used to collect the demultiplexed data and
an EDFA was used to amplify the demultiplexed data. A band pass filter (BPF)
was used to suppress the ASE noise generated from the EDFA. A variable optical
attenuator (VOA) was used to control the input power to the high-speed
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Figure 5.3: Waveforms of (a) 10 Gbits/s 01010..optical input data, (b) 2.5 GHz
optical clock, (c) Demultiplexed output as a result of (a) and (c).
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photodiode (HSPD) connected to the scope. The waveform of the optical
data signal at 10 Gbits/s with alternate Os and 1s is shown in figure 5.3(a) while
5.3(b) shows the waveform of the optical clock signal at 2.5 GHz.

To demultiplex the optical data signal, the wavelength of the data signal was
tuned to the longer resonance wavelength while the wavelength of the clock sig-
nal was tuned to the shorter resonance wavelength. In the absence of the clock
signal, the data signal remained coupled into the microdisk and a low dc power
level was seen on the scope. In the presence of the clock, the resonance of the
microdisk shifts, because of the plasma-dispersion effect due to generated free
carriers, causing the data signal to go out of resonance and therefore the demul-
tiplexed data was seen on the scope for the duration when the clocklevel is high.
Figure 5.3(c) shows the demultiplexed output. Comparing the figures 5.3(a) and
5.3(c), it can be seen that the logic 1 levels which are originally separated by 200
ps become separated by 400 ps after demultiplexing. The experiment was re-
peated for the data pattern of 001100..and an optical clock at the rate of 5 GHz.
Figure 5.4(a) and 5.4(b) shows the waveform of the optical data and the optical
clock respectively. The output after demultiplexing is plotted in figure 5.4(c).

5.2 All-optical format conversion

5.2.1 Motivation

All-optical format conversion is important for connecting different all-optical
networks. Two basic modulation formats known as non-return-to-zero(NRZ)
and return-to-zero (RZ) have found extensive use in fiber communication sys-
tems. Depending upon the size and requirements of the network, either an NRZ
or RZ modulation format can be selected for use in future optical networks [8].
The RZ data format is widely employed in optical time-division multiplexing
(OTDM) systems due to its tolerance for polarization mode dispersion and fiber
nonlinearities [9]. The NRZ format is preferred in wavelength division multi-
plexed (WDM) networks owing to its high spectral efficiency and tolerance to
timing-jitter. Format conversion from NRZ to RZ and vice-versa becomes im-
portant to add to the flexibility and scalability of optical networks. To perform
the format conversion from NRZ to RZ all-optical e.g. [10-23] as well as opto-
electronic e.g. [24-28] approaches have been explored. Most of the investigated
all-optical approaches employed semiconductor optical amplifiers (SOAs) and
very few used other devices such as periodically poled lithium niobate wave-
guides [29], silicon waveguides [10], III-V waveguides [23] and III-V ring lasers
[30]. All-optical data format conversion devices based on SOAs have a large
footprint with the cavity length of a single SOA varying from several hundreds
of micrometers to a few tens of millimeters, e.g. the SOA used in reference [19]



ALL-OPTICAL TIME DOMAIN DE-MULTIPLEXING AND FORMAT CONVERSION 97

had a cavity length of 20.83 mm [31]. Moreover the SOA based format conver-
tors need a DC bias of several hundreds of mAs which results into extra power
consumption. Likewise other kinds of format converters [10], [23], [24-31] have
large footprints which reduce their potential for compact integration and make
them less suitable for practical applications.

Input data
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Figure 5.5: Illustration of (a) data output as a function of level (high /low) of
the clock, (b) format conversion from NRZ to RZ.



98 CHAPTER 5

5.2.2 Concept of NRZ-OOK to RZ-OOK format conversion

Using the effect of refractive index modulation caused by the free carrier gen-
eration in a pump-probe configuration, the transmission characteristics of the
microdisk/ring resonators can be changed in real-time [32-33]. In the pump-
probe configuration, a probe is tuned to one resonance wavelength while the
pump is tuned to another. If an optical pulse train (clock, here after) is used as
a pump and the data signal as a probe, then the pattern as well the format of
the data signal can be changed. If the wavelength of the data signal is chosen to
be on- resonance then in the absence of the clock pulses, the data signal will be
coupled into the microdisk. In the presence of the clock pulses, free carriers will
be generated resulting in a blue shift of the resonance and the data will become
off-resonance for the duration of the pulses. This way the data output from the
microdisk will be high or low depending upon the presence or absence of the
clock pulses. If the clock pulse duration is shorter than the bit duration of the
data then the format of the NRZ signal becomes RZ. Figure 5.5 illustrates the
concept by taking an example of data pattern and clock signal.

In figure 5.5(a) the clock pulse duration is chosen equal to the bit duration. If
the data pattern 0000111100001111....is imprinted on a resonance wavelength
of the microdisk, then only for the duration for which the clock as well as the
input data is high, the output data will be high. Therefore, the data pattern at
the output becomes 0000010100000101.... . If we consider the consecutive four
1s to be a single pulse; we can say it has been carved into two smaller pulses. As
illustrated in figure 5.5(b), if the duration of the clock pulse is less than that of
a bit and both the clock as well as data are high, in the output each '1’occupies
the time of the clock pulse. This is effectively the conversion of the data format
from NRZ to RZ.

5.2.3 Dynamic measurements for format conversion

Experiments were done first to verify the concept of pulse carving, as illus-
trated in figure 5.5(a), using a 10 Gbit/s NRZ-OOK signal and 5 GHz clock. The
schematic of the experimental set-up used is shown in figure 5.6. Using a pulse
pattern generator (PPG), a 10 Gbit/s NRZ electrical data pattern of four consec-
utive 1s followed by four consecutive 0s, and there after repeating periodically,
was generated. The electrical data pattern was converted into the optical do-
main by using the first electro-optic LINbO3 modulator (MOD1) and the first
tunable laser (TL1). Use of polarization controlling wheels (PCWs) ensures that
the generated optical data is TE polarized. Using the 1/2 clock output of the
PPG, a second electro-optic LINbO3 modulator (MOD2) and the second tun-
able laser (TL2); an optical clock with a repetition rate of 5 GHz was generated.
The tunable lasers TL1 and TL2 were tuned to the resonant wavelengths 1580.9
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Figure 5.6: Schematic of the experimental setup for pulse carving measure-
ments.

nm and 1550.1 nm respectively. Output of the MOD2 was amplified using a C
band erbium-doped fiber amplifier (EDFA1) and was followed by an optical de-
lay line to synchronize the optical clock with the optical input data. The output
data was collected at the drop-port of an optical circulator (OC) and was am-
plified using an L band erbium-doped fiber amplifier (EDFA2). An optical band
pass filter (OBPF) followed the EDFA2 to suppress the ASE noise. A variable
optical attenuator (VOA) was used to control the input power to the high-speed
photodiode (HSPD) connected to the scope. The waveform of the optical data
and the optical clock is shown in figure 5.7(a) and 5.7(b) respectively. The aver-
age power of the input optical data and the optical clock in the SOI waveguide
was estimated to be ~ -2 and ~ +1 dBm respectively. In the absence of the
optical clock, the optical data signal remained coupled into the microdisk and a
low power level was seen on the scope. Injection of the optical clock pulses into
the microdisk results into the generation of the free carriers causing a blue-shift
of the resonance. This causes the input optical data to go out of resonance.
Therefore, output optical data had a high power level only when both the input
optical data as well as the optical clock were high as illustrated in figure 5.7(c).
Itis clear from these plots that a 400ps input data pulse, which is formed as a re-
sult of four consecutive 1s, has been divided into two pulses and first and third
1s have been converted to 0s due to the low level of the optical clock in this time
interval. This way the data pattern has changed from 0000111100001111....to
0000010100000101....as discussed in section 5.2.2. Secondly, by choosing the
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Figure 5.8: Schematic of the experimental set-up used for the format conver-
sion.

clock pulses shorter than the bit duration, format conversion experiments
were performed and the system performance in terms of the bit-error-rate and
Q factor of the eye diagrams was evaluated. The sketch of the experimental set-
up used for this purpose is drawn in figure 5.8. The method of generating the
optical input data remained the same as in the first experiment. To generate
the optical clock signal, a short pulse source (SPS) was used. It was driven by
the same RF source, using a 3dB RF splitter, which drived the PPG. The opti-
cal clock at 10 GHz had a pulse width (FWHM) of ~ 8 ps. A variable optical
attenuator (VOA1) was used to regulate the output power of the optical clock.
The procedure of detecting the optical output data was the same as in the first
part. For the bit-error-rate measurements, the electrical output data from the
scope was fed to a bit-error-rate tester (BERT).First a 10 Gbit/s NRZ-OOK opti-
cal input data pattern of alternate 1s and 0s was used. The input optical data
waveform consisting of alternate 1s and 0s and the optical clock is shown in
figure 5.9(a) and 5.9(b) respectively. In figure 6(b), the pulse width looks much
wider than its actual width (FWHM 8ps) due to the limited bandwidth of the
photodiode (~ 30GHz). Figure 5.9(c) shows the format converted optical data
output pattern. The 1 bit of the optical output data occupies a time slot of ~ 50
ps although the clock duration is much shorter than this time slot. This is due to
the slower dynamics of the photo-generated carriers in the microdisk. For the
system performance measurements, the optical input data signal is changed to
a PRBS pattern of length 27-1. Figure 5.10(a) shows a part of the waveform of
the format converted PRBS signal from NRZ to RZ. Figure 5.10(b) shows the bit-
error measurement curves of the input NRZ and the output RZ data.
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Itis to be noted that the BER measurements for the input NRZ data was per-
formed by keeping it off-resonance of the microdisk. An error free (BER ~107'2)
format conversion was achieved with a power penalty of 3.6 dB. The ASE noise
added due to the amplification of the format converted signal results into the
power penalty. The patterning effect is another possible source of signal degra-
dation and the power penalty. The amplification was required for the format
converted signal because it had half the power of the original signal due to the
basic procedure and principle of the format conversion involved here. It was
found that the Q factor of the format converted signal matches very well to the
measured BER. For example, at a received power of ~ -6dBm, the Q factor is
~6 which correspond to a BER ~ 1072 [34] and the same is found from the BER
measurements as can be seen from figure 5.10(b). As an illustration, the eye di-
agram of the format converted signal and that of the original signal is shown in
figure 5.10(b).

5.3 Conclusions and discussion

In conclusion, in the first part of this chapter, demonstration of all-optical time
domain demultiplexing with different combinations of 1s and 0s for a 10 Gbit-
s/s NRZ optical signal and for optical clocks at 2.5 GHz and 5 GHz has been
described. This concept is elaborated further for pulse carving as described
in second part of this chapter. The time domain demultiplexing will work for
a PRBS pattern too. This was proved by the fact that format conversion was
possible for a PRBS data pattern. The concept of pulse carving led to demon-
stration of NRZ to RZ format conversion. An error free 10Gbit/s NRZ-OOK to
RZ-OOK format conversion in a 7.5 pm III-V-on-silicon microdisk completely
processed in a CMOS pilot line was demonstrated. The format conversion was
achieved with a moderate power penalty and relatively low average power con-
sumption in a pump-probe configuration. The wavelength of the data signal
remains preserved after the format conversion. The speed of the format conver-
sion can be further increased by (a) applying a reverse bias, (b) use of a holding
beam, and (c) ion-implantation in the active region of the microdisk resonator
to improve the carrier dynamics. Use of a holding beam will increase the total
power consumption as an extra optical source will be required to provide the
holding beam. Also, ion implantaion will result into higher propagation loss of
microdisk and hence will increase the total power consumption.
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Towards the complex PICs with
IT11-V-on-silicon microdisks

As described in the preceding chapters (3, 4 and 5), a number of optical func-
tionalities, namely set-reset flip-flops, gates, demultiplexers, wavelength con-
verters and format converters have been demonstrated using II1I-V microdisks
integrated on top of SOI waveguide circuits. The demonstrated functionalities
have a promise of serving as building blocks for the realization of PICs with in-
creased complexity level. The foot-prints of PICs which can be realized using
the functionalities demonstrated here will be significantly less as compared to
any other approach investigated so far. In this chapter, a description of some
of the complex PICs, which can be constructed on the basis of demonstrated
functionalities, is presented. The feasibility of complex PICs at conceptual level
is explored. Many designs of complex PICs were made and a brief description
of those designs is presented highlighting the SOI access waveguides and the
routing paths. This is complemented by the designs needed, in particular the
electrical probe pads, for processing I1I-V microdisks. So far, complex PICs have
not been measured as the fabrication work is still in progress. Details about the
designs of different layers of III-V microdisks have been presented in chapter 2.
As the complexity level increases, many issues need to be resolved which can be
tackled at fabrication or post fabrication (characterization) level. A number of
such problems are identified during the course of the research work presented
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here and possible solutions are explored.

6.1 The data flip-flops

A data flip-flop can be constructed using an all-optical gate and a set-reset flip-
flop as described in chapters 4 and 3 respectively. The output of the gate serves
as a control input for changing the state of the set-reset flip-flop. A simplified di-
agram of a data flip-flop formed as a result of cascading the optical gate and set-
reset flip-flop is drawn in figure 6.1. The optical data is tuned to one resonance
wavelength of the gate while the optical clock is tuned to another resonance
wavelength. The optical clock is chosen to be weaker than the optical data in
terms of optical power. It passes to the upper waveguide coupled to the set-
reset flip-flop when the data has low (logic 0) level. This combination of clock
and low level of data acts as set input to set-reset flip-flop. When the data has a
high level (logic 1), it blue shifts the transmission resonance of the gate and the
clock becomes off-resonance to the gate and it directly couples to the set-reset
flip-flop. This combination of the clock and high level of data serves as a reset
input to set-reset flip-flop. The design of the SOI waveguide circuit and the III-

Clk n Data

Clk n Data

Figure 6.1: Simplified diagram of a data flip-flop .

V contact lithography mask for the data flip-flop in accordance to figure 6.1 was
made using the IPKISS and PICAZZO software [1]. While designing the wave-
guide circuit and the III-V contact mask special emphasis was given to solve the
possible difficulties which could arise during the measurements. Since access
fibers will be needed at different inputs and outputs, input and output wave-
guides were ended with the grating couplers at a pitch of 127 um corresponding
to the pitch of an standard fiber array. A multiple number of electrical probes



TOWARDS THE COMPLEX PICS WITH III-V-ON-SILICON MICRODISKS 111

ol

—1500 —1000 =500

Figure 6.2: SOI waveguide circuit for the data flip-flop .
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Figure 6.3: III-V and metal design layers on top of SOI waveguide circuit, (b)
zoom-in view showing the waveguides, heater, microdisk and metal
layers for the gate disk.

will be required and hence the contact pads were designed with a pitch of 150
pm. The bottom metal contact was designed in a contour shape encircling the
microdisks to ensure uniform electrical injection. A virtual fabrication picture
showing the SOI waveguide circuit is shown in figure 6.2. As can be seen from
this figure, in addition to the input and output waveguides, test waveguides (up-
permost and lowermost) are also designed for a better alignment of the access
fibers to the input and output waveguides . Figure 6.3 shows the area of the
design with III-V and contact metal layers on top of the SOI waveguide circuit.
The role of the heater will be explained in section 6.5. Its clear from figure 6.1
and 6.3(b) that the microdisk acting as a gate needs to be aligned to three wave-
guides which implies that the definition of the microdisk needs to be done us-
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ing either DUV or e-beam lithography. Photolithography can not be used as the
alignment uncertainty is hundreds of nanometers. More than the waveguide
alignment issue, the stringent requirement that the transmission resonance of
the gate should match the lasing resonance of the microdisk laser makes it nec-
essary to use DUV or e-beam lithography for the definition of microdisks.

6.2 Multichannel demultiplexers

In chapter 5, all-optical time domain demultiplexing experiments using a single
microdisk are described. In the device used there, only one channel was possi-
ble and it had only one access waveguide underlying the microdisk. By having
two access waveguides beneath the microdisk, the data can be demultiplexed
at the drop-port. A demultiplexer with multiple channels can be made by prop-
erly adjusting the delays such that the input signal couples to each microdisk
with a predecided interval of time. For example, for a four channel 40-to-10
Gbits/s demultiplexer the input data signal should couple to each subsequent
microdisk by a time interval of 25 ps. In the case of a four channel 20-to-5 Gbit-
s/s demultiplexer, this time gap will correspond to 50 ps.

The SOI waveguide circuits and the III-V microdisk designs were made for
a four channel 40-to-10 Gbits/s demultiplexer and a 20-to-5 Gbits/s demulti-
plexer. At the same time it’s also a must that the clock is synchronised with the
input of each microdisk. The SOI waveguide spirals were used for delay lines.
The length of spiral delay lines was chosen such that the data signal reaches
each microdisk at a defined delay. According to the specifications of the epix-
fab technology platform [2], a length of 1717 um is required to get a delay of 25
ps. The MMI based 3dB power splitters were placed to have power division.
A screenshot of the design for a 40-to-10 Gbits/s demultiplexer is shown in fig-
ure 6.4. At the bottom of the figure are the zoom-in views of the microdisk and
the power splitters. As can be seen in the zoom-in view of power splitters, the
first 3dB splitter (rightmost) divides the data power into two equal parts and
then two 3dB splitters further divide the data power, same way as the first one.
Ultimately the data power is divided into four parts and each part is an input
to one of the microdisks. In the zoom-in view of the microdisk, split-heaters
can be seen. These split-heaters are designed with a purpose of transmission
resonance matching of the microdisks in case there is a mismatch in the trans-
mission resonances of the microdisk resonators . Figure 6.5 shows the electrical
probe pads connected to the microdisks and the heaters. Here again, the SOI
waveguides for coupling the data and clock in and out are designed with a pitch
of 127 ym to match the fiber array pitch.

Looking at the time response of all-optical gating [3] in 7.5 ym diameter mi-
crodisk, 20-to-5 Gbits/s demultiplexers are possible. But for 40-to-10 Gbits/s
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Figure 6.4: Four channel demultiplexer based on III-V-on-silicon microdisks.

demultiplexers, further reduction in carrier life time is necessary. In order to do
so, at least one of the following techniques will be needed- (a) ion-implantation
[4], (b) use of seeding beam [5] and (c) application of reverse bias [6-7]. To form
an N channel demultiplexer, N number of microdisks will be required.

6.3 Shift registers

A register is a memory device that is used for storing several bits of digital data.
It basically consists of a set of flip-flops, with each flip-flop meant for storing
one bit of the register. Thus, an N bit register has N number of flip-flops. A
special type of register, called the shift register, is used to pass or transfer bits of
data from one flip-flop to another. This process of transferring data bits from
one flip-flop to the next one is known as shifting. Shift registers are useful for
transferring data in a serial manner while allowing parallel access to the data. A
shift register is basically a set of flip-flops interconnected in such a way that the
input to a flip-flop is the output of the one just before it. Clocking all the flip-
flops at the same time causes the bits of data to shift to the right in one direction
i.e. towards the last flip-flop.

In the past, the shift registers in the optical domain have been demonstrated
using fiber buffers [8], self-electro-optic effect devices [9] and serially connected
flip-flops, where each flip-flop consisted of two ring lasers sharing a single ac-
tive element [10]. In all of these shift registers, the foot-print as well as the power
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Figure 6.5: Electrical probe pads for a four channel demultiplexer .

consumption were many times higher than what can be achieved using III-V-
on-silicon microdisks. The shift registers in optical domain can be constructed
using the microdisks after the data flip-flops can be realized. The data flip-flops
form the building blocks for the realization of the shift registers. An N bit shift
register will need N+1 number of data flip-flops. Since one data flip-flop will
need two microdisks, an N bit shift register will make use of 2(N+1) number of
microdisks.

A simplified diagram of a one bit shift register based on the microdisks is
shown in figure 6.6. It consists of two data flip-flops. The description of data
flip-flops based on the microdisks has been presented in section 6.1. The out-
put of the first data flip-flop (DFF1) acts an input for the second data flip-flop
(DFF2). The idea of a one bit shift register as represented in figure 6.6 is trans-
lated into an SOI waveguide circuit and III-V microdisk design. The SOI wave-
guide circuit corresponding to the proposed shift register is shown in figure 6.7
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Figure 6.7: The SOI design for one bit shift register.

while figure 6.8 shows an overview of the probe pads needed for electrical prob-
ing of such a device. In figure 6.8; CG stands for common ground electrical
probe pad while H_G1, G1, SF1, H_G2, G2 and SF2 stands for the top electri-
cal probe pads for the heater around the first gate disk, the first gate disk, the
first set-reset flip-flop disk, the heater around the second gate disk, the sec-
ond gate disk and the second set-reset flip-flop disk respectively. As can be
seen from figure 6.8, with the increase in the number of microdisks needed for
increased complexity of the optical functions, the electrical probing becomes
harder which requires the use of an array of electrical probe needles. In order to
understand the working of an optical shift register as described here, an exam-
ple using 10 Gbits/s data and 10 GHz clock is depicted in figure 6.9.

In this figure, time domain separation between two consecutive vertical
lines is 50 ps. It is assumed that the input data is stronger in terms of optical
power than the delayed clock. It is also assumed that initially the lasers repre-
senting the SRFF1 and SRFF2 have high output power in CCW direction. The
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Figure 6.8: Electrical probe pads for one bit shift register.

delayed clock DCirn and the clock Cin both are off-resonance initially to Gatel
and Gate 2 respectively. The input data Din is on-resonance to the Gatel and
also the data input to the second gate (DO )is on-resonance to Gate2 . When
the logic level of Din is high the delayed clock DCin becomes on resonance to
Gatel and it passes to upperside waveguide of SRFF1 represented by Glwgup.
When logic level of Din is low, the delayed clock DCin remains off-resonance to
Gatel. The state of SRFF1 is controlled by Glwgup and Glwgdown. As can be
seen from figure 6.9, the output of first data flip-flop -DO; - is shifted by 50ps
as compared to DCin. The output after second data flip-flop-D O, - shifts futher
by 50 ps, same way as it happens from Din to DO;. In all, the output after sec-
ond data flip-flop is shifted by 100 ps as compared to the input data Din which
corresponds to shifting by 1 bit for a 10 Gbits/s data.
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6.4 Complete functional photonic digital blocks

Like an example presented in chapter 1 (figure 1.8), a fully functional digital
photonic circuit can be constructed using microdisk lasers and resonators. In
the examples taken so far (data flip-flops, demultiplexers and shift registers),
waveguide crossings have been avoided. As the complexity level rises, it does
not remain possible to avoid the crossing of the waveguides. The waveguide
crossing will result into the cross-talk of signals propagating in the waveguides
crossing each other. Therefore, novel solutions are required to avoid such a
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Figure 6.10: The SOI design for complete functional digital photonic block.

cross talks. Authors in reference [11] have described and experimentally dem-
onstrated the low loss and low cross talk waveguide crossing. In the crossing
region, straight SOI waveguides were broadened using a 2.85 ym parabolic ta-
per in each arm. The waveguides were expanded from 450 nm to 800 nm. By
locally applying a lower index contrast using a double-etch technique, loss of
confinement was reduced and 97.5 % transmission was achieved with only -40
dB cross talk. The waveguide crossings as described above were used in design
of 2X1 mux/demux with latching memory. Like previous cases, single disk lasers
and resonators were meant to act as flip-flops and mux/demux units. So, in all;
this design had two flip-flops, two mux and two demux. Figure 6.10 shows the
SOI waveguide circuit design of a 2X1 mux/demux with latching memory. In
the same figure, dotted green circles show the positions of waveguide crossings.
The zoom-in view of one such a waveguide crossing is shown in figure 6.11. As
mentioned previously, with the increase in number of the microdisk elements,
the complexity of the probe pads for electrical injection increases and an ar-
ray of electrical probe needles is needed. Accordingly, here also the electrical
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probe pads are designed with a pitch of 150 um. Figure 6.12 shows the design
of the electrical probe pads. In this figure DG1_H and DG1_Top represent the
electrical probe pads for the heater and the top contact, respectively, for the
first demultiplexing gate. The same is represented by DG2_H and DG2_Top for
the second demultiplexing gate. At the other end, for multiplexing, MG1_H and
MG1_Top represent the electrical probe pads for the heater and the top contact
for the first multiplexing gate. Similarly, MG2_H and MG2_Top represent the
electrical probe pads for the heater and the top contact for the second multi-
plexing gate. The FF1_Top and the FF2_Top represent the probe pads for the
top electrical contacts for the first and the second SR flip-flop, respectively. At
the bottom is the common ground for all the microdisks.

Figure 6.11: Design for SOI waveguide parabolic crossing. Such a crossing
was originally designed, fabricated and characterized by Bogaerts
et.al. at UGent-imec [11].

6.5 Critical issues and possible solutions

To integrate two or more working microdisks where one requires input from the
output of another is quite a challenging work. For the operation of a microdisk
laser as a flip-flop, smooth side walls of the microdisk are necessary which been
described in detail in the supplementary information of reference [12]. It is pos-
sible to fabricate the microdisk with smooth sidewall by an optimized fabrica-
tion process. In case of data flip-flops and shift registers, since the optical gates
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Figure 6.12: The electrical probe pads for complete functional digital pho-
tonic block.

drive the set-reset flip-flops, it's necessary that the transmission resonances of
the gates match to the lasing resonances of the set-rest flip-flops. In case of mul-
tichannel multiplexers/demultiplexers, the transmission resonances of all the
microdisks should match. In general, the transmission and lasing resonance
matching condition applies to all the complex PICs proposed in this chapter.
The microdisk definition by e-beam lithography is required due to its high ac-
curacy in defining the patterns. Several tuning mechanisms have been explored
which can be employed to match the transmission resonance of the gate to the
lasing resonance of the set-reset flip-flop. These are described in the following
subsections.

6.5.1 Thermo-optic tuning

In the designs made for the data flip-flops, shift registers, demultiplexers and
the complete functional digital blocks; circular heaters are defined in the III-V
material. These heaters can be used to heat the microdisks resulting in the red-
shift of the transmission resonances of the gates. The microdisks surrounded by
the heaters have been fabricated earlier, as shown in figure 6.13, and were tested
to see the influence of heating on the lasing resonance of the microdisk lasers.
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Figure 6.13: SEM image of III-V microdisk surrounded by a III-V heater.

Details about it can be found in reference [13]. For a microdisk laser of 7.5 ym
diameter, the tuning efficiency and the tuning range of 0.35 nm/mW and 2 nm
respectively have been shown [13]. Similar behaviour can be expected for the
transmission resonances of the microdisks.

6.5.2 Tuning by direct bias application

When an electrical bias is applied to the microdisk, it causes the change in the
refractive index due to the change in the free carrier concentration in the ac-
tive layer of the microdisk. This results in blue or red shift of the transmission
resonance wavelength depending upon whether the applied voltage is positive
or negative respectively. Figure 6.14 shows an example in which a transmission
resonance wavelength was shifted by 0.9 nm using a reverse bias of 1 volt. This
data was recorded for the microdisk of 10 ym diameter. It is to be noted that
the application of reverse bias not only shifts the transmission resonance wave-
length but also enhances the speed of operation of an optical gate [6].

6.5.3 Tuning by variation in pump power

Since the amount of the free carriers generated depends upon the pump power
absorbed, there is a refractive index decrease leading to the blue shift of the res-
onance wavelength of the microdisk resonator. For the microdisk of 7.5 ym di-
ameter the resonance characteristics were recorded in a pump probe configura-
tion. The probe was a CW light while the pump was a Gaussian pulse train with
a repetition rate of 10 GHz. The power of the probe beam was kept fixed while
the power of the pump was varied. The power of probe beam was ~-4.25dBm
in the SOI waveguide. The microdisk was nearly critically coupled [14] when
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Figure 6.14: Tuning of transmission resonance by application of an electrical
bias.

the pump was not present. The transmission characteristics of the microdisk
resonator were recorded by scanning the wavelength of the probe light. The
results are plotted in figure 6.15. The pump power shown is in the SOI wave-
guide coupled to the microdisk. As can be seen from this figure, a small blue
tuning of the resonance by 0.25 nm was obtained after injecting a pump power
of -4.8 dBm. Blue shift of the probe resonance is accompanied by decrease in
extinction ratio. The decrease in extinction ratio happens due to the decrease
in absoprtion of probe beam in presence of pump. This absorption decreases
further as the pump increases. With increase in pump power, the probe beam (
which has fixed power) does not remain critically coupled . Injection of a pump
power more than -4.8 dBm leads to ared shift and can be as high as 0.77 nm with
+5.16 dBm of injected power. Red shift is the result of free-carrier absorption at
higher pump power.

6.6 Conclusions and discussions

Digital photonics is in the emerging stage. For the implementation of digital
photonic VLSI, there is a need of components or set of components that can
be cascaded to implement any digital function. A buliding block should be at
least of microscopic size( needless to say that basic building block smaller than
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Figure 6.15: Resonance shift as a function of pump power in a pump-probe
configuration.

micron scale will be even better) and be densely integrable preferablry using
CMOS technology platform. Amongst many basic building blocks investigated
so far, SOAs are quite mature but their foot-prints are in centimeters or mil-
limeters and consume several tens or hundreds of milliwatts of power. The ring
or disk shape building blocks in silicon have been investigated but are power
hungry due to the fact that realized functionalities are based on nonlinear phe-
nomenon such as two-photon absorption. Other than the question of power,
indirect bandgap of silicon does not allow its use in active functionalities such
as transmitter and memory elements. Microdisk laser and resonator based pho-
tonic components, devices and the complex PICs based on them are promis-
ing candidates for future photonic signal processing and computing given their
small size and realtively low power consumption. By using heterogeneous inte-
gration of InP on SOI waveguide circuits, the lasers and resonators can be fabri-
cated in CMOS pilot line. In this chapter, some of the complex PICs based on III-
V-on-silicon microdisks have been proposed. The description of the concepts
and the designs for different type of PICs are presented. Some issues which
could arise in the complex PICs based on III-V-on-silicon microdisk have been
addressed and are supported by the experimental findings while working on
single microdisk based devices. A large fanout is needed in case of logic appli-
cations especially using all-optical flip-flops. The output power of the microdisk
laser used for AOFF was 21 yW in the SOI waveguide. This power can provide a
fanout of more than 58. An output power of 120 uW (in the SOI waveguide) was
recorded later with another microdisk [15]. If this microdisk was unidirectional



124 CHAPTER 6

then it can provide a fanout of more than 333. With further improvement in the
microdisk laser design and improved fabrication processes, it can be envisaged
that the fanout will increase further. The use of a resonator, as has been inves-
tigated in this work, restricts the use of the all-optical wavelength converter to a
few discrete wavelengths. In order to add flexibility in original and target wave-
lengths larger diameter microdisks can be used.
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Conclusions and outlook

Due to the extensive research being done in the optical technology it is set to
revolutionize the short-reach as it has done for the long-reach communica-
tion. Silicon photonics is on the forefront to lead the optical technology for
on-chip signal processing due to the availability of the mature and cost effec-
tive CMOS technology. For the realization of the multi- and fully-functional
all-optical chips we need to realize and integrate the active photonic compo-
nents and devices on a single chip. This has been the main motivation to carry
out the research work presented in this thesis. The integration of III-V material
on top of SOI waveguide circuits has the promise of realization of multi- and
fully-functional optical chips with unprecedented integration density as evident
from the description of different PICs proposed in the previous chapter. Smaller,
faster and less power consuming are the keywords for next generation opti-
cal components, devices and PICs. The heterogeneously integrated III-V mi-
crodisks on top of passive optical waveguide circuits have the potential to meet
these expectations. In the course of this PhD, a number of optical functionalities
have been demonstrated using single microdisks. The results obtained have ad-
vanced the state-of-art of microring/disk laser and resonator based devices in
terms of combination of energy consumption, switching speed and foot-print.
In the first part of this chapter conclusive highlights of different functionalities
demonstrated with III-V-on-silicon microdisks are presented while the second
part gives an overview of the future scope of this work.
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7.1 Conclusions

One of the major weakness in the implementation of all-optical packet switch-
ing is the absence of a practically useable all-optical random access memory. In
this regard, microdisk laser based flip-flops have set a new set of benchmarks
for the combination of speed, power consumption and the footprints. The
static power consumption of the microdisk laser based flip-flop for practical
applications is calculated to be 6 mW for storing one bit. For changing the state
of the flip-flop, only 1.8 fJ of energy was needed. Over-all power consumption
is comparable to the electronic counterparts. The footprint of this device was
only 7.5 x 7.5 um?. There is still much room for improvement of this kind of
flip-flops and this will be discussed briefly in the outlook section.

Other than flip-flops, optical gates are fundamental building blocks for sev-
eral complex PICs. The PICs in which gates serve as a fundamental building
blocks can be used for long haul as well as short reach communications. For ex-
ample, time domain multiplexers and demultiplexers find applications in long
haul applications while PICs like shift registers are meant for short reach appli-
cations such as computing. The optical gating has been at the heart of many
other functionalities such as wavelength converters and the format converters.
A significant progress was achived during the PhD in all-optical gating. The
all-optical gating was realized in a pump-probe configuration. The pump was
a pulse train while the probe was a CW beam of light. The probe was weaker
than the pump in terms of optical power. First, all-optical gating at 10 GHz was
demonstrated using a microdisk with a footprint of 10 x 10 um?. While working
with this device, a reverse bias was needed to operate at 10 GHz. In the second
attempt, all-optical gates with a footprint of 7.5 x 7.5 um? were demonstrated at
10 GHz. Transient response revealed that the these gates are capable of working
up till 20 GHz without use of any electrical bias. The switching energy for these
devices was found to be 150 fJ at 10 GHz.

In all-optical packet switching, all-optical wavelength conversion is needed
for contention resolution of two signals coming at the same wavelength. A fur-
ther success of all-optical gating was in realization of an all-optical wavelength
converter. The data signal at the wavelength of 1550.1 nm was wavelength
converted to 1580.9 nm which is also a band conversion from C to L band. In
these experiments, the data is basically a pump signal while the probe has the
same role as in all-optical gating. At 10 Gbit/s, an NRZ-OOK PRBS data was
wavelength converted with a bit error rate of 107, The extinction ratio of the
wavelength converted signal was ~ 12 dB and the power penalty was ~ 3.5 dB.
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Time domain all-optical demultiplexing is an important functionality needed
for the realization of the fully functional photonic digital circuits such as the one
presented in chapter 6. The time domain (de)multiplexing also finds applica-
tions for increasing the information carrying capacity of an optical channel.
Therefore, the microdisk resonators were used for the realization of all-optical
demultiplexing. A 10 Gbits/s data was demultiplexed using the optical clocks
at 5 and 2.5 GHz. In case of demultiplexing, the microdisk resonator essentially
acts as an AND gate. The output of the gate is high only when the data as well
as the clock are present in the microdisk. In the absence of the clock, the data
remains coupled into the microdisk. In case of all-optical demultiplexing the
clock had higher optical power while the data was low power. Here, the clock
was a control signal contrary to wavelength conversion where the optical data
was a control signal.

All-optical format conversion between non-return-to-zero(NRZ) and return-
to-zero (RZ) is an important interface technology for future optical networks
that employ both wavelength division multiplexing (WDM) and time division
multiplexing (TDM) technologies. Because of their small foot-prints and low
power consumption, microdisk resonators are an attractive candidate for this
kind of applications. All-optical format conversion, from NRZ-OOK to RZ-OO0K,
in microdisk resonators was demonstrated using the method of pulse carving.
In essence, a big pulse was carved into the smaller pulses to obtain the format
conversion. Here again, the optical data was weaker as compared to the optical
clock in terms of power and hence the clock was a control signal. The output
of the microdisk resonator was high only when the optical clock and the optical
data both had high power level inside the microdisk. First the principle of pulse
carving was verified by using a bit stream of alternate 1s and 0s and then an
NRZ-OOK PRBS data was used for format conversion. An error free operation
(BER ~ 10 ~'2) at 10 Gbits/s was obtained with a power penalty of ~ 3.6 dB

7.2 Outlook

A number of optical functionalities have been demonstrated using III-V-on-
silicon microdisks. Still, there remains a lot of scope to extend this work for
many more functionalities. New applications of microdisks with single disks
can be found but prospects are more promising with the cascaded microdisks
which can make use of the optical functionalities demonstrated so far during
the course of this thesis work. Obviously, it will be interesting to improve the
performance of the demonstrated functionalities. Some of the efforts which can
be made at the fabrication level to improve the performance of demonstrated
functionalities are listed below.
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1. Since total power consumption is always an issue of concern, the electrical
injection efficiency of microdisk lasers needs to be improved. One of the ways
to do so is the ion-implantation in the whole microdisk area minus the area
where the whispering gallery modes exist.

2. Further reduction in the sidewall roughness can lower the mode-coupling
and can reduce the cavity losses. This will result in the reduction of the thresh-
old current as well as in the reduction of the required current for the occurrence
of the bistability in the microdisk laser. So far, the smallest microdisk lasers used
for the all-optical flip-flop had a diameter of 7.5 ym and the ability to further
reduce sidewall roughness will enable the use of microdisk lasers of diameters
less than 7.5 ym.

3. The speed of all-optical gates and other functionalities based on gating is
limited by the carrier life time. Ion-implantation of the microdisk resonators
will result into more defect states in the resonators and hence in reduced carrier
life time. This in turn will result in the faster operation of all-optical gates and
its derivative functionalities.

Many optical functionalities are proposed in chapter 6. Those function-
alities have been explored at the conceptual level and the designs have been
made. A substantial work need to be done to experimentally demonstrate such
functionalities. Those functionalities once demonstrated experimentally can
open the doors for the realization of advanced devices used in computing such
as counters. It will be interesting to look at the dynamics of the photonic circuits
where the next stage is driven by the previous one. The PICs from chapter 6 can
serve as examples for such theoretical investigations.

The format conversion is another area where there is great possibility of us-
ing the III-V-on-silicon microdisks. The format conversion from NRZ-OOK to
RZ-O0OK was demonstrated and there is scope for extending this work for phase
modulation formats; for example, from NRZ-OOK to BPSK and QPSK.









