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ABSTRACT

Abstract

Silicon (Si) photonics is considered a promising candidate as a key techmotbgyhich to
developoptical interconnectsug to the maturstate ofnanofabrication, together with the unique
characteristics of Sinamely ahigh refractive index and low absorption loss at telecom
wavelengtls, thus offering the advantage of confining light in a tiny device on a drogay,
researchers are working towards accomplishing camgiary metabxide-semiconductor
(CMOS) compatible fabrication, which will allo®i photonic devices to be commercialized.

On the other hand, Si photonic crystal (PhC) basnattracting a lot of attgion since it
enablesusto device highQ nanocavities with small mode volume. This featuas facilitated
various functional opatiors at a very low power. Hence, the integratmfna Si PhC with Si
photonics will allow us to expand the functionalitlySi photonic systems. Although it is often
claimed that existing Si PhC devices are compatible with CMOS and Si photonics] severa
challenges need to meetbefore integratiolis achieved.

This thesisdiscusseshe fabrication of CMOS compatible high Si PhC nanocavitieand
studiesthe functionality of these devices. CMOS compatible fabrication allows the device to be
easily integratel with heaters angb-i-n diode structures, and thenables ugo demonstrate
integrated optical modulator and receieperation at a very low power.

Chapter Idescribes the background and the motivation of this studyidwe the current Si
photonics and Si PhC technologies.

Chapter 2presentsthe theory. It describethe ginciple of photonic bandgap and the
formation of nanocavity im PhC. The design stratefr achieving a highQ PhC nanocawtis
described

Chapter 3presents the fabrication process of the PhC device with the integratioprien
diode structure. A very high of 2.2x1@ is achieved with @-i-nintegrated Si PhC nanocavity
that is fabricated photolithographically and have Silad structure.
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Chapter 4eportsthe demonstration @PhC ranocavitydevice as an electraptic modulator
by injecting a carrierinto a p-i-n diode. Refractive index modulation is demonstrated via the
carrier plasma dispersion effect, with modulation voltage of 1.0 V at a spes3b Gz

Chapter Seports the demonstration aPhC nanocavity device agphotoreceiver with the
help of twephoton absorption. A small dark current3&8fpA with aminimum detectable power
of 10 uW is obtained.

Chapter 6describesa transmittage experiment using Si PhC nanocavity modulator and
receiver. This demonstration shows that arséiton transmission link is achievable.

Chapter Bummarize theontent ofeach chapter and conclude the thesis.
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CHAPTER 1. INTRODUCTION

Chapter 1
Introduction

The use of light for communication purposes has begins in eauly gecivilization.Reflection

of light through mirrors, fire beacons or smoke signaluses to convey an informati@i some
distance. For example, in 1084 B.Greeks civilization constructed a 500 km long line fire
beacons to convey news of victdfy}. Through yearsiesearchers are trying to mpaiate light

as medium of communicatido carry informatiorsignalsat distance due to its fast spe€uhly

in 1966, withthe advancement of technology, kesses optical fibersas been invented and
become thk best choice for optical communication. Sirfibers are capable of guiding light in
similar confinement of electrons inside copper wire, optical communication has become widely
used in telecommunication technology.

Nowadgs, telecommunications netwohlas expanded the entire world. Transmittmg
information signal no longer required a long time. Signal can be received within a minute although
it was transmitted over a far distance. Therefore, previous decades haveadtapsxplosive
increasemerih the volume of global network. In 2015, anmb of annual global data center traffic
already reached 1021 bytes and estimated to be triple by[2D2Data intensive applications
such as streaming video, social network and cloud computing require data centerde provi
extremelyhigh bandwidth communication. Transporting such increasingwoé of data with
existing technologies such as the conventional metallic interconnects, will not able to satisfy the
exponentially increasing capacity demands. This is bedhesenventionalinterconnects are
limited by the finite resistance and capaott@, soon will reached its limi8]. Meanwhile, the
scale expansion of data center will consume huge power. Therefore, efficient interconnection
scheme with low cost, higtnergy efficiency and high hdwidth capacity is in a great need.
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Currenty, present work is concerned with monolithically integrated optics on a silicon
platform, for example, silicon photonicBuelled by modern socie® consumption of digital
electranics, slicon manufacturing tehnology nowadays represent an extremely regpuocess
that has had half a century of continupuaw-like [3], exponential improvements and
breakthroughs.

Photonic crystal on the other hand, is a material where r#fractive index change
periodically [4], may hold the key toontinue the progress towara$optical integrated circuits
Photonic crystal is characterized by the formation of band structures with respect to energy of
photon. Thus, various type of engineg focusing on band gap, whredge and photons
manipulation has been investigated to broad the application of photonic crystal to optical chip and
functional devices.

In this chapter, the integration of silicon photonics with electronics will be disdus
detail. Next, the intrduction abouphotonic crystahdndtheircharacteristicwiill also be explained
in this chapterThen, a few examples of optical signal psiag will be introducedrinally, the
purpose of this study is described.

1.1 Integrated Silicon Photonicsand data centers

Nowadays, data rates have becoming a great attention in order to achieve high
transmission signal s. ctrénc ramsmission i fadcing a IMeakinge 6 s L a
point when the ability of copper wire has come to its lifig. 1.1 ill ustrates the numbers of
transistors on a chip as a function of year. The trend shows the number of transistors is increasing
over year. Thusnore power is needed to carry data in ligeed over a long distance. Therefore,
scientist introduced the integeal photonics to transform communication industry expecting to
downsizing the size, mitigate the fabrication cost aritevebetter performace

10 g T T T T
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Fig. 1.1 Number of transistorsas f uncti on of ti me based on differe
red, geen and blue refer to Intel, IBM, AMD and Acorn/DEC/Apple, respectively.
[https://en.wikipedia.org/wiki/Transistor_colint
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Instead of utilizing electrons, integrated photonics ud#.lig is possible to perform in
wide variety application involving omtal functions. The dimension of integrated photonics has
been expanded duethe recent development in nanostructures and silicon technologies. This has
led to the transformation inptical devices field technologies for many applications including
opticd networks, optical interconnects, lab on chip etc. Silicon photonic has taegeted at
applications inintra-chip and interchip optical interconnects. It is expected to solve the
bottlenecks of metal electrical interconnects at high data logteglivering optical connectivity
everywhere from the network level to chachip level.

Present work on silicon photonics focugedatacenter networks. In a sense, dagaters
are atthe core of the internet, with virtually all internet traffic endingimplatacenter server.
With the massive popularization, within the lastal#e, of cloud computing, cloud storage,
streaming media and mobile computing devices, catéer traffic ha growth rapidlyBy 2015,
the number of networked devices equal to timees of the global population. The number is
expected to rise more withghncreasing of yearSuch massive growth will become a challenge
for future scalability and lead to netwarkingestionThereforeto help combat the rapid growth
in the bandwidtldemand of dateenter networks, atbptical networking technology is inaced,
for rackto-rack and boartio-board communications, to replace bandwiltthiting electronic
componers.

Optical : Copper

.
E Chip to Chip
Metro & ; M
Long Haul 029 Optical *
0.1 - 80 km Products 3 L Billions
.
L]
; S
/ oy
el | L == ——— - Millions 3
C @
e )
.
L ]
.
L]
_________ a - — +Thousands

Decreasing Distances—
Figure Courtesy of Mario Paniccia, Intel

Fig. 1.2 Battle between optics and copper.

However, future dataenter networks are expected to scale to millions nfigle$6],
which will require compact, energy efficient and easilgnufacturable components. This poses
a problem for conventiai off-the-shelf optical components, which are bulky, consume many
watts of power and relatively expensive to manufactlifeerefore, silicon photonics which
relatively inexpensively in term afmanufacture due to wafscale processing, becomes an
obviouscandidate for use in future datanter networks.
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Photonic crystal

Since

906s

Photonic crystal (PhC) is a periodic dielectric structure. &i& in nature, for example
wings of butterflyand t also can be artificially fabricatedlthough scientist from America,
Yablonovitch, has become the pioneer in Rit@n he claimethat spontaneous emission can be
controlled through electromagnetic loagap of periodic dielectric structui4], the study othe
periodic structure has been starthechdred year ago by Lord Rayleipfj. Rayleigh discover that
band gap can be achievad onedimension periodic structe. However, in early year, this
phenomenon was ignored by the photomiommmunity Then, S. John reported that Anderson

localization of photon can be achieved by including certain amount of disorder in superlattice
structure[8]. At that period n a me

otfonGprhocrystal 6

Yablonovitch and Sajeawet eaclother[9].

The advatage of PR structure is not only lies on the ability to manipulate light or photon
but also the miniaturization of the structure due to the small mode volume. Together with the

has

not

devel@ging fabrication technologies, it is possible to fabricate such coniffetdevice. The

direction of applicatiorof PhC devicesurrently is towards communications filed since photons

are excellent in transmitting information. Various devices of optitréonnect have been
introduced and demonstrated by all PhC structures.

PhC structurecan be formed in three different dimensions as showfignl.4. Each
dimensiorhasdifferent structure and applicatiofihe structure and application will be dissed
in following section.

been
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(b)

Fig. 14 Schematic illustration oPhC structures (aynedimensional1D) (b) two-dimensional
(2D) (c) threedimensional3D)

1.2.1 One-dimensional PhC

Onedimensional1D) PhC nanocavityas a sim@ststructurein PhC asshown in Fig1.4 (a).

The investigation 01D PhC structure has beeon# by L. Rayleigh in 188[7]. Compared with

2D and3D PhC, 1D Phasy to integrate with other existing photonic devices due to the simple
structure without changing fabrication procedures. 1D PhC structurdymeied in grating
couplers. Grating coupleis a device that can difict light from propagation in the waveguide

to free spaceBy placing an optical fiber above tlohip, part of the radiated light is collected.
Usually grating coupler is used as d fevice to couple light between fiber asudrmicrometer
silicon wavegides. It can be placed anywhere on the surface of the chip to enable input and
outputs. Fig1.5 shows an illustrated of cross section view of grating coupler. The thickness of
the bured oxide layer is determined by the waf@pe. The study of grating ampler was first
proposed in 197 [10]. In this paper, thanethod of copling light into a thirfilm optical
wavegude using a grating coupleras first introduced. Then, study and application of grating
coupler begin to exparektensively{11]¢[15].

Cladding A } "
B A

BOX ny

Si substrate i

Fig. 15 Schematic illustration of crossamn view grating coupler.fie thicknesdh is normally
150¢ 300nm. The cladding material is usually am & 1), silicon dioxide or index
matching liquid 2 ~ 1.45)

Another usual application of 1D PhC gttwre is nanobeam structure. A feasible
nanobeam structure operate @5lum wavelength was first fabricated in 19p5%] and first
reported experimentd) factor of this stucture was 26%$17]. Q factor isa measured value to
evaluate the ability of light confinement in a designed struciline. investigation of design,
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fabrication ad experimental characterization of Ph@nhobeam then continue to improve the
value ofQ. On 2009Q of 10° hasbeen reported by Lond@rgroug18] andlater,the same group

have reportedvith an optimized of nanobeastructureis possible to achieved a theoretical
highestQ of >10°[19].

o B ol Q=14x107,V=0.39 (A/n) —»'e
i a=042um 1
2% L-omw _Fundamental mode 7
b L oooooooooooauiulwooooooooooo 0
5 =020pn @ —bx :
togen = 055 '

Second-order mode 1

ge 50000000 OB AMBW 0000006000 | b

04 b
02 b
00 s M s s

"
1,300 1400 1500 1600 1700
Wavelength (nm)

Transmission

Fig. 16 (a) Schematic illustration of PhC waveguide microcavity with dimension for operation at
1.54 um. The parameter of hole ped, a, defect lengthas, hole radiusy, waveguide
width, w, silicon thicknesds;, and total etch depth througbth Si and Si@are described.

(b) Computation and transmission through the structure. Resonance appeared at 1547 nm
with Q of 280. [Reprinted with permission J.S. Foressal, Nature390, 1997] (c) and

(d) Electric field &) profiles of two cavity moes.Q andV are quoted for the optimal

cavity length,s. (e) SEM imageof fabricated PhC nanobeam cavity with 220 nm
thickness and 500 nm width. The photonic mirror pitch 430 nm is linearly tapered

over five hole section ta= 330 nm at the cavity ctar. The hole radius is= 0.2& and

the band gap extends from 120000 nm. [Reprinted with permission P. B. Deotatre

al., Appl. Phys. Lett94(121106), 2009]

Although the development &D PhC structures later compared to tdimmensional PhC
structue, due to the extraordinary ability where it allows refractive index distribution along one
direction and localization of light in a small region area, makes this structure compact. Owing to
the compactness, it has widely used for wide range of applitatith high performancg0]¢
[23].

1.2.2 Two-dimensional PhC

Two-dimensional2D) PhC structure, has becommmredominant in PhC structures due
to thepossesses periodicity of the permittivity alongsleection.Because of thatit is possible
to have large variety of configuratioithe study of 2D photonic band structures was first
theoretically conducted by M. Plihalho is investigating the electromagnetic waves of photonic
band structure that consists of long, parallel digdlectric rods of periodic arragonstitute a
square lattie [24] and on the same year, the same method was condoctedculate for a
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triangular lattice[25]. Later the demonstration of microwat@nsmission was performed to
verify that light could not propagate in the 2@nplete band gap structure at any polarizajtia.

Since the application of 2D PhC structures are depending caability to control and
confine light, several methods has been introducedattpulate photons in the structwsich
is 1) bandgap nanocavity and 2) modgp nanocavity

1) Bandgap nanocavity occurs wheefect is introduced within a photonic barabagnd
light is confined with surrounding basghp. This strategyhasbeenintroducedby Yablonovitch
to form a highQ through donor and acceptor modes concept in 3D periodic dielectric structure
[27]. Then, few years laterhé donor and accdpr modes strateghas been utilizedn 2D
microfabricated hexagonal arr@hC structureheoretically and experimental[28], [29]. The
light confinement occurs through the presence of defect by removing a single hole as shown in
Fig. 1.7. Due to the total internaéflection, photons are localized vertically at the slab interface
3D confined optical modeas achieved because of the combination of Bragg reflection from 2D
PhC and total internal reflection from the low index cladding off&ie. value ofQ experimenrlly
measured was 250, however, by tailoring the interhole spacing and radius holesf @ksno
be further improved to 150The structure has been demonstrated as microcavity laser and pulsed
lasing action was observed at 1.5 um wavelength.

(b)

Total internal reflection (TIR)
Distributed Bragg reflection (DBR)

Defect region
Active region (4 QWs)
InP Substrate (n = 3.2)

»/2 waveguide (n = 3.4)
Etched Air Holes (n = 1)
Undercut Region (n = 1)

Fig. 17 (a) SEM image of top view of a microfabricated 2D hexagonal array of air holes in a thin
membrane with a missing hole at the center. The interhole spadg§l5 nm and the
radius holest is ~180 nm. The two enlarged holes which raditsf 240 nm are used
to split the dipole mode degeneragly) Cross section through the middle of ®leC
microcavity. A defect is formed by removing a single hfiReprinted with permission
O. Painteeet al., Science284, 199]

Then, thevalue ofQ is furtherimproved byt he i ntroduction of L3 nanoc:
[30]. The structure consists of three missing air holes in a line aetiteas shown in Figl.8 (a)

of the structure so that Bragg reflection at theleme direction oczur and light can be confined.

In order to obtain higlQ), they have modified the Bragg reflection condition by shifting the air

holes at both cavity eéd.15 from original position. The theory is, by the shifting of air holes

position, changed the phastpartial reflections at the air holes, and thus, the phase mismatch

occur which will weaken the Bragg reflection. Light then will penetrate moreeribiel mirror
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and will reflected perfectly. Fid..8 (b) shows the experiment results of various air fidistance
shift and their corresponding spectrum. The highest valQenas 45000 was obtained when the
air holes was shifted by 0.45Thereafter, the tuning was performed not only adjacently to the
nanocavity but also fahose two and three poirdgvay [31] where the&) was improved to 100000.
With the highQ obtained, theapplication of such device was studied.-@&fitical switching
deviceq32]i [34] and semiconductor lasg5] has been demonstrated.

Imensity a.u.)

T
= Intensity (au.)
T

Lattice constant, a Shift

1
1.565 1,580

1.570 1575

—
Wavelength {nm) 0.42 um (=a)

Fig. 18 (a) Schematic of cawjtstructure of triangular lattice air holes with lattice constai,
0.42um, thicknessT of 0.25um and radiu® of 0.12um. (b) Cavity structure with three
missing air holes in a line. (c) Method of enlarging @ef a donoftype defect by
displacirg the air holes at both edges. (d) SEM image of a nanocavity with various
shifting distance and corresponding resonance spedtiReprinted with permission Y.
Akahaneet al., Nature425, 2003]

2) Modegap nanocavitys formed with different lattice catant or width of waveguide
inPhCstructureNodadés gr oup h a-gapmnanccavity oy triangudar laticexdoutle
heterostructure nanocavity as shown in.Ri@ [36]. The structure consists of missing row of air
holes which formed a waveguide that allows propagatfgghotonsand PhC with two different
lattice constantsg: anda, are introduced to the structure (I and 1) to differ thegmaission and
modegap regions. Therefore, only photons with specific energy can exist in the PhC waveguide
[l and with the short length of waveguide in PhC Il will limit the frequency of phataisss in
the region and nanocavity was formed. The diffeeesfdattice constanbetween PhC | and Il
gives a modgap effect. Therefore, by changing the difference of lataestant between two
crystals, can controlled the evanescent behaviour afriglefield confined.The structures
achieved higl®) of 600000through experiment and theoretically 20000000 with the optimization
structure.
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(a) Lattice constant, a (c) a, a, a,
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Fig. 19 (a) 2D PhC slab of triangular lattice structure with Jdefect waveguide formed by a
missing row ofair holes. (b) The calculated band structure for (a). The hhluow
indicates the transmission region where the propagation of photons is allowed through
the waveguide and the red arrow indicates the rgagberegion in which the propagation
is inhibited. (c) Photonic double heterostructures, constructed by congettte basic
PhC structures | and Il. PhC | have a triangular lattice structure with lattice constant of
while PhC Il has a deformed triangular lattice structure with adaatered rectandar
lattice of constand, (>a1) in the waveguide directior; ietains the same constant as PhC
| in the orthogonal direction to satisfy the lattizatching conditions. (d) Schematic of
the band diagram along the waveguide direction. Photonspéafic energy can exist
only in the waveguide d?hClI. [Reprintedwith permission B.S Songt al, Nat. Mater.
4, 2005]

Another structure of modgap nanocavityhich has been introducélwidth modulated
line-defect cavity[37]. The cavity structure was created by modulating thleshparameter of
line-defect waveguide to create local confinenanshown in Figl.10 (a). The modegap in this
cavity is realized by the difference of waveguide width once the holes parameter is modulated.
The band diagram of the structure as showridn1.10(b) shows that the difference in the-ciit
frequency of TE mode, between W0.98 waveguide and the cavity allovtdigle confineThis
structure allows local light modulation with small number of shifting holes that gives a great
advantage tthe crosgpacked integration of PhC slab devitle study able to achieve value of
Q factor 10.

This nanocavity structurbas been demonstrated as aroptical switching in which
consumed low energy consumption and fasoptical switching[38], [39]. With the unique
properties ofPhC structure and together with the advancement of the fabrication technologies
nowadays, researchers are now move towards tiegration of PhC devices with CMOS
electrical circuits.
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Fig. 110 (a) Schematic illustration of widttmodulated line deféd®hC nanocavity. The center
airholes was shifted to some position from their original positias.the number of
barrier region that set the strength of coupling and confinement. (b) Band diagram
dispersion of the line defect with Si@ladding. The sail red line represents the
dispersion of the barrier W.98 waveguides without cavity and the dashed line
represents when the waveguide width isyf8wider with cavity hole shifts.

1.2.3 Three-dimensional PhC

In 3D structure photonic band gaformed in all drection.Therefore, a complete photonic band
gap is formed with 3D PhC structure. The schematic of 3D PhC structures shownlid (g
The photonic band structure of 3D PhC has first introduced by Yablon¢#ltiHe has proven
that full 3D photonic band gap is achievable in some type of dielectric structutteegfodbidden
gap can be created in microstructures which agrgastdcal microfabrication. Mny works are
donated to the design of new geometric configuration of 3D PhC, which open new possibilities
of applicationsStone opal is one of the famous naturally formed of 3D PhC which inaigue
optical property as showinm Fig. 1.11. Different colour will appear when the stone is turned
around in which ancient people believe the stone opal have a magic powennsistingof a
number of microspheres placed at nodes of-€ardered cubic latticevhere reflectance is
depening on the radiation angle.

Similarly, with 1D and 2D PhC structure, 3D PhC structure also has an ability of light
confinement. Recently, higQ factor wageportedio achieve 93,00p41] as $iown in Fig 1.12
The highQ factor is expected to achieve less threshold less lasing oscillation for 3D light
confinement. Although 3D PhC structure is an ideal structure due to the complete photonic band
gap characteristics, the fabrication of the gtres is difficult compared t8D and 1D PhCSo
far, there is no reliable technology to fabricate this structure at optical telecommunication
wavelength. Therefore, most 8D PhC focus offiabrication metho@2], [43].
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Fig. 111 Image of stone opal which has unigue optical property. The colour of the stone will
change when the stone is turned arolimitps://www.gia.edu/opal]
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Fig. 112 (a) SEM image of stacked sample having 16 lower plates, single active plate and 16
upper pate. (b) Photoluminescence spectrum around 1231 nm for an input power of
4.35 uW, which is below threshold power of 4.59 uW. Red curved shows the fitting to
evaluate the factor. (c) Experimentally and numerically obtain@dactor of upper
plates[Reprinted with permission S. Takahastial., Electronics Letter§4 (5), 2018]
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1.3 Optical signal processing

Optical signal is an optical communication that utilizing light to tnasihshe signal instead of
electrical current and signal processing is a process to analysis, synthesis and conversion of signal.
So, optical signal processing is a process that utifibe to analyse and make a modulation of
signal before the signal ieceived to the receiver. Nonlinear devices, analog and digital signals
and advanced data modulations are the examples of optical signal processing fields that has been
extensively stug among the researchers. In this section, some of the basic opticetsléyi
discussed; namely, electrapptic modulator and photoreceiverto bridge the electrical circuit

with photonics through electiaptic and opteelectronic conversion. Next, thembination of

the transmitter and receiver in a single housing is dsscls

1.3.1 Electro-optic modulator

Electreoptic modulator (EOM) is one ahain material for optical interconnedt. modulates
(makes the fundamental characteristics become véightdbeampropagating either in free space
or in an optical waveguide. An tgal modulator can alter different beam parameters, allowing
them to be categorized as either amplitude, phase or polarization moddihresare two types

of modulatornamely, electro-absorptive modulator and electreiractive modulator. Electro
refractive modulator works when electric field is applied to the material and changed its real part
of refractive index. A change of refractive index in the imaginary part is known asoelec
absorptive modulator. In semiconductor material, Po€kéiect andKerr effect are mainly the
electric field effects that usually caused elec#fractive or electr@bsorptive. However, in pure
silicon telecommunication wavelength, Pockilad Ker effect are weak44]. Hence, other
approach is necessary for the realization of silicon modulation.

In early yearslithium niobite (LINbQ) modulator has beeproposediue to the fact that
it possesses a large eleetnptic coeffcient [45], enabling optical modulation via Pockaffect
In 1973, thinfilm LiNbO3 electreoptic light modulator with maximumamndwidth of 3.2 GHz
has been proposdd6]. Then, the bandwidth performance has been improved and currently,
LiNbO3z; modulator has become commercialiféd|¢[50]. Although performance of LiNbghas
been improved, the device still suffers for a large -fwatt thus, which led to high power
consumption.

The daninance of Si as semiconductor, eventually led to the investigation of Si photonic circuits.
This is because, Si material has potentitdaation of integration with electronics in a cost
effective manner. In addition, since silicon modulation is possibichiee by the changes of
refractive index as experimentally proven by Sd4ef], researchers are towards silidoased
material of modulator due to the gnie properties of silicon. In 1987, Si has been proven for
guidedwave modulator and switches applications because its ability to exdlibitrerefraction
effects and freearrier dispersioeffect[51]. Since then, research regarding Si modulator become
vigorously among researchers.

However, in early years, silicon waveguide based optical modulator was generally slow.
However, early 2000s, performance of optical modulator has been optimized and reported
possible to operate at higipeed operation of MHand GHz[52]. In 2012, MachZehnder
Interferometer (MZBbased modulatarhich operate via carrier depletion technique has obtained
a hghest bandwidth o650 Gbit/s [53]. Carrier depletion technique manipulated foaerier
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densities in a modulatoo tavoid speed limitation posed by minority carrier lifetime. Device that
employ this technique usually operates atersg bias voltage. Another technique is catrier
accumulation which has been demonstrated usingtbdZed modulatdb4]. It has reported the
operating bandwidth of the device is at 10 Gbit/s.

MZl-based silicon modulator has proven to achieve a high operating bandwidth.

Although MZI-based modulator has shorter devieegth compared to LiNbfnodulator, but

still much shorter devices are desired. Therefore, resdrasafd modulator is introducetihe
resonanbased modulator usually small and compact in size. Therefore, redasaiok structure
modulator is expected psible to reduce power consumption of the device. Active-spgted

ring resonators were first introduced by Xtial.in 2005[55]. A carrier injection scheme is
employed and 1.&bit/s initial data rate is achieved. Then, cardepletion technique is
employed to further enhance the modulafesi.

Although significant foofrint can be reduced with resondmatsed structure, this kind of
modulator has a narrowband apption due to the narrow modulation range of resonance
wavelength. Thishowevercould limit their application.

Since PhC possdib for largescale integrated optics, and its ability to achieve slow group
light velocity, PhGbased MZI modulator has beeardonstrated57]¢[60]. On the other hand,
PhGbased on resonant stture also hsetbeen demonstratggtl].

The performance of EOM device based on its modulation speed and depth, optical
bandwidth, insertion l@s footprint and power consumption. However, those metrics of
performance involve tradeff. For example, MZbased modulator, isuffer from the large
dimension although it shows a good performance at higher operation bandwidth. If we are towards
reducingthe dimensia, it will be reducingthe modulation depth. For ring resonator, in order to
increase the optical bandwidth, cascgdmultiple ring is necessary, as a result it will increase
the footprint and complexity in fabrication. Therefore, the peréorre of modutor is optimized
based on its application. In case of sensing application, only moderate modulation speed is
required. Fig. 1.13 shows the development of elegptic modulator by comparing their
performance.
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Fig. 1.13Development of eleno-optic modilatorby comparing their performance between speed,
size and power consumption

1.3.2 Photoreceiver

Photoreceiver also known as photodetector or photosemsere it used to sense light or
electromagnetic radiation and converts into electrigaladi The opetionof light conversion is

also known as optelectronic (OE) operation. In early years, the optical detectors are evolved in
lII-1V semiconductor compound due to the wide detection abilitwafelength[62]. It also
shows an ability for highespeed detdion operation due to the high absorption coefficient
characteristics.

With the invention of integrated circuit and CMOS technology, optical devices that has a
higher degree of integration and compatible with CMOS process has becomela paricculay
therealization of higkperformance silicofbased photodetector becomes a great interest among
researcherf63].

Silicon photodiodes are excellent detectors at visible wavelengths, but the development
of Si photodetectors operating at wavelengths of interest for telecom and datacom is not
straightforward, as Si is transparent atvelangths lager tran 1.1um. Conventional Sbased
photodetectors at telecom wavelengths utilize integration with other material systems such as
[I1-V compound semiconductors (InGaAs, InGaAsP, InGaAlAs[@44¢[66]) andGe However,
the 8.1% lattice mismatch between InGaAs and Si makes monolithic integration with CMOS
circuit difficult, so a hybrid integration approach is required.
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Ge on Spphotodetetors,requiresgrowth of Ge on a Si substrate.cin operate up until
10 Gbs! with high responsivityHowever, the devices suffer for high leak current (~ 500 nA)
[67], [68]. However, recently, J. Cuét al. has enhanced the performance of Ge on Si
photodetector with optimized DBR location where the dark current cdarbeduced a®w as
7 nA at 1550 nm operation wavelend9]. A limitation of Gebased photodetector is bothithe
incompatildlity with an unmodified CMOS process flow and the requirement for a buffer layer
that causes problems in both thermal budget and plafz®dity

Another method iglefect mediated stateh@todetector. Defect is introduced into the
photodetector to enhance the photon absordhefect can be introduced through various method.
One of the method is dyyper dopingmplantation of chalcogens (S, Se, Te) to increase doping
concentration of thehotodiod€71], [72]. Another way to introduce defect is by imptation
of ions[73], [74]. However, this method introduces shallow impurity levels within the Si band
gap. Therefore, to overcome this mattet i@i-implantation is proposed. This method allows the
device to all-Si without any integration of othenpuritiesmaterial[75]¢[77]. However similarly,
with the Ge integration, ieimplantation method also requiresngolexity of fabrication. In
addition, the presence of defaluring the fabrication process will caused an increasement in leak
current value. On the other hand, tplosoton absorption (TPA) has been reported to achieve all
Si photoreceive{78], [79] and reported to achieve a minimum leak currergA): TPA is a
nonlinear optial process where in semiconductor, an electron can bednmteean excited state
by the simultaneous absorption of two photons of identical wavelength. TPA allows carriers to
be absorbed and allow the generation of photocurrents.

Nowadays, performance gbhotoreceiver is not only based on operating speed,
respomivity and signato-noiseratio, but most importantly based on fgwint, cost of
fabrication and ease integration. This is because current silicon optical interconnect is now
towards the integrain of chipto-chip or on chip level. Therefore, highergdee level of
integration is requiredAs shown in Fig. 1.14, although integration with other material of
photodetectors shows much higher of operating speed, howevé&i, @ibtodetector shows
higher degree of integration.
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Fig. 1.14 Comparison of pkodetector performance between integration with other material and
defect mediated.

1.3.3 Optical transmission link

Transmission linksystem transmits data sigifabm transmiter to receive. The system link
requires transmitter and receiver to complet hnole signal transmissioithe beginning of
transceiver introduction was early 1920s where it has been implemented itoradizsmit the
electrical wave signalThen in 1970s, mobile phone shiecomea completeunit of signal
transmission link systenhater, with the increasement of data rates for all interconnects, copper
wire in electrical signal has come to its limitations. Researchers proposed that datical
transmissiorwill become thebest candidates to overcome this matter due to the abilagrry
signal on a single fiber from a few gigabits per second to over one terabit per second.

Fig. 1.1551Intel silicon photonics opticatransmitter.[Reprinted with permission from Intel
brochure [https://www.intel.com/content/www/us/en/architectarel
technology/silicophotonics/opticatransceiverl00gpsm4qsfp28brief.html]
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First fully integratedoptical transmissiosystem in silicon has been demonstrated by
Luxtera Inc.[80] and achieved 20 GBsoptical transmissiorusing combination of LiNb©
modulator and InGaAsP detector. However, besides lamelidiension of the device, power
consumption of the systemm as large as 2.5 W. Next, the silicon opticahsmission systeims
been commercialized by Intel Silicon Photonics groups. Research regarding Si optical
transmission systenmas been further afied whose low power operation monolithically
transceiver hebeen demonstrated using higgeed MZI modulatorg1] by the same grou
year later, compact and even low power consumption nbiwlink has been report¢82], [83].

Those devices are éhcombination of ringesonator based modulator as trangnitnd Ge
detectors as receivers.

(a) Chip Boundary hed 3\/-#‘ (b)
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Fig. 1.16 Block diagram of optical tramission device(a) Duaichannel 10 Gbstransceiver
MZI. [Reprinted with permission.B\nalui, et al, IEEE J.Solid-State Circuitgl1 (12),
2004 (b) Fully integrated 25 GB'sSi photonic interconnect. [Reprinted with permission
J. F. Buckwalteret al, IEEE J. SolidState Circuitt7 (6), 2012]

Due to plasma dispersion effect, siliduas become aaxcellent meerial for modulation
Due to that, researchers are utilizingb@sed optical modulator in optical transmission link
systen{82]¢[84]. However, due to the transparency of Si at telecom wavelength, intagréttio
other material of photoreceiver has been utilize in optieasmission link system. Most of the
utilizing epitaxially grown Ge or heterogeneously bonded/lphotodetectors at the receiver.
Although the combination of Siased modulator and hybrphotodetector shows a significantly
high operating bandwidth, will become inadequately efficient in future optical transmission link
device. This is because, those combination has a lower degree of integration which makes the
device becomes difficuto integrate with other CMOS process device on a single chagdition,
due to the high epitaxially required grown or integration of material for the photodetector, makes
the fabrication cost becomes expensive. Therefdngherlevel degree of integration and cest
effectivehas become attention among researchers.

Recently, Fujikura Ltd. has reported -8il schemeoptical transmission linkwas
successfully achieve@heyhave proven that the scheme able to modulate and detectgignal
until 10/20 km transmissiolink [85], thus, shows that it is possible to realize silicon photonics
chip-to-chip transmnssion link However, future demands in information technology and internet
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requires silicon photonic interconnect devices to be integrated on single chip. Although,
monolithic (that is on a single chip) integration of photonic devices in close proximity to
electronic circuits is crucial, recent studies has shown that it is possibieed¢paite photonics
with silicon nanoelectronics systems on a ¢Bi§J. The systems on chip device has successfully
integrated wavelength division mydkexing (WDM) transmission link system monolithically.
The study has shown that the next generatain photonic platform for computing,
communications, imaging and sensing requsgestems on chip.
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Fig. 1.17 Photonic integration with nanoscale trangistfReprinted with permission AAtabaki,
et al, Nat.,556(7701) 2018]

1.4 Purpose of Study
1.4.1 Motivation

As describe in earlier section, optical signal processing has become an attraction. Due to the high
refractive index and low absorption loss of siticd is expected to be an outstanding candidate

for replacing electrical wire. Although various silicohgtonic devices have been developed,
demand for a smaller footprint, lower power consumption and higher functionality rehmains.
addition, current djcal communication is towards shorter rangewhich chipto-chip also
required easy monolithically integfion on chip and cost effectivelf¥his are difficult to be
achieved with existing Si photonic devices.

Two-dimensional PhC structure allows stgolight confinement that leads to high
factor. Moreover, with the small mode volume, makes the demtostd alloptical switching
possible. Although those demonstrated devices claimed to be compatible with CMOS process,
several challenges need to beercome to integrate thoskevices with another Si photonic
devices due to the different structure. Agsult, the integration becomes more difficult.
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On the other hand, PhC nanocavity requires high precision of fabrication to achieve
high-Q factor. Therefore, most of the PhC nanocavity devices are fabricated by diecino
lithography. The electrbeamlithography is an accurate fabrication process however, in term of
time, the fabrication method is a timensuming process. Hence, a stepper phbagitaphy
process, which is more commercial and widely used need to be employed. That is not all, due to
the compatibility with CMOS process, this fabrication process will ease the integration of PhC
device with other Si devices on the same chip.

Among vaious devices that has been demonstrated for optical devices,-@lpttr¢EO)
and opteelectronic (OE)Xevices are the main components in order to link the electrical circuits
with photonic circuits. Demonstration of EO operation is challenging bedateguires low
power consumption and possible to transmit signal in fast speed. However, OE operatitm is
challenging because at telecom wavelength (uBh Si is transparent and photo carriers could
not be generated. Therefore, complex fabricatimthodin which a hybridtype photodetector
such as integration of Germanium or Grapheneiamimplantation on Si has been introduced
However, it suffers for high dark current due to the presence of deféw structureThis will
lead to a disturbare of noise during data transmission.

In addition, a s ed on Mgotermr aré greatlestaawd to switch from electrical
circuit to optical circuit. Currently, silicon photonic bageansceiver has been commercialized
by several groups. However, thitevice will become insufficient in the future due to the
dissatisfying of optical communicati demand. Since in future, the optical chip circuit are
expected to be compact in size, low fabrication cost and package simplicity to extreme,
researchers areast to consider for atilicon of OE and EO scheme.

1.4.2 Objective

Recently, due to the advameent of fabrication technology process, Si PhC nanocavity has
achieved highQ factor (~10) fabricated by deeplV photolithography fabrication procefs¥].

The highQ s succeeded with the presence i@ &lad on the surface makes the widtibdulated

line defect cavity device much stable andust. The mode volume of the device is ~&)t.

The device was fabricated with standard CMOS process line which allowed the silicon PhC to be
integrated withother devices, such as sggite converter (SSC), heaters g@rdn diode. This has
constitued that Si PhC possible to realize integratmm silicon chip and open for new
possibilities for silicon photonics technology.

In this study, the application &xploredhigh-Q photolithographically PhC nanocavity
deviceas an optical interconnect device, namely elegptic modulator and photoreger are
studied.The target of the applications is towamschip integration device with have smaller
foot-print. The p-i-n diodehas been embedded to the device to allow carriers injection for light
modulation. Via the carrier plasma dispersion effinet transmittance spectrum wavelength able
to be modulated. Thanks to the hi@ifactor, it has enabled the deviaedchieve largeptical
modulation even though the refractive index modulation is small. Thus, low power consumption
is achievable. A suBHz modulation operation based on the carrier plasma dispersion reveals
that the device has a large bandwidth moduotaibility [88].

Next, the opteelectronic demonstration emonstrated by the device. Although, it is
challenging because Si is not the best candidate in term of light detection at telecomgtlavelen
with the highQ factor and low leak current, it is proven that photodetection is able to be achieved.
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Thus, a lowpower photodetection become possible due to th8ialevice and with the help of
two-photon absorption (TPA). Though similar demongtrahas been done before, but with the
air-clad surface, a complex fabrication process is needed specially to takd ta contact pads
during the akbridging process. Therefori, this study, the PhC nanocavdgvice was cladded
with silica which nmakes the device more stable and ropsstthe photedetection operation
demonstration becomes uncomplicated and mgsortantly is full CMOS compatibility89].

Then, the combination of EO ap¢ion and OE operation as an optical traission link
is demonstrated. Since the device was made b®ialalFSi scheme transmissiomk is
achievable with help of TPA effect. In addition, with the randomness structure as a detector,
proved that theandomness in PhC structure possible for a practical device. The demonstration is
done by detuning the resonance wavelength through tetapetane dependence to match the
resonance of transmitter and receiver. A-&@Hg operation was achieved. This dentoation
has paved an alternative way for optical transmission as it offers small dimension and higher
degree of integration with CMOS deesk.

In this thesis, the contents are arranged as follows where the theory of PhC and design of
the device structuraill be described in Clpter2. Next, the fabrication process of the device
will be explained in Capter3. Then, the functionalities ofi¢ device in which as electaptic
modulator will be described in @pter4. The demonstration of the photoreceiver is thihbe
presented in Gipter5. In Chapter6, the demonstration of adilicon transmission linkf optical
transceiver will be eXpined. Finally, in Chpter7, the thesis will be summarized.
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Chapter 2

Theory of PhotonicCrystal

This chapter will explain the fundamental theory of PhC. The basic of PBG structure is explained
which then led to the formation of cavity the PhC. Then, the method of analysis contains of
planewave and FDTD method which are commonly usedrf@merical calculation will be
introduce. Later, the PhC design structure that is used in this study will be describe.

2.1 Introduction

The study ophotonic crysta(PhC)had begun since 1887 by Lord Rayleigh issue of Philosopical
Magazing¢7]. However, no one used the tewh Photonic crystad Until in 1987, American
physicist who known as Eli Yablonovitch announced the naméplodtonic crystaand
successfully discover crigan of a photonic bandgdpPBG)[4]. Then, Sajeev John has published
another milestone paper on theme field by discovering photon localization in high dielectric
contrast disorder superlattice microstructure which is beneficial for mechanism -tiheam
application devicd8]. In this chapter, theory of PBG and cavity formation method of PhC is
explained. The common method for a numerical calculation also will be described.
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2.2 Photonic band structure

The existence of photonic band gap were reported ity d&90s through theotution of
Maxwell@ equatiorf90], [91]. It has been a basis concept in understanding PheCutilization

of PBG has been expanded by researchers. The introduction of defect in PBG structure can
produce a cavity to PhC. In this section, Max@®etiquation and the formation of cavity will be
described.

221 Maxwel |l 6s equation

The propagation ofdiht in PhC governed bylaxwell@ equations as follows,

nJA T (2.1)
. A

T N A (2.2)
0

nJA M (2.3)

e LDk 2.4
T o

whereE, H, D, B, mandJ are the electric field, magnetiefd, electric flux density, magnetic
flux density, free charge and current density, respectialy2.1 expresses the fact that the
magnetic lines of flux form a system of closed lodps.2.2is differential form ofFarada law
of induction.Eq. 2.3is differential form of Gauss law and=q. 2.4is a generalization of Ampe®e

circuital law (also referred as the BiBavart) by the addition ofj, which is called the
displacement current density.

D andB canbe rewrite as follows,

D(r) OnNE® (2.5

B (r) = Hou(r) H(r) (2.6)

whereso andyo denote the electric permittivity and magnetic permeability of vacuum respectively.
However, for most dielectric material the relative magnetic permealility is very close to
unity, theEq. 2.6 can be written aB = poH.
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TheMaxwell@ Eq. 2.1to Eq.2.4become,

nE (2.7)
o g "I
n A T— Tt (2.8)
T 0
no- TATD (2.9)
. A I
n g " - - "|T . Tt (2.10)

E andH areharmonic (oscillation) modes which can be express as,

S o) (2.11)

ATl ATTQ (2.12)

BothEg. 2.11andEq. 2.12can be insert ithe Eq. 2.7andEq. 2.9 which will describe the mode
profile at the given frequency that have simple physical interpretation of there are no point sources
of displacement and magnetic medium.

nZE 1T om (2.13)

nO-"TATT 0w (2.14)

The field configurations are built up of electromagnetic waves that are transverse. Therefore, if a
plane wave oH (r) =aexp {kir), for some wave vectds, Eq.2.13andEq. 2.14requires that
aik=0.

ForEq. 2.8ard Eq. 2.10, the two curl equations relae(r) toH (r)

nATT Y ETT T (2.15)

g Q--TTAT T (2.16)

From the above equations, can be divided Ify) and then take the cuiTheEq. 2.15can be
used to eliminat& (r) and constants, and o can be combined to yield the vacuum speed of

light, A —— Resultsis express as follow,
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P T ..
n ——n — )
Y e 7l z e 7l (2.17)
From theEq. 2.16 E (r) is obtained,
i » TQ n »
ATl Wﬁ €l (2.18)
and for valueH (r),
- QL
el Tffl ATl (2.19)
Next, the operatay acting onH (r) is define,
€ 11 n Lln €l
e 7l - €l (2.20)
w

In peiodic structureH (r) is assume as a periodic function. Based on BFloluet
theorem, the periodic function has Bloch wavevegtarhich can be describe as following
equation,

£ kg OFE g (2.21)

Egl E gl o (2.22)

a is a lattice constant value of the structure arbrresponds to the label number of primitive
cells that is a part of the periodic structure. By inserting Botl2.21andEq. 2.22into Eq. 2.17,
Eqg. 2.23can be obtained.

LI (2.23)

In Schiodinger equation,—— is eigenvalue. (k) are in function ok where it expresses the

system dispersioid (r) in Eq. 2.22described a Bloch funan and satisfy condition below, where
wavevecto —
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tegl QF % o g1 0 "ot g 7 (2.24)

Since,

£ glQ —9 3 gl Q0 —!

Following equations can be obtained.

t gl £ gl (2.25)

Eg’l Q 10¢ gl Eg’ (2.26)

Based on thecqg. 2.25 it is proven thatH (r) is¥ periodical function. Thus, the

eigenvalue (k) also have same periodicity. So, in order to know the dispersion relation, it is
sufficient to know between the range-of/ a XXk >~ / awhich is known as a first Brillouin
zone. In most c&s where timgeversal symmetry is satisfied, only half of the range is considered
which is 0Kk XX / a.

On the other hand, when a system is a-dinensional structure, it has a uniform
dielectric d ¥ (r) = 1, the dispersion diagram of the structwshown agig. 2.1 (a)where the

eigenvalueof Eq.2.23is . (k) = ck.

However, if the system to be periodical perturbatioi af dielectric constant,
p YOI %' is assumed and two eigenvalues as follows=at / a proportional toA | %'

orOEL are obtained.

T
1 z® € s O 1Al &' (2.27)
LE: E '
8 & ¢] C’)E‘L“I
1 ogitE el s (2.28)

Eq.2.27andEq. 2.28is the origin of PBG as shows Fig. 2.1(b). PBG works as a fortden
band for photons in the PhC structure where light within the wavelength of PBG could not enter
the medium.
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PBG

—

(a) (b

Allowed modes
Second band

PBG

Allowed modes
First band

Norm. frequency, @ (a/l)
Norm. frequency, @ (a/l)

0 0.5 0 0.5
Wave vector, k (27/a) Wave vector, k (27/a)

Fig. 2.1 Dispersion relation, vs. k for waves in onalimensional PhCtructure. (a) Dispersion

diagram for a uniform dielectric materiahere® (r) = 1. (b) Dispersion diagram for

periodic dielectric structures wherél p YA %' .

This can be expanded into twar threedimensional periodic structure. But, in principle,
there is no full PBG in twalimensional PhC struate. In the case of thredimensional periodic
structure, there would be photonic bandgaps abgng and z directions, and for difference
polarizations of the dielectric field. If the refractive index contrast and the periodicity in the three
dimensional sucture are such that these photonic bandgaps overlap in all directions and for all
polarizations of light, a fulphotonic bandgap occur. As shown kig. 2.2 (a) the overlap
frequency rang& . becomes full PBG in all directions and for all polarizations of light which
means no light can be propagate through the structure. However, only certaitinfeasional
structures allow full PBG to develop. One of théoaled structures isood pileQperiodic
structure as shown iRig. 2.2 (b) In Wood pilexstructure, the rods are parallel in each layer and
the layers are perpendicular to each other.
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@ % (b)

—

A

Overlapping PBG

Fig. 2.2 (a)Full PBG in threedimensional PhC structurdhe PBGalongx, y and z are
overlapping for all polarizations of fielgb) TheWood pileunit cell of PhCThe 14
labelled referring to the 4 layers that is parallel to each other.

2.2.2 Cavity formation

Point and line defects that occur in normal crystal, alsarda PhC structuresig. 2.3illustrated

the example of defects. Defects are introduced to PhChanee certain optical properties.
Definition of defects is a discontinuity in the periodic structure. There are two kinds of defects
which is point defecand line defect as shown ligs.2.3 (a)and(b), respectively. Point defect

or socalled optical ceity, can be created by removing or altering a unit cell in the periodicity.
This will lead to the trapping of light radiation within the cavity as ifaistd inFig. 2.3 (d)

(a) (b) (c) (d)

OO0 OO ) OO0 OO0 CORORORCRORCRC) OO O OO0
OO O OO0 OO0 OO0 CRCRCRCORCRCRC) OO OO OO0
COROR0) OO O OO0 O OO CORORORCORCRCIRC) O OO OO OR0)
OO0 CRORC) OO0 OO0 CRORCORCORCRCORC) OFORORCORORCRC)
OO0 OO0 OO0 OO O) CO0 ;000 OO OO0
CRORC) OO0 OO O OO0 oogmiﬁcfgoo O ORORCOROROR0)
OO0 OO0 OO0 OO0 ORCRC g O ) OO O OO0 0)
OO0 OO0 OO O OO0 ORORCRCRCRCRC) O OO OO 0)
OOOiCDOO OO0 CORCRC) e 0 0 0 0 0 0 OO O ORORCOR0)

I
Line defect

Fig. 2.3 lllustration of defects in PhC structui@ Line defects introducedin PhC structure. (b)
An ultrasmall waveguide formed and permight propagatiomonly along the line defect.
(c) Point defect that acts asoptical cavity to trap the light. (d) Light that has been trap
(confined) inside the cavity.
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Line defect

Line defects are formed when a certain row of unit cell is removed. The light is prevented
from dispersing into the crystal with the presence of PBt& guided propagating light in the
PhC structure is called waveguide as showrign2.3 (b)

The dspersion diagram of the line defect is shown inRlge 2.4 andFig. 2.5. The grey
area represents the light cone where light is dissipated out ofl@hGue to the dissatisfied of
total internal reflection. The orange area represents PhC modes [cattiseant,a and hole
diameter is 420m and 253im, respectively. Line defect is introduced in the structure which
W0.98 (0.98% of the original width) HE inset shows the corresponding structure where the black
area represents silicon material (n = 3.4file the white area foFig. 2.4 represents air
(n =1.00) andFig. 2.5represents silica (7 1.44).Fig. 2.4 (a)andFig. 2.5 (a)shows a perfect
periodic PhC structure whil&ig. 2.4 (b)andFig. 2.5 (b)a line defect is introduced. It shows

clearly, that two modes appear in the PBG area when line defect is introduced which represent
the waveguide modes.

(a) (b)
- 2
3 S
3 2
5 =
) 2
o (7]
S £
g g
& &
g £
S

z z

0.0 T T T T 0.0+ T T T T
0.0 0.1 0.2 0.3 04 0.5 0.0 0.1 0.2 0.3 0.4 05
Wave vector, k (2n/a) Wave vector, k (2n/a)

Fig. 2.4 Dispersion diagram of 2D PhC sture (a) PhC structure without defect. (b) PhC
structure with defect which is W0.98. The inset in (a) and (b) shows the corresponding
structure. The blue line shows the even symmetry modes and the red line shows the odd
symmetry modes. Insets shows therespnding structure which represents silicon as
the black area with refractive index, n of 3.47 and air as the white area with refractive
index, n of 1.00.
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(a) (b)
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0.00 ‘ : : , 0.00 : : , :
0.0 0.1 0.2 03 04 05 0.0 0.1 0.2 03 04 0.5
Wave vector, k (2n/a) Wave vector, & (2n/a)

Fig. 2.5 Similar a%ig. 2.4 Insets shows the corresponding structunéch represents silicon as
the black area with refractive index, n of 3.47 and silica as the white area with refractive
index, n of 1.44.

Due to the difference of refractive index between air and silica, the frequency range of
PBG is narrower irfrig. 2.5 since the ambience of silicon is silica which is known as siliad.
Therefore, light is propagating in narrower frequency range irasilad PhC waveguides.

Point defect

In two-dimensional PhC slab waveguide, distributed Bragg reflection (DBRieafurrounding
PhC lattice influenced the 4plane defect mode confinement. With the condition that the wave
vector of light at vertical i&, and at parallel i&; to the PhC slab, wave vector of lighis

Q Q@ 0 —_— (2.29
In total internal reflection, the light wave vecthmyill satisfy the Snef® law as follows,

Q ¢ 2

The dissipation of light in defect from the slab can be calculatedtirefq. 2.29andEq. 2.30

The vertical confinement works as standard waveguiding by total internal refldction.
the magnitude of the iplane momentum componeny,, is insufficient to support guiding,
vertical radiation loss will occur. Therefore, in order to achieve -RQiglactor, the vertical
radiation loss have to be reduced. For an air clad PhC waveguédi the refractive index, n is
1, thereforek, 2 = (. /c)?, where. is angular frequency arglis the speed of light. Modes that

radiate vertically will have small iplane momentum components lie within the light cone
cladding.
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Fig. 2.6 illustrates the [jht cone in twedimensional structure. If the frequency of
wavevector of light is o, light will not exist in the slab and dissipate to the surrounding.

radiation mode

guided mode

Fig. 2.6Light cone inky, ky and. space wher&=. T (nam/C). Blue cone represents to thght
cone where in light will be dissipate from the slab in this area.

2.3 Fabry-Pérot Cavity

In order to understand the transmission spectrum of a nanodaafitgyPérot cavity is used as

an example It consists of two flat mirrors opposing each othéllastrated inFig. 2.7 (a).When

this mirror perfectly aligned to each other as parallel with free space between them, light wave
reflection occurs between the two mirdd; and M». The light reflections wave between the
mirrors ofM; andM. will lead to construct and destruct the interference within the cavity. During
the constructive phenomenon, it is called resonance. The series of travelled reflected waves will
produ@ a standing light wave in the cavity asFig. 2.7 (b) At the resonace phenomenon,
Eq.2.31should be satisfied,;

G_ ¢t bhla phchoB8 (2.31)
wheremis an integer of mode numbeg, is resonance wavelengthis medium refractive index
andL is the cavity lengthiig. 2.7 (c)illustrates the intensity of the all@d modes as a function
of frequency. If the mirrors are perfectly aligned, light beam will be reflecting within the mirrors
and there will be no loses from the cavity, thus, shiawp peaks occur at frequencies, The
frequencies aty, can be defined &sq.2.32
@ a (2.32)

ce 0 )
However, in some cases there is possibility that some light radiation will escape from the cavity
caused by the imperfectly mirror reflecting, hence, the mode peaks will appear less sharp and
finite.

Refer toFig. 2.7 (a) light wave will be travelled asave Y after wave X completing a
round trip. In the imperfection of reflections cases, wave Y has different phase and magnitude
compared to wave X. If the value of reflection coefficient of milvarand M, are same as
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magnituder, then one round trip ofawve Y has phase differentlof2L) and magnitude af with
respect to wave X. Therefore, the interference of both waves can be expressed as;

G O O o AgpQad (2.33)

The interference can occur in series and the sumHiglg can be evaluad as

© p 1 A@PQQD (2.34)
Based on above equation, the intensity of the cavity can be calculated as
0
‘O (2.35)

p Y TYi QEQD

whereR = r2 is reflectance. From theq. 2.35 the maximum of cavity intensity can be derived
as;

. 0
(@ o v (2.36)

FromEq.2.36 can be understood the maximimtensity occurs if the sfr{kL) becomes zero. If
the value oRis smaller, the broad¢ne peaks will be due to the radiatiamsk from the cavity.

The quality factorQ of the resonant cavity can be defined as;

ol T T 1 \ l‘)
0 60 OO MDA E I—j 5 (2.37)

where] 0 is spectral width. The spectral width is defined as full width at half maximum
(FWHM) of an individual mode intensity. It can be calculated by;

V) “y ¥
) —nNo (2.38)

To N oY

where F is the fiesse of the cavity. Less loss of the cavity will increase the finesse of the cavity

that will be sharpen the mode peaks.
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- m=1 __ Relative intensity

X 1 B s ;

(a) (b) (c)

Fig. 2.7 lllustration of FabryPérot cavity. (a) Interference of reflected waves on two flat mirrors.
(b) Standhng EM waves and odes at certain wavelengths that are allowed to be in the
cavity. (c)Intensity vs. frequency for various modes.

2.4 Method of analysis

2.4.1 Planewave (PW) method

The planewave (PW) method is the reference method for the calculation of tzgowdig PhC.
Calcdation with PW method usually done with a hundred to a few hundred PWs, depending on
the strength of the dielectric constant. The band structure is obtained by diagonalizing matrices
on the order of two hundred to a few hundred in size. iMiethod is veryersatile and can be
applied to handle all forms of dielectric modulations. In this study, the method is used with a free
software package of MPB which has been developed by Joannaparimsp.

Let@ assume that the photonic band structure for electrgtiagvaves propagating in a
plane perpendicular to the dielectric rods is calculated. The poBitiependent dielectric
constant together with the PW method is used. Two electromagnetic wavessdeed which
is H polarization ande polarization.

H polarization
Based on th&q.2.11andEq.2.12 can be rewrite as:

H(r,t)=(0,0,H,(r,¥))exp§ ¥yt

E(r,t) = (Ex(r,¥),Ey(r,¥),0)expf Yt (2.39)

The Maxwelf3 curl equation for the three naero field components are:

TA 1A o 8
o T o &
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G Q- - 1A (240

when eliminatée, andE, from these equations. They. 2.40that satisfied byd, can be obtained,
which can be written as the following form,

— . — ——& 1 (241

81 (r) andH; (r]- ) is expand to solve this equation according to

— 0 AoRDI

£ I 6 Lkhy Agmlk 4 Ol (242

whereK is two-dimensimal wave vector of the wave in the Brillouin zone of the latticeGixl
a vector of the reciprocal lattice.

Substitutingeqg. 2.42in Eq. 2.43

18,5 Uiy AgpL 4 Ol
T

—. Qq Agwmy Ol
Ll
T N
—, Qq Aowg Ol
o o0 B
s Ly Agmmbl 4 01 =
W Ll

:B. 6 Ly Agwl 4 O
T @

— 0 Aowy 01 daw owd Ly Agwl 4 Ol
Ll T

TT—(b Qq Aogwm Ol "dQw 0 Ly AgpLt 4 Ol
il il
% o Lhy Agml 4 01 =

T
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— Qq dQow 0w Lhy AgwLk 4 4 Ol

T O
1 0 Q0w 0w Ly Agwl 4 4 O
T o 44

% 6 Lhy Agmlt 4 01 n

0 Qo 000e 0 @o Ly Agwl 4 4 0l
h

Q7 Qo 06 Q0 06

h
‘b Lhy Agplk 4 4 O
% 6 Lhy Agmlk 4 01 =

m

Q7 Qo "0k Qb "06 "0

mh
Q6 06 Qe 0w 0w 6 Lhy A gpl
1

b Ly Agml 4 O n
w il

1 o1 9 (2.43)

The abovezq. 2.43can be simplified as follows,

06 0L O OM 00 VO OML® 0 O0M UL OL OO
0 GO® "OW"OWOEO® U WL WCH OO W "0 "OGOEOW Lok
Ly Ex 99 79 Lok g4 q0oF 4 q0b 4

=(K+G&G) Khi G (2.44)

then,

7Q-"% T L T :)'L T o] LLF}" AQQ'L T¢ 0)
(245
‘&)— 6 Ly AgBL [ O =
il

because of the symmetrical nature of the matrix can be @€€G + G¢ the above equation
becomes,

TQ-HC T L '"C OL T 0 LFI‘|'| AQBE '"C 10

: (2.46)
= 9 Lhy AgBL 5 01 =

LR
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If the waveperiod expi[ (K + GQKand take out onlBQffilling this condition of GQEG  GQ

below equations can be obtained:

TQ'H(EIEE'" L '|'|(EIEE:)L 'na LFl'" AQQL '"(332:)1

k 6 LipeA @BL qeedl T

TQ'“Em T L '|'|C%OE T 0 &F}n 0 EF\'[|G% Tt
T

At last, if consider that
GIMHGQ
G¢ IHG

following equation can be obtained

oL T e
Qp g L qob g8ty Zoby n
:

which haghe form of a standard eigenwa problem for a symmetric matrix.

E polarization

Same as H polarization, based onfue2.11andEq. 2.12 can be rewrite as:

H(r,t)=Hx(r,¥),Hy(r,¥),0)exp§ ¥t

E(,)=0,0,E.(r,¥))exp€ ¥yt

The Maxwel@ curl equatios in this case are:

(2.47)

(2.48)

(2.49)

(2550
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1A Q "l € 251
o - - € (251
Equation forE; can be obtain by eliminatirigx andHy,
PT T o T 4
- T ol w

w

(252
To solve the equation above, the expansioBgR.51is used and the equation is written in the
form of E,(r, - ) as follow,

~

A " 6 Lhy Agplk 4 Ol (253
by substituting the above equation with. 2.52, following equation can be obtain,
Qq ¢ L

T T
7 b qgolh —bly n (254)

Knowing that in the determination of photonic band structuresyi€ coefficients
TQ-" qeeof 87Y(r) plays a main role for both polarizations. So, to determine them, following
equation is written in the form 6f(r)

"I p (2555

wheret, is the dielectric constant of the rods,is the dielectric constant of the material with,

. pPETIN A
37 TEIN g (2.56)
whereR is the region of th&y-plane. The Fourier coefficient is given by
07 2 QIAgPRI o
i (257
_3‘1 1h _3 _3 (.% QiA@DQIl i

where the integration in the second line of this equation is over thegnpitane.
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2.4.2 Finite difference time domain (FDTD) method

The finite difference time domain (FDTD) has become the method of choice to calculate the light
propagation irdielectric materials due to the simple discretization process. The FDTD method
calculate the electric and magnetic field distribution by employiradtiaé that contain tiny cell

called the Yee cell where the electric and magnetic fields are at differgitibns with a spatial
difference of half of lattice constant.

FDTD method is commonly used for computing the numerical calculations because easy
to understand and directly follows the differential form of Max@edquation.

From theEq. 2.8 can be witten as:

e plA
T 0 T W
1€ oA
TOo0 ‘'Tw

1€ TA 1A

From theEq.2.1Q can be written as:

TA plE
T 0 -T w
Th pré
T O T ®
n i
A pI1t TE (2.59)

Both Eq. 2.58andEq. 2.59can be grouped accorditmthe field vector components. One
set involving onlyEx, Ey andH, and another set involvingl,, Hy and E; which referred to
respectively as the transverse electric (TE) and transverse magnetic (TM) modes.

The sets of equations are given as

[ - Y

T o ‘T w

re prA
TM mode To "1 o

— (2.60)

and
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TA pré
To -T
Th pré
TE mode F T

(261)

Two-dimensional structure is setxy plane and the electromagnetic wave has electric

field in thex-y plane while the magnetic field is indirection. Therefore, the electromagnetic
wave 5 TE wave.

A portion of Yee cell constituting a unit cell for the TE wave is depictddgn2.8. The
Excomponent is located at halénd integey grid points, i.e.,i(+ 1/2,j), while theE, component
is located at integecand halfy grid points,i.e., (, j + 1/2). The magnetic field compondtit is
located at halk and halfy grid points, i.e.,i(+ 1/2,j + 1/2). These grid points are chosen to
accommodate the interleaved leapfrog algorithm that makes up FDTD method.

412 -
i+1,j+1)

Fig. 28 A FDTD unit cdl for TE waves. The small vectors with thick arrows are placed at the
point in themesh at which they are defined and stored. For exaBpkedefined at mesh
point (, j + 1/2), whileH; is defined at mesh points« 1/2,j + 1/2).

38



CHAPTER 2. THEORY OF PHOTONIC CRYSTAL

The spatiallydiscretized versions of the component Max®éll. 2.61are:

TA p &% q - BER 5L
T o _p - Yo

1A p &R n o B o5
Oﬁ _ = yd)

As As . A § A
—h —-h h — h —
e P - - (262)
0 _p - Yw Yw

- _ Yo AR o AR i A o A
R V6 Vo
A A Yo gs gs
? _k R _k - Y% LRI
. . Yo oo - . -
A AL —_ﬁ_y(bss_ﬁ_ ss_ﬁ_ (2.63
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2.5 PhC nanocavity design structure

Fig. 2.9 shows the schematic illustration of designed PhC nanocavity structure that used in this
study. It is called a widtmodulatd line defect cavity wh® the width of the linglefect structure

is locally modulated. The confinement in the direction of adiefect is results from the existence

of a mode gap in the waveguide. The confinement in the mode gap was created by ¢hanging
location geometrical parameter such as width of thedafect[92]. This kind of structure has
reported to achieve a high factor by an airhole triangular lattice with an aglad [37]. They

have reported before that by widthodulation, a poe cavity factor achieved due to the
unoptimized sucture and Si@clad[93].

Fig. 29 (a) Schematic illustratio of PhC nanocavity structure design used in this st@Qdyity
is created at the center of the structure. (b) Cavity is created by shifting holes position to
9 nm (red), 6 nm (blue) ar8inm (green) towards outside.

The band diagram of the line deféstshown in thd=ig. 2.10 (a) The mode gap was
shifted to a lower frequency due to the increased of the line defect width. Therefore, frequency
component that islose to the mode gap, such as wave vector component that closBritidhs
edge will localize when a certain position shift of hole is created in the waveguide. Hence, the
center part of the holes are shifted from the waveguide by some distaigc@s9 (b)showsan
enlarge image at center of the waveguide PhC nanocavity structures which represiéstemite
of holes shifting

However,designof a highQ cavity in PhC nanocavitpecomes challenging whehe
cladding material (such as Si@f the refractive indeis high (1.44ecauseavity mode should
have small wave vector in the ligtdne[94]. However, baed on the band diagram shown in the
Fig. 2.10 (a) the localized mode for width modulated line defect wave vector of-&&d is
below the light line. Therefore, small vertical radiation loss is achieved. Im todechieve a
high-Q factor, the vertical radiation loss need to be red(i8éj [95]

The FDTD calculation for the PhC nanocavity with Satad has been perform@gi7] with
the center of the holes shiftéo 2, 4 and 6 nm and highof ~7.1x 10° is obtained at the mode
volume d ~2.4 « n)3. The results are shown figs 2.10 (b) and (ckhows the spatially Fourier
transformedk-space where small component appear in the light cone of the T3 indcate
that the radiation loss of the Si(3 low.
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Fig. 210 PhC nanocawt structure with Si@clad where the holes shifted to 2, 4 and 6 nm. The
slab thicknesg,is 204 nm, lattice constaratjs 420 nm and air hole diameter is 216 nm.
(a) Dispersion band diagram with Si©lad. The light line (LL) for both air and SiO
cladare shown in the graph. (b) The 3D FDTD calculatiokl gfavity mode profile of
width-modulated line defect. (c) The vitaidashed line is light cone (LC) of the SiO
clad. [Reprinted with permission from Y. Ogla al, Sci. Rep, 5(11312),2015]

In the experiment, the holes shifted to 3, 6 and 9 nm away from the waveguide with the slab
thicknesst is 210 nm, lattice awstant,a is 420 nm and the alole diameter is 246 nm. The
FDTD calculation and the spatially Fourier transforrkeghace results shown inFig. 2.11 The
obtained value of th® factor is 8.1x 10° with a mode volume of ~1.%/(n)%. The SEM image
of the structure is shown Ifig. 2.12 (a) Figs 2.12 (b) and (cshows the experimental result of
the optical transmission spectrum when continuwage (CW) laser is input into the waveguide.

It shows gpeak which is the cavity resonance at 1619.20 nm where the IQadédde is 2.2 1.

The sharp edge at the transmission spectrum is due to thegapdgarrier of W0.98 PhC
waveguide. When CW laser light is input at the cavity resonance, light saafrem the cavity

is clearly can be observed which shows that the light is localized in the cavity at the cavity
resonance wavelength.
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Fig. 2.11 PhC nanocavity structure used in this study with,®i@d where the holes shifted to 3,
6 and 9 nm. Thelab thicknesst is 210 nm, lattice constard,is 420 nm and air hole
diameter is 246 nm. (&) profile at resonance. (b) Thespace of the cavity mode in
(b). The white dashed circle represents the light cone (LC) of thec&i@
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Fig. 2.12 (a) EEM image of the PhC nanocavity. (b) Transmission spectrum of the structure. The
inset is the enlarge of the peak transmission. It shows that cavity resonance occurred at
1619.20nm wavelength oQ is 2.2x 1. (c) Image from the IR camera of on aftl
resonance. On resonance, light is localized at the cavity.
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2.6 Summary

As a summary, this chapter explains the basic theory of PhC structure which is the main material
components in this study. The Maxwllequations have been introduced to undedstha
electromagnetic propagation in dielectric material. The dispersion diagram shows clearly, the
existence of PBG in the periodic structure which makes the creation of cavity in the structure
becomes possible. The theories of numerical methods alsxpleged. Finally, the design of

the PhC nanocavity structure which has be the main device in this study is introduced. The mode
gap confinement with the width modulated line defect structure exhibitsthfgltor with low

mode volume.
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Chapter 3

PhC nanocavity laterally embedded with
p-i1-n diode fabrication process

This chapter will describe the fabrication process of-tivoensional PhC nanocavity. First,
common fabrication process to fabricate the PhC structure is revieltesh, method of
fabrication process to fabricate the PhC nanocavity and the integraparafiode that used in

this study will be explained. Finally, the advantages of current fabrication process are described
in this chapter.

3.1 Introduction

PhC has promise to revolutionize the ability to manipulate light. Theory of PhC has been
introduced in the early of 1980s, however the initial attempts of during that period, relied on their
scaling properties. Therefore, when Yablono\v@ateported that coptete PBG can be occurred

in 3D PhC[4], the lattice constant of the crystal was in mi#ines (mm) order. This showed that

on that period, he was not constrained to difficult and expensive qracroanefabrication
techniques. Thus, he has fabricated h&grewhose named as Yablonovite by simply drilling a
series of holes in a block of nesital which was lauded as the first successful creation of PhC
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exhibiting threedimension PBG. However, this bandgap only existed across ambiguous spectrum
of microwave fequencies. Nevertheless, Yablonov@dbxperiment primarily work as a proof of
concept. Even though the fabrication of the PhC structure has become a major challenge in this
study.

Todays, the methods of PhC fabrication has been expand rapidly, ttartke
advancement of technology. With the sufficient precision of fabrication taghniowadays, the
scattering losses lead to blurring the crystal properties, is possible to be prevent. Moreover, some
of the processes allows the PhC structure to becomestly mass produced.

3.2 Overview of PhC fabrication process

The major challenge iarder to fabricate PhC structure are precision to avoid scattering loss that
will blurring the crystal properties and process that can robustly -pradsice crystals.
Therefore, the main promising method for PhC fabrication that has been commercitdlylava

in fiber communication field is by photonarystal fiber. There are many categories of photonic
crystal fiber such as photordi@ndgap fiber, holey fiber, hebssisted fiber and Bragg fib§d6]¢

[98].

Another promising method is called photonic crystal slab which usinglimwensional
PhC structure. This kid of method can be fabricate using the techniques from semiconductor
industry. The P& slab normally consists of silicon material and has an advantage in order to
integrate photonic processing circuits with electronic processing circuit on a singlé&elgral
methods of fabrication techniques from the semiconductor industry is pdssiialericate the
PhC slab structure. Perhaps, among these, the most popular fabrication techniqgue which has
exploits enormous amount of research is ldyelayer lithogaphy technique which has been
used in 1994.

The main idea of this technique is ttxle a cross section of the PhC pattern onto a
substrate, the etched holes can be created from air of backfill witla&ii@inally deposit another
layer of substrate. Bte this technique is stalled layetby-layer, each process is repeated for
each desed cross section of the PhC pattern. The etching process in this technique can be
performed in several ways, such as electbeam lithography, interference lithographpd
photolithography.

The electrorbeam lithography or often called asbeam (EB) lihography. EB
lithography uses a focused beam of electrons to dragrib€rustom shape (normally holes) on
a surface that covered with an electeamsitive film cakd a resigi99]. During the resist process,
the EB causes a chemical change at the expose area. This technique is capable of very high
resdution and flexible to work with various types of material. Therefore, this techrigjue
preferable for creating extremely fine patterns due to the precision. Hence, many research groups,
has extensively used this technique for making photonic integratedt<[78], [100][102].
Nonetheless, this technique is slow which is a few orders of magnitude slower titah opt
lithography. Plus, due to the precision and high resolution, this technique is expensive and
requires complicategrocess[103]. Therefore, EB lithography is not preferable for mass
production.

On the other hand, interference lithaghy offers an alternative technique. This
technique is also known as holographic lithography. The basic principle of the technique is the
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interference pattern which is created by numbers offiegfuency beams in der to imprint the
custom pattern onta photosensitive resifi04]¢[106]. Different number of beams frequency

will generate different arrays. Such ahye&ams interference will generaeays with hexagonal
symmetry, while4-beams, rectangular symmetry or thokmensional PhC arrays can be
generated. After a particular layer is completed, the resin is exposed to UV light and the process
repeated by depositing the next layer.

The inerference lithography is much cheapetérms of cost compared to EB and fast
in speed as the whole pattern possible to be imprinted simultaneously. Due to the small
wavelength, this technique able to have high resolution and have been used to widely in
submicron structure$107]¢[110]. However, this techniqu faces a difficulty in calculating
appropriate beam parameters to generate correct interface pattern. Furthermore, due to the
uniformity of the interference pattern, makes the creation of defect becomes difficult.

Another alternative technique is phdtiobgraphy which is also termed as optical
lithography or UV lithography. The fundamental principle of this technique is similar to
photography where the pattern in the etching resist is created by exposing ttedHighdirectly
or using an optical ask. This technique basically consists of coating the planar substrate with
photoresist, light source exposure, wet or dry etching and photoersistal[111], [112]. The
photolithography process is comparable with high precision method and ability to fabricate
ultra-small pattern (few nanometres size). Moreover, as it allows patterns to be created over an
entire surface his technique promises cesffectively. Hence, it has been widely used in many
research groudd4.13]¢[117]. Even though the precision of photolithography is comparable with
other high precision method, it is still not enough in PhC field as it requires a precision un
nanoscale order.hls, this technique may lack of accyrac

3.3 Photolithography fabrication procedure

Photolithography has been extensively used in silicon photonics devices due toef$enbse
and most importantly, compatible with CMQievices[118]¢[120]. So, it allows the silicon
photonics circuits to be iagjrated on the same chip with electootircuits. Therefore, device that
used in this study, was fabricated using photolithography fabrication process.

3.3.1 Device fabrication process

The basic procedure process of the photolithography consists of regiagcdavelopment,
etching and removarhe illustration inFig. 3.1shows the summary of fabrication process.
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(a) SOI wafer (b) Photoresist coating (c) Light exposure
Laser
. |
' y
Lens
| i , —_ —
Si0,
Si | | |
(d) Development (e) Etching (f) Removal
Il NN BN e BN . . . [ I 1 1 |

Fig. 3.1 The photolithography procedure. (a) Substrate of SOI wafer. (b) The top layer undergoes
a photoresist coating. (c) Ligletposure where laser is radiated through the raagk
focused on the resist layer by a lens. (d) Development of the photoresist. (e) Silicon layer
etching. (f) The resist is removed and the desired patterns are fabricated on the silicon
layer

First of all substrate of silicoon-insulator (SOI) wafer iprepared. It contains of Si at
the bottom and top layer while Sif3 at the nrddle of the layer. Then small amount of photoresist
is applied to the SOI substrate. Photoresist is a liquid chemical anttecaoplied to the SOI
substrate in several waysjticommonly spin coated is used. A spin coater is an enclosed turntable
that will spin at around 3000 rpm. It holds the wafer on its platter with a vacuum. The photoresist
dries by solvent loss as it thingt via spinning. As a result, a thin uniformegdais produced.

Next, the substrate will be exposed to the light. Contact and proximity lithography are the
simplest methods of exposing a photoresist where the photomask is placed on the photoresist
coaed wafer, and intense light is applied. Howewantact lithography in practical has a
possibility to damage the mask and resulting low yield that make the process unstable, while for
proximity lithography, possible to reduce mask damage due to thaaisthmask, but this will
increase the resolutiolimit to greater number. Hence, projection lithography which employ
scanning and stepndrepeat systems. Reflective optics is used to project a slit of light from mask
onto the substrate as the mask anbdsgrate will move simultaneously by the slit. Tiight
exposure dose is determined by the intensity of light, the slit width and the speed the substrate is
scanned. Stepper is the stapdrepeat camera used to expose the substrate and will make sure
theit moves precisely as step.

The exposure to theght source requires short wavelength, high intensity and precision
optics to focus light. There are two source of light that are generally;usgla-pressure mercury
lamp and excimer laser. In the fadation process of PhC nanocavity, excimer lasersed. An
excimer laser is a form of ultraviolet (UV) laser that commonly used in the production of
semiconductor based integrated circuits. Excimer molecules is the source of laser action. The
molecule casists of noble gasses such as argon, kryptorxamoin and halogens. Those noble
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gases together with halogens will form a bound molecule and formed only in excited state. They
did not have ordinal ground state but repulsive ground state. Hence, highgsevés irradiated
through spontaneous or stiratéd emission. In photolithography light sources, XeF, XeCl, KrF
and ArF are generally used. The wavelength of the excimer laser and mercury lamp is shown in
Table 3.1

Table 3.1 Photolithography light same with corresponding wavelength

Light source Name  Wavelength (nm)

G-line 436
Mercury Lamp  H-line 405
I-line 365
XeF 351
XeCl 308
Excimer Laser
KrF 248
ArF 193

Next, once rposed, the photoresist needs to be developed. The development is
undoubtedly one of the most critical steps in photoresist process. The characteristics of the resist
developer interactions determine toaagle extent the shape of the photoresist. The odeti
applying developer to the photoresist is important in controlling the development uniformity.
Then, after the small patterns have been lithographically printed in the photoresist, the patterns
must betransferred in the substrate. There are threie pastern approaches that are, subtractive
transfer (etching), additive transfer (selective deposition) and impurity doping (ion implantation).

In this device, subtractive transfer (etching) has been WE&eding is performed using wet
chemicals such acids or in a dry plasma environment. After the etching is complete, the resist
is removed to leave the desired pattern etched in the deposited layer.

In this study, after completing tlesignstructure as described ©h.2 Sec. 2.4then,
the designed &as sent to Institute of Microelectronics (IME) located in Singapore to fabricate. It
is an open silicon photonics foundry with a standard CMOS prdicessThe PhC nanocavity
device is fabricated with KrF stepper lithography at the wavelength air248
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Table 3.2 Layers number and corresponding structures

Layer # Structure Layer # Structure
1 Si 13 Contact hole (p, n)
2 Rib 14 Si n implant
3 PhC 15 Si p implant
4 Silica trench at SSC 16 Si n* implant
5 Clad window at PhC 17 Sip* implant
6 Clad window at Si wire 18 Ge n implant
7 Facet deep trench 19 Si p implant for PD
8 Heater isolation tranch 20 Ge window
9 Al wire 21 Probing/bonding pad
10 Contact hole (heater) 22 SizN,
11 Heater (upper layer) 23 Grating

—
()

Heater (lower layer)

Table 3.2how the layers number which refers to the type of the structure which nas bee
provided by the IME. Some of the layers are fabricated with high definition mask (HDM) and
some with lev definition mask (LDM). Layers number 1, 3, 14 & 15 and 23 are fabricated with
HDM with the value of resolution is 1 nm. Layers number 2, 4 to 13Ll&nd 22 are fabricated
with LDM and the resolution is 5 nm. Layer number 3 has been fabricated uspmgrste
lithography which means that the step machine moves very precisely to fabricate the PhC
structure Fig. 3.2shows the SEM image of the fabricat@dC structure.

X 12,000 10.0kV SEI

Fig. 3.2 SEM image of PhC nanocavity fabricated by photolithography process.
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3.3.2 Integration of p-i-n diode

After describing the fabrication process for the PhC structure, the integratmsnrofliode on
the device will be explained in this section. Thien diode was laterally integrated on the device
as shown irFig. 3.3 The integration fathe p-i-n diodeis done by the same IME services as they
provided thep-n doping.Fig. 3.4 shows the crosction of the device.

In order to achieve a hig@ cavity factor, the-n structure need to be positioned laterally
instead of vertically. Thisibecause, at thertical positioned, large absorption at gaiode and
n diode layers overlaps the optical mode, so @¥factor is achieved. Therefore, a latgpdln
diode structure is required to overcome the overlap between the optical mode prahtin
region.Lateralp-i-n diode structure has been fabricated with PhC waveguides afilZi0} but
reportedly achieved lo factor due to the Sigxladding[94], [122].

In this device, the cavity area in the structure basically workisragion because it
contains no dopant. The distanegpf thei region is 2.9um and was implanted at the center of
a W0.98 waveguide which also the center of theake

Thep diode is positioned exactly above ihegion with the widthyw, is 1.68um. The
p diode doping concentration is 2410'7 cn®. Then diode is positioned at the bottom of the
region with the same widthw, as p diode. The doping conceation for this diode is
1.4x10 cm®. Boron and phosphorous ions are implanted adose of 1& cm? The
implantation activation is done at 1080, 5s after the implantations.

As shown in therig. 3.3 thep andn diodes are connected to the aluminium (Al) pads
which work as a conductive part to allow the flow of currents when wlim@pplied to the
structure. The size of the contgetds is 45 45 um which is enough for the probe @ppitch to
contactwith the pads. The contact pads were positione@dra.@bove the Si layer surface and the
thickness is approximately O0.7fn. Thesurface of the contact pads is covered with a thin SiO
layer as well. The contact pads could not be seen via SEM imadeaditen removed together
with the SiQ layer.

Fig. 3.3 Schematic illustration of the laterally integrgiaen diodewith the Al contact pads.
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Fig. 3.4 Crossection of the fabricated device.

Fig. 35 IR image of the fabricatepi-n diode and Al contact pads. The inset shows the enlarge
image. The scratch on the contact pads is caused by theutiipbe

3.4 Comparisonwithpr evi ous studyo6s device

Similar device has been reported several years agd byLsboratorie$61] as shown irrig. 3.6.
However, thedevicehas been fabricated by EB lithography and dry etching fabrication process.
This cevice requires an abridge structure in order to achieve a higtcavity factor. It exhibits

a high loaded of about 5.4x 1(°. However, the creation of the diridge strature requires the
removal of a sacrificial silica (SKp layer by isotropic etdhg. The creation of an abridge
structure is frangible and unstable. Hence, it will be difficult to integrate the device with other
silicon photonics devices that generly cladded with SiQon a single chip.

The existence of the afiridged PhC sucture makes the fabrication of the-n diode
becomes complex. The EB resist is used to selectively implant the ions and annealing is required
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to activate the implated iors. The annealing process is challenging where it needs to heat the
SOl wafer to @emperature of 1000 for 30 minutes and then cooling it down at a very slow
and controlled rate.

That is not all, the contact Al pads need to be protected particularly duringtinelging
process. During the process, the Al contact pads pretected with a resist. ially, the SiQ
layer is removed through wet etching process to leave only the Al contact pads on the SOI wafer.

On the other hand, the device that is fabricated using KrF photolithography process,
which is used in this studyods not require extra fabétion process to achieved highfactor. it
has been reported that the device exhibits -Righf 2.2 x 10°. Plus, since it is cladded with
SiOz-clad, it is possible to integrate with other silicon photonic devices on a single ch

The CMOS compatibleabrication process that has been used to fabricate the device in
this study, is expected to reproducibly high stability compared to the EB lithography fabrication
device.

Fig. 36 Schematic illustration of the PhC nanocavipfiicated by EB lithographyReprinted
with permission from T. Tanabet al, Applied Phys Lett96 (101103),2010]

3.5 Summary

In summary, this chapter described the basic fabrication process that has been used to fabricate
PhC structure. Detailed abotnet PhC nanocavity deviceagsin this study fabrication process

also has been explained. Finally, the comparison between previously reported device and this
study® device is made to describe the merit.
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Chapter 4

Electro-optic modulator based on PhC
nanocavity

This chapter will describe the demonstration of PhC nanocavity that is integratgaiwitliode

as an electroptic modulator based on carrier injection. The HRhC nanocavity device shows

2.76 W of power consumption is achievable due to the sosghdiance value of the device
which is importance element to perform a signal modulation. This is due to the compactness of
the device footprinin which50 unt. Refractive index modulation is demonstrated via the carrier
plasma dispersion effeatjith modulaton voltage of 1.0/ at 0.5GHz repetition frequencylhe

cut-off frequency of the device is 0.88Hz.

4.1 Introduction

Optical technology is the best candidate to overcomes the limitation of copper as an interconnect
due to its cost effectiveness. THere, optical interconnect with silicon photonics is one of the
best candidates because of its low fabrication costs; gegrmance resulting from electronic

to photonic integration and most importantly compatibility with the CMOS devices which has
been the main technology in world in producing electronics components. That is not all, optical
interconnect with silicon phonics also is expected to reduce the power consumption of signal
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processing by replacing electrical wire with photonic waveguj82k [123]¢[126]. This has
made the silicon photonics as a leading candidate in optical interconnect.

The main target of optical interconnectasimcrease the performance of dagaters since
optical technology is broaden at very short distance rahige.main compnents in optical
interconnect are theptical modulatiorpart which isknown asan optical modulator. Théght
propagatingsignal wil be modulated either in free space or in an optical waveguide. The
development of optical modulator has been vigorotedynowadays Various mechanism has
been proposed in order to achieve better modulation in silicon which is either by hybrid
combinaion with other devices such as german[w2/]¢[131], graphene, polyme[$32]¢[136]
and group IHV materialg[137]¢[139] or monolithic form from silicon (alBi optical modulator)

[55], [140]¢[146].

Generally monolithic modulators have attracted more attention due to the compatibitity wi
CMOS devices and simplicity fabricatiollost of them are operating using plasma dispersion
effect. On the other hand, hybrid modulator required a complexity of fabrication and incompatible
with CMOS processes. However, hybrid modulator offers an aatyairt terms of optical source.

For example, by introducing N material onto silicon waveguide, most efficient light source in
silicon is achieved although the requirement of light source integration on chip is being argued.

4.2 Motivation

Since monolitic modulators is more attractive, many studies have been conducted to achieve
most high performance of optical modulatiorearly years, lithium niobite (LiNb£§) modulator

has shown a good performance in terms of &sighed modulator in which T&Hz opertion
speed[47]. Due to the good performance, LiNb@odulator has becaarcommercialized in
industry. However, LiNb@modulator suffer a high operating voltage &f @nd large footprint.
Therefore, researchers are trying to pursue a high operating speed, low operating voltage and
small footprint of electraptic modulator. Sice then performance metrics such as modulation
bandwidth, power consumption and footpohtlevicebecome a competition among researchers.
Various structure and modulation principle are introduced to increase the performance of
modulator but on the samdime remain in small footprintFor example, MacEehnder
interferometer (MZI) modulator structure has been demonstrated by different modulation
principle such as horizontally depletgah junction[147] and forwardbiased diod¢124].

Although MZI-based modulator always reportedachieve high modulation bandwidth
and has been used as a practically component in optical intercb@lc{150], it still suffer
from a large footprint. This is because, M#sed modulator requiredong interactioriength
(~mm order) for a complete optical transmissi@ue to the large footprint, MAbased
modulatorsuffersa high-powerconsumption.

On the other hand, resorw@based devices offer a smaller footprint such as silicon ring
resonator55], [145], [151k[153]. The smaller footprint of silicon ring resonator modulator,
offers a low power consumptiohlowever, forresonane-based modulator is limited with the
narrow bandwidth of the device compared to MbAsed modulator. Therefore, it is limited in
terms of tkeir application. Sinceesonancdvasednodulator normally uses ring resonator devices,
there is another sitcoming that need to be carefully consider. The requirement of high
sensitivity during the device fabrication process is essential for ring resdeai@muse this can
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affect the device operation performance. For example, the resonant frequency shifts in
resonator, is achieved by evergnometrefncreased average width of the ring waveguiiice!].

A high precision and sensitivess of fabrication tolerance is required to achieve the right resonant
wavelength. Therefore, this mighe lshallenging to fabricate the device using CMOS processes.

PhC structures which is able to confine light stronger on the small mode vau®iethC
nanocavity issnothemattractive candidate to demonstrateagdtical switching at low powdB8],
[155], [156] Owing to the nandabrication process, PhC with the lowest loss has been
demonstrated using twdimensional silicon slalPreviously, Si PhC nanocavity withpai-n
diode has been repted to demonstrate an electiptic (EO) modulation at a low operatipgwer.
Even though the device is 8l type of modulator, it is unsuitable in terms of mps=luction
device. This is because, the device was fabricated using EB lithography ainedeq aibridge
structure to achieve a higb cavity. The essentialfoair-bridge structure in the device, is
mechanically unstable and most importantly, the;®i@d layer which ensure the stability and
robustness of the device need to be sacrifiaad, instead the device was cladded with an air
clad.

Hence, it is betteto use the Sigclad as it alternatively robust and fully compatible with
monolithic integratiof157]. So far, modulator that fabricated by photolithography fabrication
process has been demonstrated by gight PhCwaveguideg158], [159] Cavity-based device
which has a possibility to reduce the power consumption, have not been reported due to the
difficulty to achieve higkQ factor with aSiO,-clad structurg93].

Nevertheless, in 2015, PhC nanocavigs been reported able to exhibit highHactor
(~10°) with a photolithography fabrication process with a Si@ad[87] by employing a proper
design of PhC structure. Since the dewes fabricated with a basic Si photonic process, it allows
an easy integration with-i-n diode.

Therefore, he motivation of this study is to demonstrate the elemptcc modulator
using a PhC nanocavity integrated witti-n diode fabricated by photolithography process and
cladded with Si@clad[160]. Since there is arxistence of $,-clad on the surface of the device
and fabricated with photolithography process, the device is expected to have high stability and
high degree of integration with other CMOS devices. In addition, due to the miniaturization of
the device, lver power cosumption is expected due to the higland small.

4.3 Spectrum characteristics

The spectrum characteristics of the device structure is measured. DC voltage and RF operation
are conducted to evaluate the PhC nanocavity device as a modulatored$fieremergetup is

shown inFig. 4.1 (a) The value of th€ factor of PhC structure that used in this measurement is
1.4x 10 where the resonance wavelength occurred at 1587.27 nm. The measured of transmittance
spectrum shows in tHeg. 4.1 (b)
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Fig. 4.1 (& Measurement setup to measure the transmission spectrum. (b) The transmission
spectrum of the PhC nanocavity. The inset shows the peak of the resonance cavity at
1587.27 nm wavelength and the load@@dalue is 1.4x 10°.

4.3.1 DC voltageoperation

The PhC naocavity structure was embedded with fhien diode at the center of the. Thé-n

diode was formed to allow an electrically control the injection of electrons and holes in the
propagating light path. Theandn regions are connectedth Al contact padsis a conductive

part when voltage is applied. Hence, it is necessary to investigate the electrical conductivity
between the diodes and the contact pads by measuring-zlireett) DC voltage operation. The
operation is conducted lmgeasuring the currenbltage (IV) of thep-i-n structure. The reverse

and forwardbiased of DC is applied to the Al pads. Results is showfign4.2 (a)where it

shows a good electrical conductivity between the Al contact pads apehttegjions struture.

Then, the CWdser is input into the structure while applying BRI signal in forward
directionthrough the Al contact pad. This allowed carriers to be injected peithaliode regions.
The presence of the injection carriers will distort thestalystructure and selting changes in
optical properties of the device. Fi§2 (b) shows resonance wavelength when different forward
bias voltage is applied. The value of currents at different value of voltage are shown in the graph.
The graph shows bipjection of carries to the structure, it changes the modulation of refractive
index. As a result, wavelength of the resonance peak shifts when higher@anjemtion is
injected to the structure.
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From Fig.4.2(b), when the voltage i& V, the resonance wavelengitarts to decrease
significantly. This shows that clear resonance peak shift can be observ&tivehdre the value
of current is 1.521A. This signify that modulation of the resonance starts to appear atiere
it requires 1.524W of power consumptianAt 1.2V of voltage in whichvalue of current is
2.76 A, the resonance shift becomes greater thannfiath at half maximum (FWHM) of the
transmittancelarge modulation of resonance peak can be observed. With the equ&tiai\bf
where P is powerconsumption valuel is value of current an¥ is applied voltage, power
consumption during large modulation of the resonance peak can be calculated. The calculation
value of power consumption of the device is{3/@. This constitutehat PhC nanocavity dee
achieved a low power consumption. This is possible dube@ood conductivity between Al
contact pads and tigei-n regions.The size of the footprint too gives an advantage to the device
to consume low power consumpti@ompared to resonant@sednodulator, this device shows
smaller power consumption than silicon microring resorfa&i].

Next, the graph in Figt.2(b) shavs that with the increasing of car®iinjection, the
intensity of transmitted light is reduced. This is because inputiidbging absorbed with high
injection of carriers due to presence of free carrier absorption in the dékizevavelength of
theresonance peak also shows a blue shift. This is due to the reduction of refractive index when
more carriers us injected intike device. Normally, at higher injection of carriers, the device will
generate significant heat resulting from the extractiothefcarriers which known as thermo
optic (TO) effect. At thep-i-n regions, when forward bias current is applied, carmdrich are
pairs of electron and holese injected to thé region Since the junction is forward bias, the
positive potential applabtop-region repels the holes, while negative potential applieerégion
repels the electrons. The change in potentiavéenbp-region and-region decreases or switches
sign. Increase of forward bias voltage, increase the motion energy of thesdarmeove. This
will lead to the increasef TO effect. TO effect then will shift the resonance wavelength to red
shift.

However, graph in Fig4.2(b) shows contradict. The resonance wavelength shift to blue
shift where it indicates that there is no TO effect occur in the device. The reason of absence of
TO effect is because the carrier plasma dispersion effect is more doamdamtercome the TO
effect. Based on Sored and Benngit], the carrieqplasma dispersion effect decreaties TO
effect Therefore, the refractive index ofetfdevic® material redced and shift the resonance
peak wavelength to blue detunédthis proof that with carriedispersion effect is possible to
modulate the refractive indeshift[55].P1 us, since the modul ation occ
it is much faster compared to modulation by temperature dependence since heating a substrate is
a time consuming. Thusast electreoptic moduhtion can be expected by carriispersion effect.
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Fig.4.2(a) The relation of currentoltage when voltage range frofaV to 5.0V is applied.
(b) Resonance wavelength when different forward bias voltage is applied.

The effect when morearrie injection is injected into the device is observed by applying
revase and forwardbiased Applied voltage in function of resonance wavelength is plotted as
shown in Fig. 4.3The figure can be divided in®different regions. Regiondhowsa reverse
biased voltage (8V), Region Il is when a forwarbiased voltageanged from(0 OV 02) is
applied, Region Il is whehigher forwardbiased voltage (¥ >) is appliedo the deviceGraph
in Fig.4.3 shows a very slight decrease which is almosignificant in Region | because the
applied voltage is reverdsased voltge. The iV graph offFig. 4.2 (a)clearly shows a very small
currentin which almost no curreffiow during the reverséiased voltage. Hence, negligible shift
in resonance wavelgth can be seen in Region I. Similarly, when forwhiaked voltage lower
than 1 V is applied, almost insignificant difference in resonant wavelength can be observed.
Modulation of the resonance starts to apméearly at the ranged dfivV OV O2V voltageis
applied,wherethe resonancpeakwavelength shiftto the shorter wavelength.

But, when the voltage is\2 >, the graph in Regiorlll shows a dramatically change
where the resonance wavelength begins ifit tehthe longer wavelagth. This is because, when
the applied voltage exceeds more thaw, 20t only more carriers is injected to the diode, but
also the amount of heat increases and become more dominant, hence, the resonance wavelength
shifted to the dnger wavelength. So, it obvious that the carriglispersion effect becomes
ineffective and thermoptic effect becomes superidihus, this shows that the range of operating
voltage of the device for resonance modulation is fvhOV O2 V.
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Fig. 4.3 Reverseand forwardbias voltage is applied to the device
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The capacitance value of the PhC nanocavity device is estima@d iy Sd whereS
is the area of the device which can be determine8 byt x wy. d = w; and Uiis refer to the
dielectric constant of Si. The estimated capacitance value is 5.88'¥xF1(5.88 aF) The
capacitance value is relatively small due to the small size ofiéhie structure which is
impossible to achieve by MOEapacitor[162]. Therefore, if an AC power is used in the
measurement, the power consumption should not be far from DC consumption. This makes the
PhC nanocaty structure becomes an attractive device as ggower operation is possible.

4.3.2 Radio-frequency (RF) operation

In order to observe the intrinsic car@extraction and recombination in the device, RF operation
has been conducted by applying a square shapeleaifical signapulse train voltage in time
domain and measimg the trarsmittance spectrunifhe setup of the operation is shown as
Fig. 4.4(a). 10ns pulse width square shaped @ctrical signapulse train are generated by
pulse pattern generator with an AC voltabee voltage is set td+ v, whereV is an offset voltage
andv is an amplitude of modulation. The top and bottom of the squése [ set at v to allow
injections and extractions of carriers by time inpkien diode. The laser sweep spee@@nm/s

and sweep from the shorter wavelength to the longer lesyth.

PM

PM

A

Fig.4.4(a)Measurement setup of RF operatickOns guare pulse of electrical signal is
generated by PPG and applied to the device using RF probe. The top and bottom of square
pulse is set aiv. (b) When-v the junction becomes reverséihs. The holes and
electrons are extracted towards opposite wayraaddesno changes to the resonance peak
wavelength. (c) Whenwthe junction becomes forward bias. The holes and electrons are
recombined around the intrinsic region and their movementsedaa significant heat. As
a result, shift the resonance peak waneglh to longer wavelength. (d) lllustration when
10ns of carrier§time is injected to the device. Half of the time, the junction becomes
reversebias and carriers are extractedvardsopposite. Another half of the time, the
junction becomes forwarldiasand carriers are recombined at the intrinsic region. The
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resonance peak shows a split is due to the fast transition from the €asisastion to
recombination.

Figs. 4.4 (b)c) describe the RF operatioBince the applied electrical signal i$ set v,
the p-i-n junction will become forwardand reversebias in time. Fig. 4.4 (b) illustrates the
carrier€motion in reversdias junction. The holes and electrons are towargssfe direction
and Fig4.4 (c) when the junction becomes forwdids. Under forwardbias condition, a
diffusion current flows of holes fromp-region inton-region and electrons ithe opposite way.
The injected carriers, are reduced in number as treeltinto thep- and n- regions by
recombination mechanisrRF operation injected an electrical signakat for 10 ns of time.
Therefore, BIf of the time(5 ns), the carriers armjected to the intrinsic regicand recombined
at the intrinsic regionand the other half of the time, the carriers are extractedcnards
opposite direction. The transition betwegarrie@ extraction and recombination are fast as a
result caused thextraction of carriers through the electrode is inefficient and reic@ularound
the intrinsic region. Therefore, transmittance of the resonsimmss as-ig. 4.4 (d).

Fig. 45 shows the result of RF operation. The offset voltage is seVtd0tV, 0.6V,
0.8V and 0.9V while the modulation amplitude is constantl® ¥ and the carriers injection time
is 10ns.The resultshows that the transmittance spectrum shifted to a longer wavelength as the
voltage increased which might due to the daminof the thermaptic effect than carrier
dispersion effect. This can brpdained by the carrier injection and extraction motion tqtha
regions. The behaviour of the carriers is described as &#d). The recombination and
extraction of carries in a fast transition of time however, genesatime amount of heat. Théoee,
the thermeoptic effect becomes dominant and shifted the spectrum to the longer wavelength.

0.07 ] . : :
. —-10Vto1.0V]
0.06 |- —-0.6Vto 1.4 V-
- ——-04Vto16V
—~ 0.05} —-02Vto1.8V]
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© 004 1
® 003
% I
g 002
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1587.25 1587.30 1587.35
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Fig.4.5 Transmission spectrum when A€ of square pulse repetition rate il to the
structure.

In addition, the transmittance spectrum showdiargear the resonance wavelength. This
is due to the carriefdnotion of teandfro caused by the carrig€igjection and extraction at the
p-i-n region due to the: v modulationamplitudeas described in Fig.4(d). It should be noted
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that the transntiance spectruris measuredy CW laser scan which is much slower compared
to the carrie® injection time, thus, normally the transmittance spectrum becomes blurred.
However, the resonance peak still can be observed which indicate that the device pwssible
operate in high speed operation.

4.4  Electro-optic (EO) modulations

Next, the EO modutaon of the device is demonstratdedg. 4.6 shows the experimental setup.
The optical signal is amplified using the EDFA and the noise is eliminated by the BRiutpue
of the optical signal is observed by the oscilloscope. The modulation frequesey fidm
100MHz to 1.0GHz. The square shaped pulses with an amplitude &f ad offset of 0.%/
were applied to the measurement.

TLD

-y EDFA BPF &
PhC ’ >~
g ioa 1

PPG 0sC

B
Square pulse l [ Ox L
signal [ [

trigger

—— Optical path

Electrical path

Fig.4.6 Block diagram of theexperimental setup. A square pulse wave is generated by PPG
device.

The input laser wavelength is set at the resonance wavelength amdafince by
detuning the wavelength to the shorter wavelerfgth.47 (a) shows a clear contrast ®N and
OFF sgnal modulation at 0.&6Hz frequency. In order to calculate the modulation depth of the
device, the input wavelength is detuned to achieve a maximum and minimum intensity of
modulation signal for each modulation frequency. The calculation results asalptobode plot
graph & shows inFig.4.7 (b) which represent the frequency response of the device. The
modulation depth in the graph has been normalized from the maximum extinction ratiod®6.37
It shows that the3-dB cutoff frequency of the devieis 0.35GHz. The sudde drop of the
modulation might due to the relatively large resistance of the device where the resistance value at
0.9V is 0.85Mq .
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Fig. 4.7 (a) Modulated optical signal when 0G&Hz modulation frequency is applied. The black
ard red line represent Oind OFF modulation when the input wavelength is set at the
resonance and detur@.01 nm away from the resonance, respectivelyEiinction
ratio from 0.1GHz to 1GHz frequency.

4.5 Discussion

A resonansistructurebased modulatousually has a narrow walength band in which
depending on the resonance modulation wavelength. This makes them tending to function over a
relatively narrow wavelength range compared to M@sed modulator and has a limited
application. However, the namowavelength range mogtiwould be applicable for selective
range modulation field which is commonly used in sensing application.

Unlike LINbO; guidedwave-modulators, direct modulation of laser diode could not be
designed for zerohirp or adjustablehirp operation. Zerechirp and negativehirp modulators
usually will help guidedvave-modulators to minimize system degradation associated with fiber
dispersion at a very high speed. However, since the PhC nanocavity modulator is fiessednt
modulator ad directly modulate theptical signal, zer@hirp operation could not be achieved.

The application of PhC nanocavity structa® an electroptic deviceshownvalue
of -3dB cutoff frequency is 0.3%Hz. This indicate the device operates at a logmged.The
low speed performanceeemdo give the device aarrowapplication especially in higepeed
requirementsystems Therefore, i order to understand the limiting factofr device operating
speedtheca r r itransitinte andRC frequency resp@eareexaminedheoretically

The operating speed of device normally depend on the carrier diffusion behavior at
intrinsic region[163]. Therefore, it is important to understand the carrier diffusion pattern at the
intrinsic region. Soca r r i e r inde, tytig calculatd. tBased on equation okx ty = d/2,
wherevs is electron velocityt: i s ¢ a r r Hime andd is intringialayer thicknesseklote
that only electron transitime is taken into a@rnt by assuming the holes trarsibe is almost
same as el&on transitime. In this calculationthe light phase velocity is ignat@s it traverses
the intrinsic layer and therefore a saturated velocity is assumed. The vailis Bk 10° cm/s
[164]. Fig.4.8(a)illustratesmovements ofarriers inp-i-njunctionduring forward bias condition
Intrinsic layer,d is equal towidth of the cavityw: whichis 2.9um. The calculationvaluegives
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tis = 20 ps which isfis = 50 GHz. Althoughin theory electron transttme is fastbut, in realty,
since the el ecngdemeédso pass through triatgolarlatiiceysf air-holes
in which is not directly straighbrward,as shown in Fig. 4.@), this mayreduce the transttme
value However, the delay iassumeahot solong since the device is smallherefore, based on
the calculation, carrier trandiime is not the limiting factor of the operation speed.

(a)

Fig. 4.8(a) Movements oholes and electrons in the intrinsic laygis equal to intrinsic layer
width. (b) Movements of electron to reanfside.

Next, RC frequency responskc of the device is calculated. Based on¢hpacitanceC
value calculated on 4.3.1, which 6=5.88x 10 F (5.88 aF) frequency responségc,
fre=1/( RO is calculatedR is value of resistance measured froii turved measurement
which value 0f0.66Mq a tV. Base@ on estimation capacitan€g,vdue of frc = 32 GHz.
Therefore, theoretically frequency resporfgsealso not the limiting fetor. Howeverpased on
the -3dB cut-off frequency, bandwidth is 0.35Hz in which estimation capacitance value is
approximately 1.0F. Since parasitic capacitance is usually occurred in electronics circuit, there
is high possibility that parasitic captasice exists in this devicBueto the lack of instrument in
our lab, the actual capacitance value of the device could not be measured

However, if we could estimate tlbapacitance value based on the Al contact pagdwsize
obtained the value is appimately8.0 fFwhich iscomparable with estimation capacitance from
-3 dB cutoff frequency Therefore, to overcome this, the size of the Al contact pad should be
smaller to reduce the parasitic capacitance.

Anotherfactor that become the limitation afperating speed isigh resistance value of
the deviceThere are many possibilities that could contribute to the high resistance value of the
device. However, the main reason is from the Al contact paaith et. al has investigated the
effects of variions condition of contact deposition and alloying processes on contact between
Al-Si-alloy metallization andn* and p* [165]. Clean deposition condition can reduce the
resistance value of the contatherefore, one solution to reduce the high resistance value is
through clean condition of cordiadeposition Another solution to achve low resistance is by
employing a particular doping profil¥.. Teradaet. al has investigated that by optimizing the
doping concentrations while maintaining the width ofgghandn-regions to avoid the absorpt
loss, the resistance of the devicncbe further reducefl 66]. Thus, this will increase the
bandwidth performance of the modulator 1.2 timBlse optimization, is believed to further
improve the electroptic bandwidth up t&Hz frequency[55], [153].
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Even though the performance of metric in terms of bandwidth of this device is
incomparable with MZbased modulator, but in terms of foot print, Phéhocavity device is
superior than MZbased modulatomn which 50 um. Hence, the power consumption is much
lowerin which is at greater modulation of resonance at 1.2 V the power consumption is 2.76 pW

Although a previous study has reported a singlactreoptic modulator demonstration
[61], the EB lithography fabrication process and with the presence-bfidge structure makes
the devie in this study is more preferable for a future opficErconnect that has higher degree
of integration which allows cohip fabrication with CMOS electrical devices. Hence, high
reproducible stability can be expected.

Table 1 shows the comparisorfsperformance between this device and other existing
electro-optic devices.

Table 1. Comparisons of performance of modulators.

St Device Speed Modulation Pwr. Fabrication &
ructure i . . .
footprint achieved voltage  consumption Integration
Mz1 [152] Long 25 Gbits' 175V High Medium
Ring
cavity [130] Small  >125Gbits' 3.5V Low Difficult
Ph((j An};i;l([);:gaiwty Small 1 Gbit s™! 1V Low Difficult
Tlljlﬁ(smrk )
nanocavity - 7 , Mage
(si0,) [146] Y Small 1 Gbit s 1V Low Ease

Although in terms of operating speed performance, this device slower compared to other
silicon modulator which limiting thapplication of the device, howevéhnjs can be increas by
reducing the resistance and parasitic capacitance value through clean deposition of contact pads
and optimizing the doping concentration. By this, the device operating speed performance is
believed possible to be further increased netrly~ 10 GHz. The value would not be as high as
MZI modulator;however, it is enough for an application of a silicon modulator. In addiios
to thecompact size of thdevice, the fabrication cost can be far reduéedthermoresince it is
fabricated with matur silicon foundry that compatible with CMOS procesmke the device
becomes easy in fabrication. Thus, the device is applicable fmgpactsignal sensing
application device.

4.6 Summary

In this study, an electroptic modulator is demonstrated usingt@ PhC nanocavity device. A
forward-bias currents applied to the electrodes to modulate the refractive index by controlling
the injection carrie@amount. This constitute an advance in PhC nanocavity technology. A
subGHz modulation operation based @arrier plasma dispersion effect is successfully
demonstrated. Thanks to the high enable a large optical modulation is achievable even though
the refractive index modulation is smdlhe limiting factor of the operating bamddth has been
studied theretically.
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Chapter 5

PhC nanocavityphotoreceiver

This chapter will describe utilization of high PhC nanocavity structure as monolithically il
channel selective photoreceiver operation. The value of dark current of this device is achieved
be smaller (pA) due to the &li structure of the device. A minimum detectable optical power is
also lowe while the footprint is only 5um?. This allows the device to be applied as a compact
monitoring device for optical network.

5.1 Introduction

Si photonics has becomes an attradi6@]i [169] due to the low operating power
consumptiofB89], [124], [126], [170], [171hnd its ability to integrate with other existing CMOS
devices[172]i [174]. This is because Si has high refractive index anddbsgorption loss make

it as a potentidior opticaldevices. Therefore, it constites an outstanding candidate to develop
compact components for optical interconnect and ease combinaiib CMOS technology
electronics. Among various device®f optical interconnectelectreoptic (EO) and opte
electronic (OE) devices arthe key elemets in optical interconnect when linking electrical
circuits with photonics circuits.

Si devices usedf EO operation works by introduction of plasma dispersion effect and
had proven that it is an excellent material for optical modulation. DifferenB@tE operation
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is more challenging due to the transparency of Si at telecom wavelength. As ahesoltarriers

could not be generated and light could not be detected. Therefore, in terms of photodetection,
researchers proposed that Si requires tegration with other optically absorbing materials to
perform hybrid Si photoreceiver to enhance thdgomance of light detection. Several materials
have been introduced to integrate with Si, such as, germanium (G¥)]ayer bonded and
graphene layer

There are several figures of merit that are used to characterized a performance of
photoreceiver, iduding its detection bandwidth, responsivity, bias operating voltage, dark
current and footprint. Therefore, Ge on Si always received a lot of attdytiange number of
research groups due to the higdrformance photodetectors which has high respibysind high
operating bandwidtf64], [175], [176]

However, the growth of highuality Ge on Si lmbecome the main challenge. A lattice
mismatch between Si and Ge will causes surface roughness wHith the slowdown of Ge
devices integrated with CMOS Si electronics devices. The other challenge is high density of
threading dislocations in Ge epitaklayer which will affect the performance of Ge devices.

The other proposed material to overcome weakness of Si as detector in telecom
wavelength is layered by twdimensional materials such as graphene. The material is deposited
on the SOI waveguidd77], [178] Though the graphene layer shows significant interaction with
CMOS compatible silicon waguide and can be conducted in room temperature, it produces
large dark (leak) current that widlad to high of applied bias required because of lack of a bandgap
in graphene.

In addition, those introduced hybrid methods will not be adequate in futufade
developing optical chievel integration which pursue for miniaturization in size, lowritadiion
cost and simplicity in packaggl79], [180] Therefore, for the development of integrated
photonics in long termgsearches are currently start to considerin§iglhotodetection devices
[181]i [183].

5.2 Motivation

All-Si photodetection devices has been conducted by several ways suclingsaoitation
technique, utilizationof silicon ring resonator, MZbased photoreceiver and tpboton
absorption based photoreceiver. damplantation has been expanded widelyeraffan reported
that optical absorption can be obtained when Si is damaged by the radiation and photocurrent is
achieved[184]. These than saopen a path that &fli photoreceiver is possible through -on
implantation technigue. Many study has been cotatliregarding the technique to improve the
detection performand@81], [185] [187]. However, the complexity of the fabrication makies
techniques becomehallenging to integrate with other CMOS devices. Plus, with the presence
of defects, increase the dark current values.

Sincetwo-dimension of PhC devices allowed strong light confinement| has allowed
researchers to devise smallweiength multiplexag devices[188]i [190], all-optical switches
[34], [191] and ultrasmall electreoptic deviceg61], [152]. Those are based on highPhC
nanocaity [30], [36]. Although researchetssually claimed ta& PhC devices are compatible with
CMOS technology, several challenges should be overcome if the integration of Si photonic
devices with other devices to be reality. Generally, PhC devices requirepramsion of
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fabrication process hich is different fom current Si photonics fabrication devices that allows
integration of CMOS. That is not all, to fabricate higmanocavity, an aibridge structures are
required which is different with from others normal Si photonic devices thatlanlded with
SiOz-clad. Therefore, PhC devices mostly are irreconcilable with Si photonic devices due to the
fabrication technique and structure.

Thanks to the employment of twihoton absorption (TPA), the photodetection responsivity
can be obtained witRhC device struare. PreviouslyOE operationhave been demonstrated
with general aibridge structurd78]. Although it is repded to achieveow dark current and
significantly high quantum efficiency, it is not a CMOS compatible device. Plus, theidge
structure not only makes the fabrication complex, but also suffered thel&tOmake the device
is fragile and unstable.

To overcome theeproblems, recently by employing a proper design structure, atnigh
SiOx-clad PhC nanocavity fabricated by photolithography technology has been reported which
exhibits an ultrahigi@ of higher than~1C [87]. Since the device that used in this study has
same fabrication poess as reported j87], which is the Bhsic Si photonics pcess, it allows the
easy integration of heatefkl7] andp-i-n diodes[120], [160] andthis offers the pasbility of
adding various functionalities to the deviekence, aliSi photoreceiver with a Siexlad structure
is possible to demonstrate a full CMOS compatibilityidev

5.3 Photoreceiver properties
5.3.1 Dark current

Dark current also kmwn as a leakage aent which is generated when no radiation is radiated to

the detector at the diodebs reverse voltage.

holes that eists within the depletion region of the device. Large number & dament will
prodwce large noise to the device, thus, it is kept to be as minimum as possible. That is not all, the
low number of dark current will allow low bias voltage of the device.

A photoreceiver usually works with a revetsiased voltage, theraefe, the generatioof
dark current is common. To measure the dark current of the PhC nanocavity device, a reverse
biased voltage is applied from Oit® V, at room temperature. To makaethere is no radiation
of light source, the measurement is dama dark room. Comnmiy, the value of dark current is
too small, hence, a transimpedance amplifier is used to amplify the dark current value. Two
different samples with different barriemnigth,d parameter is measured.

Result is shown ifig. 5.1 The drk current valuesange of3 V is measured to be 387
and 59 pA for sample A and sample B, respectively. This shows that the dark current for the
device is much lower than those reported of germaijiig]i [195] andion-implanted[196],
[197] photoreceiver, which is usually of yA to nA order. The smaller dark current valueislposs
to obtain with the PhGhanocavity device because the device did not rely on a regrowth or
implantation process, which may cause a defect in the structure.

The low number of dark current A order) indicates that the noise in the detector is
less ad thebias voltage is lowof the PhC nanocavity device. This constitutes as the main
advantage of the device.
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Fig.5.1 Dark current at room temperature for sample A (red dots) and sample B (blue dots)
when the bias voltage ranged frorv @o -5 V. Thebarrierlength,d for sampé A and
B are 18 and 9, respectively. The small current difference is due to the different
parameters between the devices.

5.3.2 Transmission spectrum and photocurrent

In order to understantklation betweertransmittance spectrum and pbcurrent at telecom

wavelength range of the devjegavelength in relation to transmissiphotocurrent is measured

The measurement is conducted by injecting CW laser light&dreversebiased voltage is

applied to the evice. The transmittance spesh and the generatephotocurrent is measured
simultaneouslyNote that the value of input powd®, is the value of the light intensity before
coupled to the cavity.

The transmittance spectrum and photocurrent as a duncii wavelength at input
Pin = 10 uW, which is cbse to the detection limit, is shown kig.5.2 (a). Photocurrent is
generated at its maximum value at the peak of the cavity resonance is observed. This shows
directly that the cavity resonance of the device structure enhances thmtigen of the
photaurrent.

Fig. 5.2 (b) and(c) show the transmittedptical spectrum and photocurrent at different
Pin values. The value of the generated photocurrent and transmittance spectrum are recorded
simultaneously. The nonlinear modulatiortlisarly shown irFig. 5.2 (b) as the increased &,
which is a consagence of the thermoptic bistability effect. The thermoptic bistability effect
is induced by the TPA, clearly shows a clear sign of optical bistability, which only occurs when
the ight is strongly cofined in the small arefd 70], [198], [199] This results from the relaxation
of the carriers turning into heat, which was generatethé TPA.Thanks tathe TPA, it makes
the energy of the photon to beleast equal to the bandgap energyof the PhC material to
excite an electron from the valence band to the conduction band. This then generate the
photocurrent of the devicét the same time, a simitashape to that ifrig. 5.2 (c) is detected
where the maximum photocurrent value is at the resonance cavity.
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Fig. 5.2 (a) Transmission spectrum and photocurrent at 10 pW input power as a function of the
input light wavelength(b, c) Transmission spgaim (b) and photocurrent (c) at various
input powers when reversg V is applied to the device.

5.3.3 Responsivity

Next, in order to show the relationship between the input power and the photocurrent of
Fig.5.2(b) and(c), the peak of pbtocurrent inFig. 52 (c)as a function oPi, has been plotted
in Fig. 5.3

Based on the plotted graph showrFig. 5.3, there is a linear increase when the input
power is between 10W and 1¢ W. This due to the presence oétbnephoton absorpdn that
is inherent in Si device, where the linear sensitivit§3sAmA/W. As the power increased, the
photocurrent increased ndinearly. This is because of the TPA, and the -lioear carrier
formation is noticeable at a 2@V input power. Howevethe sensitivity then saturates owing to
the freecarrier absorptiofoss that occur when the input power exceeds more thawlGince
the device is a nelinear detector device, the quantum efficiency is dependent on the input power,
Pin. hence, at theptimized of input powerP;, = 0.3 mW, a maximum quantum efficignof
0.89% is obtained. Although the value appears to be unremarkable, a careful evaluation will show
that the detector device has sufficient sensitivity for applinatio

Although the gantum efficiency value is usually the figewemerit (FOM) of a
photoreceiver device, the minimum detectable power could be an argument of FOM for the
photonic OE device when CMOS devices are integrated on a same chip. FirsGiatetdttor
is superdr to other devices, because the dark current is low, which ali®tesdetect a very weak
signal light. Although the quantum efficiency appears to be low, and the sensitivity in the low
power regime is only 13.#A/W, the minimum detetable power is vergmall which is at 1QW
(-20dBm) due to the small value of therdaurrent which is 3@A. This is the key to achieve
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the detection of very weak optical signal. Secondly, due to the small size of the device, the
estimated capacitanee5.9 x 18 F[160]. The small value makes it possibleaitore the adjacent
CMOS devices without using costly and noisy trampedance amplifier. As a result, of these

two characteristics low noise and small capacitancee tPhC nanocavity gee has a potential

to directly feed the signal into adjacent oteted CMOS devices. The low power of detection
ability of the device, together with its wavelength selectivity will open variety of applications
including inline monibring at various optal network components.
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Fig. 5.3 The red dots show the photocurrent at different input powers on cavity resonance
wavelength. The dotted blue line shows the calculated responsivity of the device.

If the achievement of the deviteevaluate carefullto compare with previousheported
studies[78], the merit of device that used in this study, is its cdibalbd detect a lonpower,
thanks to the smaftlark current. The fabrication of the device also helps the device to integrate
easily with silicon photonic devices. For example, the;®i@d device is easy to integrate with
spot size converter, which igfitult to accomplsh with an akbridge struaire PhC devices. As
a result, the loss at the coupled fiberlis dB, which is in far lower overall loss compared to
devices reported in previous studjés].

5.4 Photoreceiver operation

Then, the demonstration of photoreceiver operation is conducted by inputting a square optical
signal to measure the dynamic response of the photeeec&ystem configration of the
measurement ishown in Fig. 5.4 (a)As a proofof-principle experiment, a trafiepedance
amplifier is used to amplify the output signal with a gain of 53\A8.. A square pulse signal is
injected to the device struct) which has an arifude of 0.5mW at the resonance cavity. The
result is shown irfrig. 5.4(b).
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Fig. 5.4(a) Measurement setup forl-GHz photoreceiver operatiofh). The blue line showhe
square pulse waveform of the optical signal input intoRh€ nanocavity dege. The
red line shows the output electrical signal waveform at the resonance cavity.

Then, the extinction ratio from the modulation depth of each frequency fromdH@@o
300MHz are plotted. The result is shownkig. 5.5 The -3 dB cutoff frequencyof the PhC
nanocavity device is obtained at 0.15 GHz.
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Fig. 5.5 Normalized modulation depth from 100 MHz to 300 MHz.
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Finally, the 2-1 bit of pseudeandom norRZ bitsequence signal waveforms at Ghs?
is injected to the devicearacture as shown iRig. 5.6 The red line indicates the output electrical
signal when the signal waveforms is at the resonance wavelength. However, when the wavelength
is detuned t60.01nm away from the resonance cavity, there is no output elecigoal sible to
be deected by the detector, which has been indicated as blue lifig.i.6 Therefore, this
indicates that the device only can detect fixed wavelength (resonance wavel8ogtie PhC
nanocavity device is wavelength dependence phaoeiver which meanse can detect single
wavelength channelithout wavéengthdivision multiplexing (WDMfilter.
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Fig. 5.6 0.1 Gb/s photoreceiver operation demonstration. TheWwkaform is the input optical
signal, which is a 21 pattern length opseudorandom binargequence. The red
waveform is the output electrical signal when the input signal is at the resonance of cavity.
The amplitude of the electrical output is 1A (~ 0.03 V). The blue waveform is the
output electrical signal when the urgsignal wavelengtis detuned to 0.1 nm wavelength.

5.5 Discussion

Although the device obtained a very low dark current value, the operation speed of the device
at -3 dB cutoff frequerty is 0.15GHz which determine slow speed. The limiting factor of the
speed as discussed@hapter 4, is due to the presence of parasitic capacitance and high resistance
value. Since parasitic capacitance is usually occurred in electronics circuit dddnobupe
eliminated, the value should be reduced. This can be realjzeptimizing the ize of Al contact
pad in the device.

Next, the high capacitance value of the device can be reduced by conducting the deposition
of the contact pad in a clean comnalit[165]. This can reduce the resistance value two times order.
Anothersolution to reduce the capacitance value is by optimizing the doping cotioendfahe
ions (*andn®) [166]. Another possible solution to increase the operating speed of the device is
by integrating the trarsnpedance amplifier (TIA) on the device. However, thi$ not increase
the responsivity of the photoreceiver.

In order to increasthe responsivityfdhe photoreceiver, removal of oxide f(passivation
through etching process is needed. This is because the PhC nanocavity device that used in this
study iscladded with Si@clad which will generate fixed positive oxide charges closthe
interface. he oxide passivation then will reduce the interface state density, thus, reduce the

72



CHAPTERS. PHC NANOCAVITY PHOTORECEIVER

responsivity of the device. This ldbe deviceto havelower quantum efficiencyPreviously,
similar work based on atladded PhC device has been danechieved a higlesponsivity and
quantum efficiency{200] due to the absence of fixed positive oxide charges at tliacaur
Therefore, in order to enhance the responsivity and quantum efficiency value, idee ox
passivation shdd be removed.

Table5.1 shows the comparison between hybrid andbaphotoreceivers. Although in terms
of quantum efficiency, aliSi photoreceiver need to be further imprdyvbut the value of dark
current in altSi PhC sbws relatively small. This is because the entire device is made-8y all
So, it is notsufferedirom any defects for epitaxial growth, layered deposition or ion implantation
This makes the device superior than others. That is naalai PhC also dérs a small device
length, so the insertion loss of the device onto electrical circuits orahgronents is expected
to be small.

The low dark current of albi PhC, makes the device becomes very sensitive to power
detection. The inimum detectable peer is at 10 uyW which allow the device possible for power
monitoring applicationin addition, tle device igabricatecby mature basic silicon foundry which
allows an easy integratiaf spot size converter at the facet of the inpuat @mput of the dece.

This allows the coupling loss at the facet of the device with fiber as leivGdB. The capling

loss is 80% lower compared to previous device which has been fabricated with EB lithography
process. Furthermore, the most impotligrthe fabricationprocess allows an integratiavith

other CMOS electrical deviceBy this, the optical device drelectrical device can be integrated
monolithically.

It also achieved a higQ (~ 10°) without an air-bridging process which makes thevite
mechanically &ble. This constitutes that Si PhC with &ilad can open a path of higher density
of integratbn, compact in size ansimple fabrication process of @l photoreceiverThis then
will lead to a reduction of device fabrication coBherefore, these adntagesnakethe device
possible for an application of monitoring system sucha a®ompact and cosfffective fiber
monitoring system that is needed to ensure the quality of optical networks.

Table 5.1. Comparison between hybrid atieSaphotodetectors

Hybrid All-Silicon
Material I1-V/Si Ge/Si Si*/Si SiPhC (AB) SiPhC SSiOZ)
[180] [181] [66] [182] 178
T'his work
Quantum efficiency ~90 % ~93 % ~16 % 9.7 % 0.89%
Dark current ~140 nA 169 nA 0.5 nA 15 pA 37.6 pA
Min. detectable 5\ w190 nw ~250W  0.9nW 10 oW
mmput power
Coupling with fiber NA NA NA -12dB -1.6 dB
Operation voltage -3V 2V =Y 3V 3V
Device length 400 pm 50 pm 3~4 mm 8.4 um 8.4 pm
Fabricaticl)n & Complex Complex Medium Medium Ease
Packaging
Integration level Medium Medium Large Medium Large
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5.6 Summary

As a conclusion, due to the good crystal property which has de#amed by a higi@Q PhC
nanocavity photolithography fabrication with $i€ad, a low dark current is achievable. The
sub-GHz dynamic response of the phaceiver has been demstrated and successfully shows
that the device is a wavelengghlective photeceiver. This will enhance the Si PhC nanocavity
technology as it allows the integration of a photonic circuit with other CMOS electrical circuit as
a mondithic scheme.
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Chapter 6

All-Si scheme PhQhanocavity
transmission link

A passive and active optical device has been demonstrated witQ dgh-clad PhC nanocavity
fabricated with photolithography such as eleapdic modulator, phtoreceiver and
demutiplexer fiter. In this chapter, the demonstration of-&illscheme CMOS compatible
transnitter and receiveis described. The PhC nanocavity will modulate the signal and will be
detected by PhC randomness structure. Both -tigblack and 5 m transmissiofink is
demonstrated with modulation of 50 MHz square pulse signal 2adPRBS NRZ signal.

6.1 Introduction

Over 30 years agdyloore has predicted that there will be an increasement of transistor in
electrical circuits which has beme a reality nowada&f201], [202] In 2017, the largest number

of transistors in a single chip prosesis 19.2 billionTherefore, more power is needed to carry
data. This has driven an urgency to downscale in feature sizes especially in the short distance
region communication. Thatigt all, electrical signal over copper cables also has beginswo sho

its limitation dueto the amount of resistance in copper wire which will distorts the transmitted
signal[203].
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