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Abstract

Computing as a service is rapidly becoming the new normahémy sectors of the
economy. The widespread availability of broadband interast dllowed an extensive
range of services to be delivered on-demand from cemdatemputing systems known
as ‘data centers’. These systems have evolved to beeusly complex. Optical-based
communication is desired to increase data center capabilityeHiimiency, however
traditional optical technologies are not feasible due to costsemed Silicon photonics
aims to deliver optical communications on an integrated amddatble platform for use
in data centers by leveraging the existing capabilities of tEmgntary metal-oxide

semiconductor manufacturing.

This thesis contains a description of the development of fitlwigo silicon
photodiodes for use in photonic integrated circuits in, andormby the current
telecommunications wavelength windows. The focus is on metwbeth are compatible
with standard silicon processing techniques. This is in corttbdbe current approaches

which rely on hybrid material systems that increase fabricamonplexity.

Chapter 1 and 2 provide background information to place wiork into context.
Chapter 3 presents an experimental study of resonaitdedewith lattice defects which
determines the refractive index change in silicon-on-insulaereguides. High-speed
operation of resonant photodiodes is demonstrated anduisdfto be limited by
resonance instability. Chapter 4 demonstrates high resjggresixalanche photodetectors
using lattice defects. The detectors are shown to opernatefexe at 10 Ghbit/s, thus
confirming their capability for optical interconnects. ChapteprBsents photodiodes
operating with absorption through surface-state defectsseTlluetectors show fast
operation (10 Gbit/s) and have an extremely simple fabricgtimtess. Chapter 6
demonstrates photodiodes operating beyond the traditional tefeatoations window.
Operation at 20 Gbit/s, at a wavelength of 1.96 um is dstrated, offering potential for
their use in the next generation of optical communication systdrnith will exploit the

thulium doped fiber amplifier.
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Chapter 1  Introduction

1.1 Photonics & computing

The photonics industry has entered an era of integratiaecrdde photonic
components are increasingly rare, as they are replacedohationic integrated circuits
(PIC). In this sense, we can draw a parallel from the Imidfithe 28' century, and the
development of the integrated electronics industry whichledatense functionality of
electrical devices on semiconductor substrates in line withptedictions of Gordon
Moore [1]. The emergence of the microprocessor, coupith steady improvements in
fabrication technology has witnessed incredible utility of mileteonics in the past 50
years. The invention of the microprocessor is argual@yntbst significant technological
step in recent history, as it has enabled or accelerateadttamcement of nearly every

field in science and technology.

The complete integration of photonic devices onto semicondwsttbstrates will
enable a new era of functionality. This next generatiodevices will take advantage of
existing knowledge in semiconductor manufacturing to dranigtiGaver cost versus
discrete photonic components [2]. Miniaturization will allow fopldgment in a wide
range of applications previously prohibited by cost or sibes& developments will have
widespread impact but are largely driven by the demantteeafomputing industry. After
decades of silicon device miniaturization, fundamental limitatioesbaing reached in

high performance systems [3] and integrated photoniaseded to help [4,5].

Photonic and computing technology already have an intertwiekdionship. The
development of optical fiber networks through the 1980® 3990’s has brought high
data-rate connections spanning the globe. In recent yetinscomputing power and
optical communication bandwidth have steadily improved. Thisatlasred for a new
range of online services which exploit high bandwidth cotmes to individual homes

and businesses. This includes consumer services swstheaming video (e.g. Netflix)

1
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and social networking (e.g. Facebook), but extends tdweae resources as well; from
online data storage to processing power itself, providets @asidmazon offer the use of
powerful computing systems. These services allow a usacdess vast resources, and
represent a true paradigm shift in computing, as functionalityot limited by the tool
that one owns (or has access to locally). Computing is tnansfg to an on-demand
service or utility, the so called ‘cloud’ model. To enable thisdel, service providers

maintain centralized computing systems collectively referred ‘eds centers’.

Data centers are very large scale computing systems thaistof thousands of
interconnected components. The limitations of a single siliconndiessitate a data
center model based on parallel processing as the demarcbrhputation power far
outreaches the pace of individual processor performdinisedifficult to comprehend the
scale of these systems, even more so as details of individta centers are generally
unavailable for competitive reasons. However data centeydomaiewed as a subset of
high performance computing, albeit a very large one, wadcan look elsewhere to
provide some perspective on the scale of state of the arensy. Supercomputers
designed for intense science and engineering functions calssist of thousands of
interconnected nodes. For example the Titan Cray XK7 syatdhe Oak Ridge National
Laboratory in the United States consists of 18,688 AMD Opté&Y416-core CPUs and
18,688 Nvidia Tesla K20X GPUs, giving a grand total of 660,cores. Regardless of
the systems purpose, be it simulating supernovas or singalypiling “selfies” in a data
center, the power consumption of computing at this scalmcedible. The Titan
supercomputer has a theoretical peak computation pow2Y éfetaFlops (1), while
consuming over 8 MW of power. To place this in contexoddpcing this electricity
requires approximately 95 metric tons of coal per dagbout one train car’s worth. This
may be viewed as both an ecological and economical disestay, but is also a
roadblock to future development. The next generation of pmgtiormance systems is
aimed at achieving exascale computing power®(Hops), but the current energy

efficiency in terms of Flops/Watt must greatly increase [Biproving the interconnect
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system with photonics is a key ingredient to the next generafidgnigh performance

computing.

As data centers scale up in physical size and bandwidthreswnts, electrical
interconnects have been pushed to their fundamental liméstal their finite electrical
resistance. As the length of wire increases, so doesetfistance and capacitance,
limiting the electrical bandwidth [8]. Transmission lines cannopkirbe made thicker to
lower resistance due to the “skin” effect, described bewe. For an alternating current
in a conductor, as the frequency increases the curresitgeoncentrates at the surface,
increasing the effective resistance and countering benefitedyérom using a thicker

wire. Resistive loss in electrical transmission lines limits the maxirhit rate to
A
B £ B) F ’

whereBy ~ 10 bit/s for a resistive-capacitance limited transmission line typidaiipd
on a chipA is the cross section of the wire dnd the length [8,9].

Optical technology holds several advantages over electricatameects. Optical
cabling is not susceptible to electromagnetic interference, &dath-conductive cables
simplify electrical design considerations at the system levelddgtisg components and
eliminating potential ground loops. Perhaps the key differentiedmn electrical systems
is that optical transmission loss is not dependent on modulagi@) thus allowing
systems to scale up in both speed of operation and lgbgtital dispersion does pose a
challenge for long-haul applications but less so for ‘shathedata center needs with
lengths less than 2 km. Furthermore, increased transmisgies can be accomplished
using multiple wavelengths of light propagating along the stbs simultaneously,

which is a scheme known as Wavelength-Division-Multiplexing (WD

Optical-based interconnects are rapidly replacing electricak an data centers
allowing for vast gains in data rate and interconnect lendié fifst generation of optical

interconnects have been designed for an easy transitam dtectrical connections as
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they consist of a fiber optic cable with optical transceiver &iras onboard the cable
connector. Known as ‘active optical cables’, they can phtg existing electrical
connections but maintain high-speed performance overdwmtgnce. These cables have
been deployed for several years already, with upcomingtines reaching transfer rates
of 100 Gbit/s [10]. Active optical cables will provide benéditdata centers in existence
today, but significantly greater progress will be seen whem data centers are

constructed which fully utilize the strengths of photonics.

The implementation of optical interconnects may lead to rernbrkarchitectural
changes in computing. The concept of a silicon ‘macrocisishown in Figure 1.1,
where an array of silicon dies are closely integrated wittqpiic bridges. Such a system
would provide advantages of density, energy efficienad/raduced latency compared to

existing multichip arrangements [11].

Bridges

Silicon lattice with
CPU or Memory waveguides

Figure 1.1 | The ‘macrochip’ concept. A dense integtion of multiple silicon dies
connected with silicon photonic bridges. Figure repduced from [11] © 2011 IEEE.

While high performance computing is perhaps the largestingrivorce behind
integrated optics there are many other areas that can thkentage of photonic
integration. Photonic devices have penetrated into everyrsaictechnology, therefore
opportunities for integration or miniaturization are plentifulpdrtial list of applications
includes: gyroscopes [12], mechanical sensors [13htquacomputing [14], glasses-free
three-dimensional displays [15], sensing applications forsimguand medicine such as

glucose monitoring [16] and gas sensing [17]. Laser iategr is providing great

4
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advances such as silicon Raman lasers for broad speptaduction [18], laser beam-
steering with no moving parts [19] and optical tweezers ah#moscale [20]. Many of
these tools offer exciting opportunities. For example, integragam-steering will allow
for affordable laser ranging technology (LIDAR), whichaiskey requirement of self-

driving cars and other robotic vision systems.

Many of these devices operate in the optical fiber transmissiodows around
wavelengths of 1.3 um and 1.5 um, as there is a wekldped family of optical
components. Yet integrated optics will not be limited to this waggheregion as many
applications exist further into the infrared spectrum. Mid-n&faphotonics (2 - 5 um) is

an expanding field, and integrated optics can deliver solufiis

Most of the aforementioned devices are platform agnasianing that they could
be implemented in a variety of material platforms using theesphysical principles.
Each platform possesses their own strengths and weakrieshe functionality offered
and ease of fabrication. The focus of this thesis is onofitbic silicon photodetectors

implemented on the silicon-on-insulator platform.
1.2 Silicon photonics as a solution

1.2.1 The strengths of silicon

Silicon has traditionally been thought of as a poor mateniaditoelectronic devices.
It has an indirect band-gap which severely limits light emisarahabsorption efficiency.
Silicon does not possess a linear electro-optic responsiglBceffect) and has weak
second order effects, ruling out modulation with an appliectrédefield. Furthermore it
lacks the adjustable band-gap offered by compound sechictors such as InGaAs,
which greatly increases flexibility for detection and lasing. Hmvehere are several
strengths of silicon that make up these shortfalls, includinghitje refractive index

contrast and low propagation loss of silicon waveguides.
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In the infrared silicon has a refractive index d.5 while silicon dioxide is 1.5, this
difference provides a high degree of optical confinenneaking nanoscale waveguides
possible using silicon-on-insulator (SOI). An SOI wafersisis of a silicon handle wafer
with a layer of buried oxide underneath a thin surface lafsilicon, which is typically
constructed from bonding two wafers together [22]. Thiscess was originally
developed for electronics but has become foundationasificon photonics. With the
optical isolation provided by the buried oxide, low loss wanggs can be formed in the
thin silicon surface layer. Silicon has an optical band-ghp d100 nm, and the
established telecommunication wavelength regions lie betfosdn the range of 1300 -
1600 nm. Thus the bulk material transmission loss is limitedrystailine defects and
impurities, which are not a concern as high quality crystalliieos is relatively
inexpensive. The primary propagation loss associated witlvrsiliaveguides is due to
surface roughness. With advanced silicon processing kdgelethis is not a critical
problem. Sub-micron waveguides can be routinely made wsgetolower than 2 dB/cm
[23], which is an acceptable figure for photonic circuitstio@ order of millimetres in

length.

The high resolution lithography available for silicon allows comguctures to be
fashioned onto the SOI platform. For efficient on/off chipugong there are grating
structures [24] and nanotapers [25]. The availability of loss waveguides provides
compact and high quality-factor resonant structures includiggresonators [26], disk
resonators [27] and photonic crystal cavities [28]. Thesermant structures can be used
for on-chip routing, along with arrayed waveguide grating®],[ multimode
interferometers [30] and sub-wavelength structures fovegaides and waveguide
crossings [31]. These are just a small selection of the vadety of structures that allow
for the control of light on the SOI platform. They are akgible to produce cheaply due
to the availability of high quality optical lithography.

The entrenchment of silicon in the semiconductor industrypisnaary motivation for
silicon photonics. The large wafer sizes and mature matowiiag protocols provide an
economic advantage for the platform. Despite the strendtiiheoSOI platform for

6
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passive devices, there are challenges in the electricatatitey of active devices. The
building block components that nearly all photonic systems ms&ef are a light source,
a modulator to encode an electrical signal onto an optical cave&ve and a
photodetector to convert the optical signal back to an @&laktsignal. These three
components are also the basis for optical interconnectgWganther structures may be
required depending on the application but will not be discussetail, these include
amplifiers [32], thermal controllers [33], variable optical attators [34] and optical

isolators [35].

1.2.2 Lasers

The most notable absence in the library of available devgdke silicon laser.
Silicon has a fundamental limitation for light emission due to its @ctliband-gap.
Achieving an electrically pumped silicon light source wouldehremendous benefit and
so there is much work towards this goal but the reseaebl@pments to date are still far
short of application requirements. Silicon nanocrystals canlghitfar more efficiently
than bulk silicon [36] but their integration into operating devisesoublesome as the
crystals are formed within oxide which is a barrier to eledtiigaction. Silicon Raman
lasers have been demonstrated but are not a practical sdlutiotost integrated optics
applications as they require a high power optical pump eolir8]. Lasing has been
demonstrated using germanium grown on silicon waveguidegheuefficiency with
electrical injection is low, and requires tensile strain [37]wkMer this is a developing
topic and is likely to see further advances. The only renmisalution is one using a
hybrid I1I-V semiconductor on SOI approach. Wafer bogdof 111-V semiconductors to
silicon waveguides has been demonstrated, and exampbeshod Fabry-Perot structure
and ring cavity design from Liangt al are shown in Figure 1.2 [38]. While the
fabrication of these hybrid devices is quite complex, thegrdifgh optical power and
most importantly a high level of integration with the laser direcdlyritated on the

waveguide.
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p-InGaAs
p-InP

Active region
n-InP

Figure 1.2 |Left - A hybrid silicon Fabry-Perot laser. The waveguidanode extends
into the InP region directly above the waveguideRight - A hybrid microring laser
with a silicon bus waveguide, the simulated mode ghown in the right inset while an
SEM image of the device cross section is shown imetleft inset. Figure reproduced
from [38] © 2010 NPG.

Although it would appear that an integrated light source sqaired component, in
fact the flexibility offered by co-packaging a discrete lad®vrice can be significant. An
SOI chip with a fiber coupled from a vertical-cavity surfaceitting laser (VCSEL) or
guantum-dot frequency-comb laser [39] for example, sExne a variety of applications

where complete integration is not required.

1.2.3 Modulation

With regard to optical modulation, silicon is again prey to its &meintal limitations.
In general, high-speed optical modulators typically rely onPibekels effect, where the
application of an electric field to a crystalline material altersrefsactive index. For
silicon, the Pockels effect is not present in bulk materialtdute centro-symmetry of
the crystalline structure. This limitation has led to the developrérybrid SOI
approaches, as with the laser, where IlI-V semiconduntderials are bonded on silicon.
Additionally there are polymer based modulators, where gantc material is spun onto
a silicon waveguide [40]. Both of these approaches efteellent performance, but they
lag far behind monolithic silicon devices in terms of manufatility. 111-V hybrid
devices require wafer bonding, and polymer based degieesubject to the processing
durability of the chosen material with thermal degradation@sranon issue. To make a
practical modulator in silicon an entirely different approach esded to introduce a

phase change.
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A landmark paper in silicon photonics was published in 1®8ich described the
relationship between refractive index changes and the otvatien of free carriers in
silicon [41]. This work laid out the fundamentals needed d¢webtbp silicon optical
modulators without relying on the Pockels effect. By usingradiode which crosses a
waveguide, the free carrier concentration can be modifibdreby injection or depletion,
allowing for the direct control of refractive index and therefphase modulation. This
was demonstrated, for example, by ¥ual and is shown in Figure 1.3, describing a

silicon ring resonator with p-njunction integrated on the ring [42].

Due to the complex manufacturability and cost issues ofichy@dructures, much of
the recent attention has been directed towards carrier basedilation and the
monolithic silicon approach. Using modern silicon foundrieb;msicron waveguides and
tightly controlled doping profiles, the speed of silicon modutat@s been pushed above
40 Gbit/s. Figure 1.4 shows a 40 Gbit/s eye diagram, geaomied by a schematic cross-
section of the silicon modulator developed by Gardgsal [43]. Unlike the
‘instantaneous’ Pockels effect, employing carriers involvepeed limitation, therefore

shorter drift distances and optimally placed dopant greatlyeinfie device functionality.
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Figure 1.3 | The first reported silicon modulator wsing a ring resonator.Left - A
schematic diagram of the ring resonator deviceRight — A transmission spectrum of
the bus waveguide, as the voltage increases theseai blueshift in resonance due to
increased carrier concentration. Figure reproducedrom [42] © 2005 NPG.



Ph.D. Thesis Jason Ackert McMaster University — Engineering Physics

./ Measure

_.Bil Rale(i4) 39.1 Gb/s  38.!

8.Gbis. 818 Gh/s. 268

Figure 1.4 |Left — A schematic cross-section of a silicon Mach-Zetar modulator.
The p-n junction in the waveguide uses a wrap-around geortrg to increase the
overlap of the depletion region with the optical mde. Right - A 40 Gb/s eye diagram.

Reproduced from [43] © 2011 Optical Society of Amaca.

While silicon modulators do not surpass the performanceactaistics of hybrid
approaches, they will likely win over system designers. fiigber cost associated with

fabrication of the hybrid devices may not be worth the matgiarformance increase.

1.2.4 Photodetection: The hybrid approach

Silicon waveguide photodetectors face a fundamental challdngepsorb light
beyond the optical band-gap of silicon at the telecommunicatiamslengths. Due to the
conflict of using the same material for both a low loss wawkkgand a highly absorptive
photodetector, hybrid approaches have dominated the fielkl.possible to bond IlI-V
materials to silicon waveguides in the same fashion as is fdor@sing structures, but
germanium based detectors have dominated research elffiertheir relative simplicity.
Although germanium differs with silicon in its lattice constant, eqalagrowth of
germanium on silicon has been achieved. This has allowedséveral different
approaches for integrating detectors on silicon, includiggrenaniunp-i-n diode with a
bandwidth of 42 GHz, where a slab of germanium is graithe end of a silicon
waveguide [44]. A schematic diagram and micrograpthisfdetector is shown in Figure
1.5.

Avalanche detectors have also been explored. A gaidwidth product of 340 GHz

was achieved with epitaxial growth of germanium on silicon .[46] germanium
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avalanche detector has also been incorporated directlyaosilccon waveguide with a
rapid melting growth technique by Asseftal. [46]. In this case, metal-semiconductor-
metal Schottky diodes were formed directly in a germaniurerlavith tungsten plugs.
The detector makes use of evanescent coupling to achi82@ &Hz gain-bandwidth
product and 40 Gbit/s operation.

hY 3pm — %0 nm thick
Hetal —.\ Y / Pcoped Ge layer

S5 nm thick —, i * i
N-doped 5i layer X 340'nm

_ X7 BAk 4 bHim

Figure 1.5 | A 42 GHz germanium on silicop-i-n photodiode.Left - A schematic
diagram, germanium was grown directly on the silica at the end of a rib waveguide.
Upper right- A micrograph of the detector.Bottom right— An SEM image of the
detector. Reproduced from [44] © 2009 Optical Socig of America.

The main drawback of germanium integrated photodetect@svith the fabrication
requirements. Epitaxial growth can result in a poor interfatd the silicon which
increases device leakage current. Also, the optical absorptiggermanium begins to
“roll-off” at wavelengths approaching 1570 nm, so fonder wavelengths towards the

mid-infrared germanium becomes a poor option.

These hybrid approaches to detection are continually mgturitheir attempt to fill
the needs of silicon photonic circuits. However the gap leriviiee research laboratory
and applied technology is still large and the aforementionedifaeturability issues will

remain for the foreseeable future.
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1.2.5 Challenges of integration

It is clear that the miniaturization of optical technology througibosi photonics will
provide many benefits. Existing optical technology is relatiexgensive and large, but
silicon photonics can provide cost savings and miniaturizatiorveging the state of the
art shows a large list of devices proven in the researchaladb a much reduced list
deployed in application. For medium length scale applicatisuns) as server to server
links from 1 — 1000 metres inside a data center, commenadlcts are deployed. In this
application size requirements are less stringent and thetéfievel of integration can

be low (i.e. co-packaging of multiple chips).

Photonic links are also demanded at shorter scales, includikg from a
microprocessor to memory on-board, or looking furth&y the future, core to core links
within a microprocessor. These small scale applications willireca higher level of
integration due to the limited space and power constraihes.mfain obstacle is that the
fabrication processes for the individual photonic componerdgsnat congruent, and
therefore creating a single PIC with multiple complex structyres 1ll-V laser +

germanium detector) can inflate the fabrication cost.

A commonly used phrase in the silicon photonics communitihas a device is
‘compatible with CMOS fabrication processes’. While this is fruenost cases in that
devices are made using the same equipment that is usednmctioelectronics industry,
in a certain context it can be a disingenuous statement agésts@ photonic circuit can
share a die with an electronic one. This is far from thieeatireality. The process flows
for electronic and photonic circuits are not the same andresdifferent optimizations.
A primary difference is the top silicon thickness in SOI waferhere optical devices
require a greater thickness (compared to electronic ciroitction) to ensure low loss
waveguides. Efforts have been made to integrate photorgaits into unmodified
industrial CMOS processes [47,48]. Waveguides, modulado filters have been
created alongside transistors, but these optical devices fdlla$wshat is achievable in a

process flow optimized for silicon photonics. This leavesstiores as to how ultimately
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photonic chips will be integrated with electronics, and if thélyewver reside on the same
die. In the short term, co-packaging processes have deesloped, where distinct
electronic and photonic ICs are packaged together. Thisheatione with a flip-chip
process, where the face of the chips are placed togéther.has the advantage of
shortening any links between the two chips. Alternatively thesateym simply be placed
side by side with wire-bonded connections. For some psesasultiple photonic chips
will be needed, and therefore precise alignment methodseguered [49]. Connecting
waveguides from chip to chip may be accomplished usiagngr couplers in the flip-
chip method, or alternatively in a side by side configuratibere one solution involves

polymer waveguides to join adjacent chips [50].

With the large variety of devices demonstrated and varidugédion and packaging
methods any sort of standardization may take some timecte.othis is bad news for
those interested in applying integrated photonic devicesgeraystems. However there
are now efforts to simplify development for designers aliow for wider access to

advanced fabrication facilities [51, 52].

1.2.6 Multi-project wafers and the ‘fabless’ approab

The use of CMOS manufacturing for silicon photonics cavigde a cost advantage
but only on a large scale. CMOS facilities involve a largaetabipvestment and require a
high production volume to derive cost-advantage. Even e dase of outsourced
fabrication, the cost for a low volume of devices remaink Hige to the fixed cost of the
lithography mask set, process setup and verification. CM@s care only delivered
cheaply once these fixed costs are covered, and avbigime of wafers can be processed
for relatively low variable costs. Since most academicarebers and new businesses do
not require volume production, these costs are unafforddbie has led to the silicon
photonics community attempting to repeat the success of eliySCdevelopment with
the use of multi-project wafers (MPW). MPWs are shaaddti€ation runs where users
pay for their own share of the die, allowing small projectbaaleveloped with leading

edge fabrication services in a ‘pay-as-you-go’ mannemvdred cost is not the only
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advantage with MPWs, they have an established set of dadigm and a repeatable
fabrication process providing for guaranteed performasfckbuilding block structures.
Their disadvantage is that the process is locked such thatiea from the MPW is not

permitted.

For academic researchers the MPW model is essentiak atatk-of-the-art in silicon
photonics has mostly moved past what is achievable at sitwéunded clean rooms.
MPW fabrication has enabled a sizeable portion of re@sgarch in silicon photonics,
including the contents of this thesis. Figure 1.6 is a photbgodpa wafer received
through a shared fabrication run at a silicon foundry. &fsesvices allow researchers to
focus on the device design, rather than the increasingulliiés of modern silicon

fabrication.

Figure 1.6 | A wafer of silicon photonic devices &gl in this thesis.

For the private sector MPWs are enablers for small corepam establish themselves
as a ‘fabless’ producer, where design and testing i€ dorhouse but fabrication is
outsourced. Prototyping through an MPW can accelera@amwent, as once the device

is ready for a production run the volume can be easi#yedcup as the fabrication
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processes are also in place. This approach avoids switfdbrigation facilities and the

risk of new process conditions.

Even for larger companies the fabless approach to elewanufacturing remains
attractive. Consolidation is the general industry trend as Brentime producers (e.g.
IBM in 2014) have divested from in-house fabrication teu® on development of
products. There now exists only a handful of major congsam the business of chip
fabrication (e.g. TSMC, Intel, Global Foundries, Samsung).

1.3 Monolithic silicon detectors

1.3.1 Defect-based detection

While germanium-based detectors have offered the mostatimgpsolution in terms
of performance, their fabrication comes at a cost of dddenplexity. This has motivated
the development of monolithic silicon detectors, which primarilsiude bulk defect-
based devices and surface-state defect devices. Stetdtode absorb sub-band-gap light
through defect mediated processes. While developing amsiliedin high-speed
photoreceiver which matches hybrid performance is the ultigadd silicon detectors
can also fulfil other roles such as power monitoring and &peed detection for
spectrometers or sensors. There are several ways ih wiaigolithic silicon detectors for

sub-band-gap light have been constructed and these wilidly beviewed here.

Defect-based photodetectors have most extensively beeiedstoygl employing ion
implantation to introduce damage to the silicon crystal struciiure.advantage of ion
implantation is that the concentration of defects can be contraite delivered where
desired. The absorption can be increased within a photodibiie leaving the remainder
of the silicon waveguide highly transparent. Detectors createdhis method have been
explored at McMaster University, beginning wittpa-n rib waveguide detector created
by Knightset al.[53]. Further work by Doylenét al. and Logaret al. integrated these

photodiodes within ring resonators fabricated with optical lithdgyagnd electron-beam
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lithography, respectively [54, 55]. A photodetector withinrey mesonator increases the
responsivity due to the optical intensity build up while allowing theick to maintain a
compact footprint. The resonator also acts as a filter, allowenglength selection for
use in either a wavelength division multiplexing scheme oeeatspmeter device.

While these devices demonstrated the principles of operat®hjgh-speed response
was not characterized. To compete with hybrid solutiongiémoyment within optical
interconnects systems a fast, low bias and highly respodsieke is needed. A step
towards this goal was made by Geit al. who fabricated a high-speed silicon
photodetector with lattice defects introduced using ion implant4§6h The authors
reported a 35 GHz bandwidth at 10 V reverse bias. Funigbrspeed characterization of

silicon photodiodes have shown error-free operation atditds357].

1.3.2 Long wavelength detection

Much of the research effort in silicon photonics has fedusn wavelengths from
1300 to 1550 nm, a range which makes up the commusdg transmission windows for
telecommunications. Defect mediated detection has been deatedsit wavelengths of
1744 nm [58], 1900 nm and 2200 nm by Soubgal. [59, 60] and from 2000 nm and

2500 nm in large cross-section waveguides by Thorasah[61].

1.3.3 Surface-state detection & other approaches

While bulk defects introduced from ion implantation have bdemws to greatly
enhance responsivity and enable useful devices, photodateatiobe achieved in their
absence. Defects present at the surface of crystallinenshi@ee been shown to absorb
light. Baehr-Jones used metal contacted to the wings of @éoped silicon waveguide
and demonstrated optical detection [62]. More recently, acitae sensing scheme was
demonstrated which can measure absorption without directried¢atontact with the

waveguide [63].
An unconventional method for detection is through two-photosomotion, a non-
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linear optical effect where two sub-band-gap photons arelsineously absorbed if their
combined energy is greater than the band-gap. This pierman has allowed for
detection in resonant based devices due to the build-upgbfdptical intensity. The
effect has been observed in microdisk resonators [6#]cAn occur in any resonant
structure including microrings or photonic crystal cavities [6bhis approach is

generally less desirable as the responsivity of the deteati@swvith input power.

Polycrystalline silicon is another material system useful foeatefased detection. A
polycrystalline material is composed of individual crystal grasnscrystallites, each
covered with an imperfect surface which can absorb ligithough the material
possesses higher loss than mono-crystalline silicon it casduefar waveguides and has
been shown to function as a detector at 1550 nm [66]. ddsire to use this material
comes from its manufacturability, as polycrystalline material banproduced with

deposition methods on various substrates.

1.3.4 Resonant detectors

One limiting factor for any defect detector is the relatively kawsorption of the
damaged silicon. Germanium diodes can produce adeqstgabn on a length scale of
tens of microns where equivalent absorption in a silicon pladednay need millimetres
of length. This may be an unwieldy chip area to occupyafemgle photodetector, and

such a large area would impact chip cost and limit higlecgpgeration.

Defect based detectors have been developed in both nésfi#g55] and non-
resonant configurations [56-60]. Resonant detectors tliteradvantage of wavelength
selectivity and increased responsivity per chip area occufiiade the diode itself is a
much shorter length, capacitance and leakage currentsareeduced. Finally, resonant
devices have the advantage of wavelength selectivity built timo device. For a
wavelength division multiplexed system this saves additional ¢kip @s the need for a

separate filter is avoided.

Resonant detectors do however introduce added complexdparation. Although
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the short diode length aids in high-speed operation, they consend with a limitation

imposed by the photon cavity lifetime. Their operation is alssigee to refractive index
fluctuations and in a wavelength division multiplexing schee@ch channel must
operate on a specific wavelength. In real conditions tmewading temperature of a
device will see fluctuation due to dissipated heat and enveatahvariation. Therefore
the resonator must have real time adjustment of its reser@ndition. Tuning can be
performed by the integration of thermal heaters, capabtesponding to these slowly
varying conditions. Additional instabilities arise with a high intensitiygit in the diode,

resulting in a large photocurrent generated with rapidly chgncamrier concentrations.
This dynamic behaviour can cause small fluctuations of thexinof refraction,

perturbing the resonator.

1.4 Contributions in thesis

The novel contributions outlined in this thesis build towards ofittic silicon
detector development. In chapter 3 defect based resdetatttors are discussed. This
includes an experimental study of defects in ring resomdtodetermine the refractive
index change introduced; both real and imaginary. Also ipteha@ are experimental
results from resonant photodetectors, including high-sppedhtion in which a limitation
in bandwidth is explored. Chapter 4 presents experimentaltseBom avalanche
photodetectors, which includes a significant improvement msigeity over previously
reported devices as well as first demonstration of high-sdaege signal operation.
Chapter 5 presents results from a monolithic silicon detegerating with surface-state
based absorption. This detector has simple fabrication atepwill find use as a power
monitor, with potential uses in sensing applications. A comparisoperformance of
detectors using bulk or surface defects is also prese@Gtembter 6 presents results for
avalanche detectors at wavelengths beyond the standacdnt@heinications windows.
The detectors show sensitivity up to 2.5 um and are capdldperation at 20 Gbit/s
which represents the fastest large signal demonstration efeatdletector to datdhe

thesis concludes with a summary and discussion of steghigure work.
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1.5 Publications

The contributions of this thesis have been published irectsg research journals and are

listed here chronologically:

Ackert, J.J.et al. Defect-mediated resonance shift of silicon-on-insulator traclke
resonatorsOpt. Expresd49(13) 11969-11976 (2011).

Ackert, J.J.et al Silicon-on-insulator microring resonator defect-basedtquetector
with 3.5-GHz bandwidth]. Nanophotonic§(1), 059507-059507 (2011).

Ackert, J.J.et al. Photodetector for 1550 nm formed in silicon-on-insulattab s
waveguideElectron. Lett48(18) 1148-1150 (2012).

Ackert, J.J.et al. 10 Gbps silicon waveguide-integrated infrared avalanchégiuale.
Opt. Expres21(17) 19530-19537 (2013).

Ackert, J.J.et al. Monolithic silicon waveguide photodiode utilizing surface-state
absorption and operating at 10 Glépt. Expres22(9)10710-10715 (2014).

At the date of submission of this thesis, a manuscript dasgribigh-speed 2 pum

photodetectors has been acceptedature Photonics
This research has also been presented at internationdlfscemferences:

Ackert, J.J.et al. Silicon-on-insulator Racetrack resonator tuning via lon amation.
Proceedings of IEEE Group IV Photonie4.30 (2011).

Ackert, J.J.et al. Defect enhanced silicon-on-insulator microdisk photodete€iptical
Interconnects ConferendauP10. Page 76-77 (2012).

Ackert, J.Jet al. Waveguide integrated silicon avalanche photodetedtwozeedings of
SPIE8629, Silicon Photonics VIII, 86290R (2013).

Ackert, J.J.et al. 10 Gb/s bit error free performance of a monolithic silicealanche
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waveguide integrated photodetect@ptical Fiber Communication Conferendé4C.3
(2014).

1.6 Statement of work

The work in this thesis involved several collaborators witcosdributions were as

follows.

In chapter 3 a study of ion implantation in passive ring r@sos was a collaboration
with Raha Vafaei and Lukas Chrostowski at the Universityrafsdd Columbia in
Vancouver, BC. The initial device design and fabrication egmspleted by UBC, along
with contributions to discussion and interpretation of results fatigwhe ion

implantation experiment.

Further work in chapter 3 involved high-speed measun&sred resonant photodiodes.
The experimental work was done together with Marco Fioremtirtdewlett Packard
Laboratories in Palo Alto, CA, USA.

In chapter 4 and 5 high-speed measurements of photsdigete performed together
with Abdullah Karar and John Cartledge of Queen’s Univeisitingston, ON. Dixon
Paez of McMaster contributed electrical simulations which apgeara journal article

but not in this thesis.

In chapter 6, the devices were characterized together \aitk Dhomson and Li Shen
at the University of Southampton, Southampton, UK. This iredudgh-speed

measurements and variable wavelength continuous-wave results

All of these collaborators were co-authors on journal publioatemd contributed to

the discussion of results.
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Chapter 2 Background

Overview

This chapter is divided into five subject areas most relevathigdhesis. Section 2.1
deals with optical absorption, section 2.2 presents backgroartiep-n junction and
photodiodes. An overview of avalanche photodiodes isepted in section 2.3. Section
2.4 covers the theory of ring resonators. Finally, sectiénpPovides a brief outline of

high-speed measurement techniques.

Silicon photonics is the synthesis of a wide range of phgsidsechnology, and thus
there are some notable omissions to content in this chaptiécalOpaveguide theory is
not covered in any detail, as this thesis involves single mitiden-on-insulator (SOI)
waveguides which have been extensively studied andidedqrreviously. For a general
treatment on the fundamentals of optical waveguides the rezaerefer tolntegrated
optics: theory and technologypy Hunsperger [1] andFundamentals of optical
waveguidesdy Okamoto [2]. Silicon fabrication technology is omitted asdallices in
this thesis were developed with multi-project wafers that enepl@stablished CMOS
processes. If the reader is unfamiliar with this subject m#isy may refer t&ilicon
VLSI Technologhy Plummer [3].

2.1 Optical absorption

It is useful to describe the phenomenon of optical absorptiomatter before
discussing the special case of silicon, a semiconductor iala@ptical absorption is a
general term describing a set of physical processes by aptoton incident on a target
is converted to another form of energy. We will begin with ¢hessical treatment of
electromagnetic waves interacting with a dipole. This results ige¢heral behaviour of
the real and imaginary parts of the refractive index asaetifin of frequency. Further

detail of this treatment can be foundmiroduction to Electrodynamidsy Griffiths [4].
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2.1.1 The frequency dependence of refractive index

In a non-conducting medium, the electric permittivitglescribes the refractive index
by n=+/e. The permittivity is frequency dependent and by exploringdbfendency we
can gain insight into the nature of absorption. The followingttnent is valid for a non-

conducting material with bound charge only.

Light interaction with non-conducting matter can be modelled byiriteraction of
electrons (bound to atoms) with the electric field of a projpag@lectromagnetic wave.
For small electron displacements their binding force can ikengby the spring

relationship

F =-mu}x, (2.1)
wherem is the electron mass,o is the natural frequency of the oscillator and the
displacement. The electric field constitutes a driving force, thaete exists a damping
force due to radiation, which are described by Eq. (Z:2) model is not fully physical

but for small displacement values (low intensity light) this is &uliserm;

dx
I:driving = qEO COS(M) I:damping =- n-ga ) (22)

where is the angular frequency of the electromagnetic figid,the electron chargg&y
is the amplitude of the electric field ands the damping constant. Writing Newton’s

second law, this describes a damped harmonic oscillator;

2
m$+ rrg%(+ Mg x= qicos( w}. (2.3)

The solution to this equation written in the complex form is

_ qz/m it
X(t)_—wg-wz- igWEOe . (2.4)

27



Ph.D. Thesis Jason Ackert McMaster University — Engineering Physics

The dipole moment is given lgy= qx( t) , therefore the polarizatidd over some volume
can be expressed as a summation ofieglectrons with resonant frequency and

damping j in each ofN molecules;

Ng? f,
m waf ig w

E. (2.5)

The complex polarization can be expressed in terms ofdheplex electric fielde and

the complex susceptibilityc,, as P=¢g ¢, E. With Eq. (2.5) and the relation for

complex permittivitye = & (1+ c{;) , We can represent the complex dielectric constant as

NG f;
e=1+ —. 2.6
meg, | wW- w- igu (2.6)
For a dispersive medium, a travelling plane wave is desteabe
E(zt)=E,8%"™ with k=./em w (2.7)

wherek is the complex wave number. Wikhwritten in its real and imaginary parts Eq.
(2.7) becomes

E(zt)= E e d<™, (2.8)
We can see that the wave is attenuated, with an intensiypaios coefficient ofa = 24,

and a refractive index ofi=ck/w. Returning to Eq. (2.6), we can use the binomial

expansiony/1+x @L 4/ 2 , to express the complex wave number;

w w ., NOf f.
k=—+ve@- 1 + : :
c\f c  2mg ; W- W- igw (2:9)

The real and imaginary parts provide expressions fordfractive index and absorption
coefficient;
2 f,(uf - w?)

+Nq i
Y P

, (2.10)
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_ Ng°w# fig
mec i (w?- W)+ gw

(2.11)

Examining the behaviour of the functions allows us to interpret the associt
physics. Figure2.1 shows both relationshi plotted witl arbitrary axis andconstant.
Peal absorptionoccurs on resonance whe = ;, as the bound electrons are be
driven at their natural frequency, and consequethity energy loss to damping is a
maximum. Interestingly the refractive index seesharpdrop in this region, known ¢

anomalous dispersion as in the other regions tkexgradual rise with frequer.

a(w) :n(a))

Figure 2.1 The frequency dependent absorption coefficient and refrctive index for
a nor-conducting medium.

Crystalline materials form a special case for @tabsorption. A crystalline structu
is a periodically ordered material which will possen electronic band structure that
set of allowed energy levels which electrons cacupg. These allowed ergy levels
form quas-continuous ‘bands’ in ener-momentum space, markedly different fr
isolated atoms which possess discrete energy leVieés arrangement of these electrc
bands has consequences for conduction. Insulatersmaterials which do it have
continuous bands across momer-energy space but poss a ‘ban-gap’, a region o

energies where there are no allowed states whielstefely prevents thermal excitatic
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of electron into conducting stat. Conducting materials have continuounds or no
banc-gap, allowing the transfer of electrons in diffdreflirections and in energy.
semiconductor is a material whethe ban-gap is small, allowing for limited therm
excitation of electrons into conducting staiFigure 2.2 illustrates te differences in th

band structure of a conducting and insulating netgs].

E »
E 1
/ E 2
EF— - - — -
Er- - + - - Er -\ - /L —
m /—ﬁ K
Insulator Semiconductor Conductor

Figure 2.2 | A simplified band diagram of a conductor, semiconductor ad insulator.
Er is the Fermi level.

The presence of a be-gap has consequences for optiabsorption. A photc with
energy less than the bégap will not be absorbed as the excited electronldvbave nc
state to occupy. Consequently, bulk crystallineamal is nearly transparent to s-banc-
gap photons. For a photon that possesses enceater tha the ban-gap, absorption ce
readily occur. This involves a valance band electyeing exced to an energy above t
banc-gap in the conduction band, forming an elec-hole pair The existence of a ba-
gap can provide a nerial with a rater sudden drc-off in optical absorption as tf
energy of the photon is reduced below the -gap. This is shown iFigure 2.3, where
the optical absorption versus wavelength can ben dee differen semiconducto

materials

30



Ph.D. Thesis Jason Ackert McMaster University — Engineering Physics

108 102

10!

105

104 B a*

107 =10t

Light penetration depth 1/ (um)

Optical absorption coefficient & (cm™)

10°
10[‘:.2 1.8

J i
0.4 0.6 0.8 1 12 1.4 1.6
Wavelength A (um)

Figure 2.3 | Optical absorption versus wavelengtlof various semiconductor
materials. Figure reproduced from [6] ©1972 North-Holland.

Interestingly in Figure 2.3 the behaviour of silicon is noticgalifferent than that of
GaAs and InP. This is because silicon possesses arettidand-gap. A direct band-gap
occurs if the lowest energy point in the conduction band allgnsomentum space with
the highest energy point of the valence band in energy-mimespace, illustrated in
Figure 2.4. In silicon these two points are offset, consgfjue@ photon with the
minimum energy to cross the band-gap cannot complete tmsitipa alone. A
momentum transfer must occur through a phonon (quaragéce vibration) interaction.
This indirect process is naturally less efficient than the direotess. The sloped
absorption spectra in Figure 2.3 is related to this indirectrptiso, as the photon energy

increases the momentum mismatch decreases making transatierikely.
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Direct ' IEg=hV Indirect '

Vv
=)

Figure 2.4| A simplified band diagram comparison ofdirect and indirect optical
absorption. The indirect transition requires an additiond momentum transfer step
through a phonon interaction

2.1.2 Free carrier absorption

In addition to direct and indirect processes alisampalso occurs due to the prece
of free carriers. In this casihoton energy is transferred to free carrier, i.e. in the ca
of electrons those that are already in the condndtiand. For a semiconductor at a-
zero temperature there will be some equilibriumuypaton of fre« carriers due to therm
excitatior [5]. This is given b

¥

= f(E)N(BdE (2.12)
Ec
where N(E) is the density of states arf(E) is the Ferm-Dirac distribution functior
described b

1

O ==

(2.13)

From Eq. (2.1Z an approximation for the equilibrium concentratiminelectrons in thi
conduction band can be written for small valuekT (0.026 eV at room temperatur.
such the
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9 % . Ec-Ee
2P KT = & i (2.14)

h2

n, =2

wherem, is the electron effective mass aBgE; is the energy difference between the
conduction band and the Fermi level. The first bracketed tepresents the ‘effective
density of states’. Similarly the expression can be writtenhfides, wherek, is the
valence band energy, such that

* % Er- B,
2 kT - =F
% e . (2.15)

P, =2

The addition of dopants to silicon can introduce far more deeriers than are present
due to thermal excitation. Furthermore, photogeneration aecaimay occur from other

absorption methods, which in turn contribute to the concentrafibee carriers.

In addition to the increase in optical absorption (the imaginary qf the refractive
index) the real part of the refractive index is also affedigdfree carriers. These
processes contribute collectively to the phenomenon knovataama dispersion. Soref
[7] experimentally determined this behaviour in silicon andnfdated the important

empirical relations given by:

Da =[8.5"10"DN,+ 6 10"DN, ] €m"') (2.16)

Dn=-[8.8 10°DN_+ 8.5 10'D N,*?] (2.17)

The change in refractive index is key to the constructiond@fices such as
modulators and variable optical attenuators. It is also imgoktdu@en attempting to
understand dynamic behaviour in optoelectronics, as mawiget exhibit undesirable

behaviour due to the presence of carriers.
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2.1.3 Two-photon absorption

In a crystalline material a photon of energy smaller tharémel-gap is not absorbed
as it has insufficient energy to excite an electron to the abioduband. However, two
photons with combined energy greater than the band-gagimoattaneously be absorbed.
This is known as ‘two-photon absorption” (TPA) and theerggth of this effect is
dependent on the intensity of light, or the electric field gitesquared. The time varying

carrier population density can be described as Eq.[8]18

_dN(t) :L| 2(t) - &

dt 2 t (2.18)

wherel is the optical intensity\(t) is the time varying free carrier population densitig,
the free carrier lifetimeh is the photon energy andis the TPA coefficient which is
approximately 0.8 cm/GW at telecommunications wavelengthsDj@¢ to the compact
dimensions of SOI waveguides, non-linear effects suchTB#& require close
consideration. A typical waveguide will have a cross sectibiess than 0.2 pfm

therefore a seemingly low coupled average power will res@althigh power density.

For ‘typical’ average power levels in silicon waveguides i?W or less) the effect of
TPA can mostly be ignored. However detrimental absorptidectsf will occur for
devices which exploit short pulse trains, such as Ramansl|4$6f. TPA can be
beneficial in some cases, as it allows photodetection whethdatwise won’t occur. As
mentioned in chapter 1, microresonator devices with théiaresed intensity can exploit

TPA for detection in silicon.

2.1.4 Absorption through deep-level defects

A crystalline material can absorb a sub-band-gap photaugdhrthe presence of
lattice defects. Defects can exist in several forms; this inclintesrfections in the lattice,
such as vacancies or interstitial atoms, impurity atoms grés@ngh contamination but

most commonly from impurities intentionally introduced through nmplantation or
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during growth. All of these types of defects disrupt the intriband structure, and create

energy levels within the band-gap.

A defect level is known as ‘deep’ when it is of much largeergy than the thermal
energy KT 0.026 eVat room temperature), and therefore according to thaiH2irac
distribution function will not rapidly ionize at room temperatureal8hv levels are those
which are easily ionized at room temperature, such as thenoaly used dopants boron

and phosphorous.

Optical absorption through deep-levels in silicon has been dtimliesome time. Fan
and Ramdas observed sub-band-gap absorption in silicadiated with deuterons,
reported in work published in 1959. Absorption occurred withton energies as little as
0.41 eV, corresponding to wavelengths 08 um [11]. This behaviour is described in
Figure 2.5. Later work showed that ion implantation could peeddefects such as the
silicon divacancy, which is formed by two adjacent vacanoiethe diamond lattice
structure of silicon and is responsible for an absorptiok ped.8 um [12]. The silicon
divacancy defect has been attributed to energy levedsed/Zelow the conduction band,
0.41 eV below the conduction band and 0.23 eV abovedieace band [13].
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Figure 2.5 | The photoconductance and absorption sptra from p-type silicon
irradiated with neutrons. Reproduced from [11] ©19® AIP.
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A simple schematic model for optical absorption through aade$ shown in Figure
2.6. A deep-level in the lower half of the band-gap coeldilted via thermal excitation
from the valence band, followed by photon excitation to tleedaction band.
Alternatively a deep-level in the upper half of the band-gayd be filled by a photon
excitation, the electron being subsequently thermally excitethéoconduction band.
Deep-level-transient spectroscopy experiments have shioainfor 1.55 um light the

latter process dominates in the case of silicon containingalicges [14].

Ec
ransition C Ec-0.21 eV
el e R R E.-0.4 eV
optical Divacancy
transition ¢ Ievels
E, + 0.25 eV
Ev

Figure 2.6 | A simple model of the optical excitatin process through a deep-level.
The known levels of the silicon divacancy are labedl.

The controlled introduction of deep-level defects is veryuldef the formation of
silicon waveguide detectors. lon implantation can be usethrget specific regions,
leaving the remaining silicon waveguides unaffected. A silicaneguide baseg-i-n
model was developed by Logaet al. [15] which implemented a mathematical

formulation of the model described in Figure 2.6.

Metal impurities are another route to introducing detection cliyalt longer
wavelengths. It has been shown that gold and zinc offiection through mid-gap states
[16, 17]. However the use of such impurities are detriméotaCMOS electronics. Gold
is viewed as a contaminant because it is able to rapidly diffuseigh silicon at low
temperature, leading to the introduction of deep-level defecisdesired locations. A

detector made with structural defects such as the divack®sy/not face such issues as it
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can be easily incorporated into waveguide devices with igelamation and thermal
stability has been shown to beyond 200 °C [18].

The work in this thesis involves implantation conditions and suese annealing
trends previously observed in defect mediated detectok Wat, 15, 18], where the
primary defect was identified as the divacancy. It is mesbthat the divacancy is the

dominant, active defect in all of the devices describedutédizng bulk defects.

2.1.5 Surface-state absorption

One of the assumptions for an ideal crystal is that it possedggte periodicity. In a
real crystal structure there must be a termination (surfacggesface) where atoms will
be left with unsatisfied bonds. Electron wavefunctionsastirface will be disrupted and
not form continuous bands as in bulk material, resulting iotreleic levels within the
band-gap. These levels are known as surface stategeidace states if another material

system is present (e.g. silicon - silicon dioxide).

Surface-state absorption has been measured in the casdeafved silicon surface in
vacuum [19], where an absorption peak was observed &nergy of 0.5 eV and was
seen to reduce in intensity after surface oxidation. Thi®W.state has been attributed to
the silicon dangling bond, while a 0.3 eV and a 0.7 e\&ttimm have been identified due
to the silicon-oxygen bond [20]. For silicon, a thin layersofface oxidation occurs
naturally under exposure to air at room temperature, thengngskof which is on the order
of nanometers. This ‘native’ oxide surface lacks unifornatd leaves some silicon
bonds unsatisfied. Alternatively, high temperature oxidatiowge®es produce a thicker

and more uniform layer.

Much of the historical efforts in silicon processing havenbégected towards
reducing the concentration of electronically active surftates. These are undesirable in
most devices, as they act as recombination centers and tmyegating efficiency.
Surface chemistry becomes increasingly important for natoptt devices as the bulk
material volume is lowered. Surface-state absorption hasdbeeied in microresonators
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where it was found to play a significant role beyond scatjedime to roughness. In a
study by Borselliet al. microdisk resonators were subjected to various surfaeetntent,
including hydrogen fluoride to remove the silicon-dioxide lagad HO, + H,SO, to
oxidize the surface [21]. While in many devices surfaceestare undesirable, in this
thesis this phenomenon is used to create a photodetectsitiveerio sub-band-gap

photons.

2.2 Photodiodes

This section will introduce the basic physics of the photodidder further
background the reader may refer to the t&ttgsics of semiconductor devidasSze [5]

andSolid state electronidgy Streetman and Banerjee [22].

2.2.1 P-Njunction

Semiconductor carrier concentrations can be controlled throlug use of dopant
atoms. Acceptors are atoms which occupy a lattice sitgp@sgbss one less electron than
the host semiconductor, thus they introduce a ‘hole’ which ste to capture a free
electron. Donors are atoms with an extra electron and wbeupying a lattice site they
introduce a free electron. Dopants are typically introduiceéd silicon through ion
implantation, allowing for the creation of an abrupt junction betwap doped (acceptor)
andn doped (donor) region. At this junction there will be an inidifflusion current due
to the imbalance in free carrier concentration. Electrons valterfrom then region to
the p region, while holes will move from the region to then region. This diffusion
current will reach an equilibrium as the displaced chargebledias an electric field
which introduces a drift current in the opposite direction. At éguilibrium, the drift and
diffusion currents are equal and there is a contact potéfgiatross a region that has
been cleared of free charge due to this field, knowheslepletion region. A schematic

of these processes is shown in Figure 2.7.
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diffusion

-=Q © =p-

depletion
Zone

Electric field drift
=@ O mp

Figure 2.7 | A schematic diagram of an abruptp-n junction. The diffusion of carriers
results in the presence of an electric field and a regioregieted of charge carriiers

The p-n junction at equilibrium is a potential barrier apdrforms as a rectifie
Applying a potential to the positive side reducks potential barrier, alloing for an
increased diffusion current. While a potential &mublto the negative side furth
increases this barrier. In the simple case, theentiflowing through ¢p-n diode can b
deswribed by

I =1, (e™-1), (2.19)

wherels is the saturation current aiVv is the applied bias voltage. For a large nege

bias voltage the current approacls, which is due to dft across the depletion regi

A p-n junction can serve as a photodiode. If an incigdmtn excites an electn-
hole pai the electric field of the unction can separate the che preventing
recombination and resulting in an observable car A schematic band diagram ofp-n
photodetector is shown Figure 2.€. Photc-generation can occur both inside and out
the junction. If carrier generation occurs outsiig nearby the junction, then throu
diffusion there is a possibility for a carrier ®ach the depletion region and contribut

photocurrent. On averagelectror-hole pair generation will contribute to photocutrér
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it occurs within one diffusion length of the juranii Alternatively, if carriers ar
generated within the depletion region they arelkely to recombine as the drift fie
separates thenresulting in a more efficient process. Fop-n junction the depleon

region width is described
1
w=—"">"° J -+ = 2.20
N (2.20)

where Vy is the built in junction potenti: V is the applied potentia is the electric
permittivity, andN, andNgy are the acceptor and donor concentrations respéctivhis
width is restrictively small for a photodiode; adar region is necessary to increase

efficiency of the device

Fermi level - - -

Photon excites
electron-hole pair '\

Figure 2.8 |A simplified band diagram of ap-n junction showing photodetection. A
photon excites an electron from the valence band to the cduction band and the
electric field within the depletion region serves to sepate the: charge and preven

recombination.

2.2.2 F-1-N photodetectol

A p-i-n photcdetector is a modifieqp-n junction which introduces an extenc
intrinsic region in between the doped regions. Hmkarges the region subject to the ¢
field thereby enhancing the sensitivity of the devThis large intrinsic regionallows

for waveguide base: detectors, as the doped regions cositionec where they will no

40



Ph.D. Thesi Jason Ackert McMaster Univer— Engineering Physi

overlap with the optical mode, maximizing the alpsion which occurs in the intrins
regior. Figure 2.9 is a schematic cr-sectional diagram of an SOI waveguide bép-i-
n photodiode Such a waveguide can be made arbitrarily long éonm@ete absorption ¢
the incident light

The use of a waveguideructure is important for defe-based photodetectors. T
waveguide structure allows for the use of relagivielw absorptin materials, such ¢
devices found in this thesis. Tlp-i-n junction positioning across the waveguide allc
the absorption length to be independent from thideraextraction length, which is n
the case for a conventional -illuminated vertice-junction photodiode. Maintaining

short carrier extraction length is crucial for bogheration speed and device efficiel

] ] I |

metal

oxide

oxide

Figure 2.9 |A schematic cross section of p-i-n waveguide photodetector
Approximate dimensions are labeled in nanometer

2.2.3 Quantum efficiency

The efficacy of a photodetector is described byguantum efficiency QE), which
can be defined as eithexterna or internal. ExternalQE is the number of electr-hole
pairs collected to produce photocurrent, dividedhsy numbeiof incident photons. Th
internal QE is defined as the ratio of generated elec-hole pairs to absorbed photo
The internaQE describes the effectiveness of the medium to alsioobons and produc
electror-hole pairs but does not describe genuineice operation, rather its potenti

External QE encapsulates the true device effectiveness bydmmdudetrimental factor
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such as carrier recombination and non-absorbed light. aatefect-based silicon

waveguidep-i-n photodetector the extern@E is given by
hext:Gc(l_eaLp1 (221)

where is the modal confinement factor,is the carrier extraction efficiency as the
presence of defects will cause recombination, aisdhe fraction of absorption that leads

to carrier generatior. is the length of the detector ands the absorption coefficient.

An alternative metric to characterize a photodetector isehgonsivity which is the
ratio of current produced to incident optical power (Ampé&vedt). The current flowing

in a detector is given by
_ _ P
|, =hgF =hq—, (2.22)

where is the quantum efficiency is the electron charge, is photon flux,P is optical
power anch is the energy per photon. The responsiRig then given by

_ha_, 1y

—=h (2.23)

where o is the photon wavelength in microns. From this we cam that for a
photodetector operating in the telecommunications windowssg@onsivity approaching
1 A/W represents high efficiency. Further gains in efficiengquire carrier

multiplication.

2.2.4 Operation speed limitations

The operation speed of @&i-n photodetector is limited by several factors. These
include the time required for carrier extraction, R@time constant due to the electrical

circuit properties and the time delay from the diffusion entrcomponent (if present).
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Avalanche multiplication further increases the tifoe carrier extraction which will b

discussed in the next secti

A light pulse incident on a photodetector will geate electro-hole pais across th
device. The speed at which these carriers can becta represents a limiin device
operation. In terms ccommunication signs, the majority of the carriers must be sw
out of the absorption regiobefore the ne: informatior ‘bit’ arrives. The carriersre
subject to an electric fie and will drift across the junction with an averagsocity of

v, = mE, whereE is the electric field any is the carrier mobility. This relation is val

for low electric field strengths, for higher fields 1 V/m in silicon) the drift velocity i
sut-linear and will reach a saturation value near therrhal velocity of approximate
10" cm/s; in which cse a device with a width of 1 um would have a iit time of 10 ps
At this poin the maximum carrier speed is limited by scattering ¢éveRurther increase
of electric field strength result in energy beingparted to the lattice through collisiol

rather than incrasing the momentum of carrie

The RC time constant imposes a limit on the operation dpefean electric circuil
The equivalent circuit of a photodiode is showiFigure2.1C.

Rs
WW .o

1s(t)

® 7 T &

Figure 2.10 An equivalent electric circuit of a photodiode

In Figure2.1C C; is the junction capacitancCp is the parasitic capacitance due to -
metallic structures<Rs is theresistance due to the metal contacts and the didkrs The

electical 3 dBbandwidth is given
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1
f,.= }
*®20(R +R)G+C)

(2.24)

A photodiode can also be limited by diffusion current if atiparof the light is
absorbed in the dopgulandn regions. Without a high electric field some carriers will
diffuse slowly towards the junction, while others will simply rebime. The carriers that
are able to reach the junction will cause a slow tail to thecete time response. The
diffusion currentJ for electrons and holes is given by Eqg. (2.25) and ®®6)

respectively,
in
J.=gD,—= D—
q “Tx q L (2.25)
qb, x qb, th : (2.26)

where nand p are the non-equilibrium carrier concentrationgs the diffusivity,q is
electron charge, and is the diffusion length or the average length a carrier willetra

before recombination. By using the Einstein relation givendpy(E27),

K, T
D= (2.27)
q
the diffusion current can be rewritten in terms of mobility hstinat
KT (2.28)
D|f CILE . .

where n is the density of generated photocarrigns, is electron mobility, ks is
Boltzmann’s constant anflis temperature. This diffusion curredg;;, can be compared

to the drift current within the junction given by Eq. (2.29) ewdE is the electric field.

Jain = AV E (2.29)
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For waveguide based avalanche detectors, eleddlidsfexceed I V/ecm which is

sufficient for carrier saturation velocity to beached, wherk,T/qgL,is on the order of

10 to 1¢ but depends ultimately on dopant concentra
2.3 Avalanche photodetectot

2.3.1 Avalanche multiplicatior

When a photodiode is operated in high reverse hiaanche breakdown can occ
With a sufficient electric fielstrength free carriers can be provided with endkightic
energy that impact ionization occurs. This entailscattering event with a lattice atc
where the incident carrier generates a new ele-hole pair. The esult is carrie
multiplicatior as a ingle incident carrier can generate two additioreriers which ar
then separated by the electric field. The electamesswept to thn side while holes ar
swept to thep side of the diode, during which further multiplicat events can occi
leadin¢ to an ‘avalanche’. A schematic of this processhisva in Figure 2.11, where ¢
single optical generation event leads to thredn&rimpact ionization even

@ . Impact
Optical

Generation @ lonization

¢ @ \.§—>

—eoo- @

—>.§ >
€ ®e—

Figure 2.11| A conceptual diagram of the avalanche multiplication proess. An
optical generation event (labeled 1) is followed by imp:t icnization events (labelec
2-4).
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Impact ionization can be characterized by a set of coeffi®r electrons and holes,

nand p. These coefficients are material dependant and desbebaverage number of

ionization events per distance travelled by a carrier. Focdke of electron injection at
low frequencies the multiplication factbt is given by

(- )ewavaa,a)
1-(a,/a,)expa W, (ta 4 )"

(2.30)

whereWp is the depletion width [5]. This expression describes ttimate breakdown
voltage of the device, which occurs whéh approaches infinity. If the ionization
coefficients are equal, now defined gghen Eq. 2.30 can be simplified to Eq. 2.31 and

the breakdown voltage occurs wheip= 1 and

M = . (2.31)

2.3.2 Avalanche noise

Avalanche breakdown is a process driven by independegdcimonization events.
For a given carrier crossing the multiplication region, thenlmer of impact events will
vary. This introduces a noise source, described asxitess noise factowhich is given
in Eqg. (2.32) as the mean-square of the multiplication famter the square-mean of the

multiplication factor

—

M?)
(M)

The excess noise factéris dependent on both the multiplication factor and the carrier

F(M)= (2.32)

ionization ratiok= ,/ . In the case of electron injection, Mcintyre [23] showleat the

excess noise factor can be expressed as Eq. (2.33)
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2
F=M 1- @ k) M1
M

(2.33)

FokM+ 2- = (= k)
M

From this equation we can see thdt3fl, when = |, thenF = M. If hole ionization is
limited and =0 thenk =0 andF = 2 for large values oM. In general, a smak value is
required to minimize the excess noise factor. This is go®ds for silicon based
avalanche detectors as they possess a snkallalue than alternative materials such as
germanium. Varying optical absorption and carrier multiplicajwaperties between
materials such as silicon and germanium have led to sepafserption and
multiplication structures (SAM) for avalanche photodetectaorshis scheme an efficient
absorber material (e.g. germanium) is used to generatenitta photocurrent, while
carrier multiplication occurs in an adjacent region of a matpoakessing a favourable

ionization ratio (e.g. silicon).

2.3.3 Avalanche-limited transit time

In a non-avalanche diode the carrier transit time limited barbvisddependent on
the time for a single pass across the device. In alaralae device carrier generation is
ongoing after the pulse of light has been absorbed. Takaramhe transit time will be
dependent on the ionization ratio, the further the ratio is kefinthe shorter the transit
time will be. For example, if only electrons are multiplyitkg@) then the carrier transit
time would be similar to the non-avalanche case, as theraed holes travelling

opposite to the electrons would not cause further ionizatiomsve

This effect leads to a bandwidth limitation and was charaettby Emmons [24]. If
the steady-state multiplication factoprM / , then bandwidth has little dependence on
the multiplication. If My > / , then a constant gain-bandwidth product is seen. In this

case, the multiplication as a function of frequency carxpeessed as Eq. (2.34),
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%
M) =M, 1+(wMZ,.) (2.34)
where ¢ is the effective transit time, which is given by
ap
ty =N - t, (2.35)

where is the carrier single pass transit time through the multiplicaggion and\ is a

number varying from 1/3 to 2 depending on the ionizatiorfficeent ratio [24].

2.4 Optical resonators in silicon

The availability of high quality resonators is one of the maineffits of the silicon-
on-insulator platform. The most common resonant structuteeising resonator which is
extensively used for modulation and filtering. This section weMiew the fundamentals
of the ring resonator. For a more detailed treatment okguaide resonators, the reader
may refer toOptical microresonators: theory, fabrication, and applicatidnysHeebner
[25] andPhotonics: Optical Electronics in Modern CommunicatidwysYariv [26]. The

contents of this section follow from these works, primarilyrfi@5].

2.4.1 Ring resonators

To understand the ring resonator it is instructive to brieflysmer the analogous
structure in free space optics, the Fabry-Perot cavity, wbietsists of two partially
reflective surfaces as input/output couplers. This struetiténtroduce constructive and
destructive interference, which provides increased optical sityenat resonant
frequencies. The two partially reflective surfaces are thjremalogous to a microring
where the ring itself is the cavity and the input/output is iseduhrough evanescent
coupling. Evanescent coupling involves waveguides placed wadlose proximity of

each other, such that there is significant overlap of thernexp@lly decaying electric
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fields associated with the propagating mc. Figure2.1z shows schematic diagrams

botr a Fabr-Perot cavity and a microring resonator with twopog waveguide:

input output
AN AN AN
7 7 7
reflection
pa ya
S \
S evanescent
input Xcoupling region

‘reflection’

Figure 2.12 |Schematic diagrams of (A) the Fabr-Perot resonator and (B) the ad-
drop microring resonator. The two structures are analogous as eh@onsists 'of i
cavity with two couplers that are partially transmissive

There are two common conurations for ring resonators, '~ add-drop resonator
consisting of two bus waveguidesd a rng as shown inigure 2.1z; and theall-pas:

resonator consisting of a single bus waveguideaariialg waveguide

2.4.2 Al-passmicroring resonator

The all-pass resonator consists of a cavity and a singke waveguide. Ligh
travelling along the waveide is partially coupled to the ring wavegL where it
circulates and is partially coupled back out towlaveguide. With a coherent light sour
constructive and destructive interference occuhering and on the latter section of
bus waveguid' Figure 2.1% shows the all pass configuration with electric fields

labelec
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Ring Waveguide

E, E;

input E; k>< E> output
Bus Waveguide %

Figure 2.13 A schematic diagram of an a-pass ring resonator with the electric field
coefficientsE, cross-coupling coefficientk and sef-coupling (transmission)
coefficient t.

ConsideringFigure 2.1% we can write the transfer matrix that describesedleetricfield

coupling

E, t ik E
E, &k t E ' (2.36)

wherek andt are the cross and self coupling coefficients retpgeyg, which for energy
conservation must satisfy the relatik® +t*> =1. Within the ring, the fielcE; can be
related toEs, the field entering the ring ¢E,4 travels the circumference of the ring ¢

evolves tcE; after some attenuation and phase ce. This is given t

E3 _ eizzpr avam 5 = a¥¢ 5, (2_37)

wherer is the ring radius is the opticapowel loss coefficient of the waveguidea’ is
the single round trip loss coefficient for the étecfield thrcugh the resonato is the

propagation constal b = 2,0neﬁ// and is the round trip phase chanirom Eqg. (2.3¢€

andEq. (2.37, the ratio of the fieldE, andE; can be solved which provides a relat
for the transmitted field through the bus wavegi

50



Ph.D. Thesis Jason Ackert McMaster University — Engineering Physics

E _ ita_ . (2.38)
E 1- kte’ '
The intensity of the transmitted optical field is then
| _|g,["_ a?+t*- 2tacoqd) (2.39)
ly |Ei| 1+(ta)’- 2tacodd) '

We can look at the electric field within the ring, the rati&gfo E; which is given by

E, _ ikad’
=== — 2.40
E 1-ta€’ (2.40)
The intensity is then given by the square of the field
2 2 2
[ = G . (2.41)
I, |E| 1+(ta)’- 2tacoqd) '

When the resonance condition is satisfigd; 2om wherem is an integer, the cosine

term goes to 1. By considering the low loss case wherg the equation simplifies to

BUF=—=="—. (2.42)

This quantity is known as th&uild-up factor’ (BUF) and tells us that the power within
the ring can be greatly enhanced when the coupling to thasrismall. It is important to
note that as there is no power source within the ring, thrageg@ower over the spectrum

must remain the same, resulting in off resonance intensity linag the input.

2.4.3 Coupling condition

By examining the relation for transmitted optical intensity we caméne the impact
of the coupling coefficients. If we consider Eq. (2.389l apply the resonance condition,
d =2pm, the cosine terms equate to 1 and we are left with E4B8)2
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EZ

El

’ _a’+t*-2a _(a-t)
1+(ta)’- 2ta (% ta)°

(2.43)

I_
IO
From this relationship we can see thaa#t then the transmission intensity will go to
zero. This special case is known as critical coupling. Itdsramonly desired trait for a
ring resonator as it provides the maximum achievable extinctito, or the intensity
ratio on-resonance versus off-resonance. The couphiefficient and loss within the ring
are design parameters which may be altered to achieve Icdbagling. In an SOI
microring achieving this condition is a challenge as wavedaidecation tolerances are
present. For an SOI rib waveguide there will be variatiothénwaveguide width due to
photolithography variations, the silicon slab region thickness tduetching variations
and also the waveguide height will vary due to the original tBfokness variation. All
such variations affect the evanescent coupling strength. §Medee optical loss is
primarily from sidewall roughness and bending loss octursmall radius ringsr(<
5um). However even these relatively constant fabricatiompeteas lead to uncertainty
in cumulative loss, as the optical mode profile overlap withdke sources will change

depending on the waveguide dimensions.

2.4.4 Free spectral range

The separation between adjacent resonance frequen&iesws as thdree spectral

range(FSR: Dw =w, - V’é) Light circulating at adjacent resonance frequencies will be

subject to the phase relation given by,

nw

2p=b,L- bL where b= -

(2.44)

When dealing with nanophotonic waveguides, significant digpers present and cannot
be ignored. The refractive index (or effective index of dp&cal mode) will vary with
wavelength, and on the scale of ##8Rthis variation is approximately linear and given

by
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Dw dn
n = + 7 -
n, = dw (2.45)

wheren, = n(w,) andw, :@. Substituting Eq. (2.45) into Eq. (2.44) yields

_7(::nW- W= W. n+%ﬂ- Ww. Nz ﬂ/ﬂ] 246
2772 nl 1 2 0 2 dW 1 0 2 dW ( . )
2pc dn
—=Dw n, +n,— .
1 Ny 5w (2.47)

Rearranging to solve for gives

2pc  _2pc

dn Ln '’
L ntw— Y
dw (2.48)

Dw =

the quantityny is known as the group index, and for a nanophotonic \#&¥eguide is
significantly larger than the effective index, often > 50% de€lpeg on the waveguide
dimensions. The FSR can also be described in terms\aflevagth, given by Eq. (2.49)
in terms of frequency and wavelength,

C /)

FSR=Dn=—- DO =-

Lng Lng

(2.49)

2.4.5 Quality factor

The quality factor Q) represents the sharpness of a resonance. The defisitjoren

by the ratio of the stored energy in the resonator versusrérgy lost per cycle,
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Energy stored within resonat(
Q=2p & : (2.50)

Energy lost per cycle

which can also be expressed in terms of wavelengthequéncy for a given resonance
located at owith a Full-Width Half-Depth of

w, _ /1y

°Tow o

(2.51)

A higherQ represents a longer photon lifetime within the resonator, wéthetlationship

given by
_Q_¢d
oot = W —%, (2.52)
which sets a corresponding bandwidth limitation of
Ve = : 2.53
‘ 2ptphot ( . )

2.4.6 Racetrack resonators

The shape of the resonator itself is not fundamental to tmergprovided the
waveguide dimensions remain the same. Rings are typicadlgg as they minimize
surface area occupied and resonator length for a gimed tadius. Eq. 2.49 tells us that
to maximizeFSR as is often desirable for both filters and modulators, themesonator
length must be minimized. Typical resonator dimensions arh@mrder of 10 um for
the ring radius. Below a bend radius of 5 um, physicalespaincorporate the modulator
structure becomes a consideration but more importantly theabjlutss of the waveguide

increases.

A common alternative to the microring is the racetrack résonahich introduces a

longer coupling region as opposed to the ‘point’ couplemaing. The benefit of a
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racetrack is that a longer coupling region can simplify deaigth simulation. With a
point coupler, changing the coupling coefficient requires angé in coupling gap
whereas a racetrack coupler can simply be made longaguw introducing variation in
the coupling gap. In terms of design, changing the cougiag in a ring requires
computationally intensive numerical simulation, as the point coud@not be well
described analytically. However in a racetrack coupler,ptrallel waveguides can be
described with a coupling strength per unit length, allowingsfomple variation of the
coupler length to adjust the coupling strength. In this thasitrack resonators are used
in chapter 3. These racetrack devices are in the addedrfpyuration, which modifies
the transmission equation. For a resonator with two identmaplers, the transmission
function can be simply modified from the all-pass reson@dEqr 2.39) by including an
additional source of loss, that is the new coupler. TheclosHicienta is replaced witlat,

leaving

t> +a’?- 2at’cosd
1+a’*- 2at’cosd

transmitted —

(2.54)

0

An SEM image of an SOI racetrack resonator is shownguar€ 2.14. The resonator is in

an add-drop configuration with identical couplers.
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Figure 2.14 | An SEM image of an SOI racetrack restor in an add-drop
configuration. The oxide cladding has been removeid the rectangular region.

2.5 High-speed measurement instrumentation

2.5.1 Modulation patterns

There are multiple methods in which signals can be encatedaccarrier wave. This
thesis does not concern modulation techniques specificallythisowill be a brief

overview to provide context for subsequent measurements.

The simplest format for encoding data opticallyammplitude shift keyingthat is
changing the optical power level of the signal from one statnother. This approach
allows for various amplitude levels to be defined, but commanlgn-off keying (OOK)
approach is taken which allows for binary transmissionimportant distinction is that
of return to zero (RZ), or non-return to zero (NRZ). §#gnals may fluctuate between +1

and -1 for instance, with a rest state in between each béra. This rest state signifies
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the timing for each bit, meaning an external clock sourec®isrequired. NRZ signals
alternate between levels without returning to a rest state atHeoapproach requires
an external clock, but without the presence of the ‘0O’ sysmbwe effective bit rate is
higher.

This raises the distinction between symbol rate (or bauyl eatd bit rate. The bit rate
represents the actual data transmitted while the symbol ratesesps how rapidly the
carrier wave is being modulated. For example, an OOKig2akhas a symbol rate twice
that of the bit rate and for an OOK-NRZ signal the symbolegteals the bit rate.

The use of OOK has fundamental limits. For example, isargathe symbol rate
results in a broadened laser spectrum. A wider spectrsutgen more noise in a channel,
and thus lowers the sensitivity of the system. More advatesthiques that employ
phase modulation deliver data rates which surpass the capahiitiamplitude shift
keying. The use ophase shift keyingan deliver bit rates above the symbol rate.

Measurements in this thesis make exclusive use of OOK-NRZ.

2.5.2 Frequency response characterization

Measuring the frequency response characteristic of aaléy carried out using a
network analyzer. This tool provides a generated signalfty ap a system under test,
the output signal from the system is then compared with igenak signal’s amplitude
and phase (if desired). The output signal from a netwoedyzer is not a bit pattern, but

a sine wave signal which can vary in frequency to ctheespectrum of interest.

For measurements in this thesis, it is desirable to knowahplotodiode will respond
to a modulated input signal. To do this, the output signaleh#twork analyzer drives
an optical modulator. The photodiode then receives the ntedulaptical signal,
converting it back to an electrical one which the networlkyaeareceives and compares
with the original output. This measurement is done while varthegoutput frequency,
such that the limit of operation can be determined. This isvRnas an § parameter

measurement, and it provides the transmitted gain or Iase afevice under test. The S-
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parameter or scattering-parameter name arises from thix essociated with a multiple
port device. Figure 2.15.A shows a 2 port device with intided reflected waves. For
example, the § parameter would be the reflected signal from the devick twathe
network analyzer. S-parameters are complex quantities, buhisnthesis we are
concerned with the real part (amplitude). Figure 2.15.B sheawexample spectrum from
a network analyzer, where the measurement frequerswyept up to 10 GHz and the;S
parameter is recorded. A general performance metric i83td8 bandwidth’, which is

the frequency where the device response drops to dalm27].

A):{> an m | > B
Port 1 Port 2

b, S S\ 4
b, S, Sy )\, ‘ w0

1
Frequency (GHz)

e’

0

Normalized response (dB)

Figure 2.15 | A) Transmission and reflection paramters for a 2-port device under
test. B) A sample $ measurement from a network analyzer.

2.5.3 Eye diagrams and bit-error rate measurement

Network analyzers provide key information on the frequamsponse of devices but
are not sufficient to fully determine the quality of a deviceaBurement of a transmitted
bit pattern is necessary to provide a test under actual mgecainditions. Compared to
the network analyzer, a bit pattern provides a non-unifanch larger signal which can

expose faults in the device under test.

Examining a lengthy bit pattern one bit at a time is not the mosteogent approach.
For experimental purposes it is convenient to useyandiagramwhich contains every
sequence of 0's and 1's in a bit pattern in one imageodts chot contain separate

information from a full bit pattern, rather an eye diagramesugposes each instance onto
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a single image so it may be analyzed efficiently. A wide opym represents a well
behaved device, as 0’s and 1's are clearly defined. Véhitdosed’ eye represents poor
operation, as 0's and 1’s are indistinguishable. An eggram allows for the evaluation
of pattern-dependent behaviour, for example a device nesggond differently to a ‘0’

following a single ‘1, than a ‘0O’ following a sequence ofultiple ‘1’ symbols.

Furthermore, it provides for a characterization of noise/fall time (often defined 90%
to 10%), and jitter of the signal [28]. Figure 2.16 showsege diagram with sample

metrics labeled.

quality (noise)

" rise time %

fall time

Figure 2.16 | An example eye diagram. Relevant méts obtainable from the
diagram are labelled.

The eye diagram provides a significant amount of informatanthe quality of
operation, yet in order to rigorously evaluate a compoadit-error rate test (BERT) is
employed. In this test, a generated bit pattern is input to th& &tdl the output is
compared to the original signal, with an error being a bitdbasn’t correspond with the
original sequence. This approach directly tests the commumsatapability of the
device. In the case of a photodiode, a common metric &vatuate the bit-error rate

versus received optical power.
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The acceptable bit-error rate of a device dependseoaghlication but in general one
error per terabit (an error rate of ) may be considered ‘error free’. Encoding
techniques, such as forward error correction (FEC) aftowa greatly increased device
error rate by encoding data into a longer bit-stream. k@ample the RS(255, 239) code
takes a sequence of 239 bits and encodes them into 255 Iitthis scheme
communication with a BER less than™#@equires an original uncoded BER of less than
10* [29]. This results in a 7% ‘overhead’ in the data rate, tnet relaxed BER
requirement can offer greater utility. For example, if atpti@ode can operate with lower
received optical power then it may be placed at the endlofger link. In integrated
applications where electrical power consumption is critical, it walilev for a lower

power laser.

2.6 Simulation tools

Commercial software simulation tools were used in the caires thesis work. For
waveguide simulation RSoft Beamprop was used to proyptiead mode profiles. RSoft
Fullwave was used for finite-difference time-domain (FDEDulations of resonant
devices littp://optics.synopsys.com/rspfton implantation parameters were obtained
through the use of SRIM (Stopping and range of ionsattam) softwarewWww.srim.org
[30]. Electrical simulations gb-i-n junctions were performed with Silvaco ATLAS

(www.silvaco.com

2.7 Summary

This chapter has provided the necessary backgrounghtterstanding the following
chapters. The remainder of this thesis will describe thecktibn and experimental

characterization of defect-mediated photodiodes.
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Chapter 3 Resonant Detection via Mid-

gap Lattice Defects

Overview

This chapter reports results on defect mediated detection linv&é@guide resonant
devices. First described is a study of the impact of the m¢taxh of ion implantation
induced defects in silicon ring resonators; work which detexchthe refractive index
changes introduced by such defects for the first time. dlgpter then describes
fabrication of ring and disk resonator based photodetefdpisoth continuous-wave and
high-speed operation. These devices perform in line wiffe@ation for continuous-
wave operation but exhibit instability at high speed. This isvi@hb by an examination
of the potential causes and finally a summary of the utilitthese devices considering

these limitations. This work represents the first detailed ghwer of this instability.

Results from this work have been reported by the aiuthitye following research

journal publications.

Ackert, J.J.et al. Defect-mediated resonance shift of silicon-on-insulator tracle
resonatorsOpt. Expresd49(13) 11969-11976 (2011).

Ackert, J.J.et al Silicon-on-insulator microring resonator defect-basedtqetector
with 3.5-GHz bandwidth]. Nanophotonic§(1), 059507-059507 (2011).
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3.1 The effect of lattice defects on the refractivimdex of

silicon waveguides

3.1.1 Introduction

lon implantation has been used previously for intentional iotton of lattice

defects in silicon for purposes of sub-band-gap phototiete[1, 2]. This technique of
defect engineering has also been used for other appfisasiach as modifying carrier
lifetime [3]. In this chapter the effects of low dose ion iampation on the refractive
index in silicon waveguides for wavelengths around 155@Grerdetermined for the first
time. This is achieved by inert ion implantation of silicon-ondasuw (SOI) racetrack
resonators and observing the resonance condition shifbvaliamws for the determination
of both the real and imaginary parts of the refractive inddws data defines useful
knowledge when incorporating defects into resonant dete@srdescribed later in this
chapter, and for more general use of defect enginegrisiicon photonics.

Further, the deliberate introduction of lattice defects couldtitized to alter devices
post fabrication. For example, ring resonators are vengitbee to refractive index
changes. Variation in waveguide dimensions lead to smalgelsain the effective index
of the guided optical mode, and large displacements ohaese wavelengths. Ring and
racetrack resonators are sensitive to the coupling conditimhwiepends on the physical
gap between the bus waveguide and ring waveguide. Imiraga low level of defects
after fabrication could increase the loss of a ring anaghats coupling condition in a
controlled manner which would allow for the post-fabricaticrrection of device

characteristics; a technique known as ‘trimming’.

3.1.2 Device fabrication and experimental methods

For this experimental work, add-drop SOI racetrack rawwa were employed,

consisting of 30 um radius bends and either 15 pum omd@opg coupling regions. The
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fabrication was facilitated by CMC Microsystems and carriedadUMEC in Leuven,
Belgium. The silicon waveguide was 220 nm high, over ar2thick layer of buried
oxide. The waveguides had a nominal width of 450 nm asre watterned using 193 nm

ultraviolet lithography.

Post-fabrication inert ion implantation was carried out at theld@mon Laboratory at
Western University. The high implantation energies of up Me¥ available on this tool
allow for the implanted ion species to penetrate through thelinénd waveguide and
reside in the buried oxide, ensuring only structural defectdhe silicon waveguide.
Photolithography carried out at McMaster University was useatefine ion implantation
windows such that the coupling region between the bus waleegind racetrack could
remain unaffected by the implantation. This ensures the cguplefficients of the
device would not change, so that the quality faof@rand ring loss can be determined.
Figure 3.1 shows the photomask layout for the implantatieveisas an SEM image of a
racetrack. Several chips underwent the ion implantatiorepsowith varying dose below
the amorphization threshold [4], at energies of 350 ka\bbron ions and 700 keV for

silicon ions.

The samples in this section are listed with an implant dosesexles along with a
prefix A or B, which represents the total resonator lengths218 and 268 um
respectively. For example, a device labeled A/3E14- boesuribes a resonator of length

218 pm which has undergone a boron ion implantation withsa df 3x1&* cm.

After ion implantation the hardened photoresist mask requiesdoval using a
‘pirahna etch’ solution of k80O, + H,O,. This is an exothermic reaction, the heat from
which determined the baseline annealing temperature of 1L0Bft& this process each
sample was annealed in sequential steps of 25 °C upmaxanum of 300 °C, with a
duration of 5 minutes. Between each step the sample pt&Eslty characterized at room
temperature using a tunable laser and fiber coupling seigipt Wwas coupled on and off

the chip via shallow etched gratings. The tunable laser wdewd-ocus 6427, which
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covers the wavelength range from 1-1570 nm with a 1 pm resolution and absolute

wavelength <@ability better than 5 pm over an hc

McMaster SEl 5.0k X850 WD 6.0mm 10um

Figure 3.1 |[An SEM image of a racetrack resonator with an overlay of th
photomask used for ion implantation.The imagewastaken at the Canadiar Centre
for Electron Microscopy.

3.1.3Experimental results

After ion implantation and the subseqL annealing procedu two distinct effects ol
the resonatobehaviour are observed. Firs a resonance shift after ion implantati
which returns toward the original position as tlanple is annealed. Specifically, 1
resonance is shifted to a higher wavelength afterimplantation (re-shift), and move
progressively lower with annealing temperature ease. Second, tkquality factor Q)
of the ring is diminished after implantation (euiddyy the broadening of thesonance
peak). This is an expected result considering presiwork showing increased opti
absorption with ion implantation in a silicon waugdge |5]. As theannealing temperatu
increase the defect concentraticof defectsis lowered and thQ returns towards the -

implanted value
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As an example of this behaviour Figure 3.2 shows opspaktra for the device
A/3E14-boron. The transmitted power versus wavelengthadsis for several annealing

temperatures.

N
N

Y
I
]

N
(o]
1

22~ 250 °C U }

Transmitted optical power (dBm)

24 : , : , .
1562 1563 1564 1565

Wavelength (nm)

Figure 3.2 | Post ion implantation optical transmision spectra for device A/3E14-
boron. As the annealing temperature is increased &Q increases and the resonance
shifts lower in wavelength. This trend is represerattive of other implanted devices,

as well as those that received a silicon implant.

A summary of results for different devices is shown in Feg&13 where a comparison
of resonance shift versus annealing temperature is plottetthrse nominally identical
resonators (i.e. identical prior to post-fabrication ionlangation). Each resonator was
from a different chip and received a different implantatiosedoA clear increase in
resonance shift is seen as the implantation dose is increBsisdindicates that the
concentration of lattice defects in the silicon influences thé ped of the refractive
index. After ion implantation the shift in refractive index is positiwith a reduction

towards the original value upon annealing.

In Figure 3.3b the optical loss of the racetrack resosatersus annealing
temperature is shown for multiple chips. To extract the loksevhe resonator spectra

were fit to the analytical expression for optical transmissicemcdidd-drop resonator with
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identical couplers. This expression was given in chapteut2shown again here as Eq.
(3.1);

P _ gt’-’ + A’t? - 2 At cosl
P 1+ At* - 2At° cosl

out

(3.1)

where,Po,t iS output powerPy, is input power, is the insertion losg,is the transmission
coefficient ,A = exp( L) with L as the resonator length,the loss coefficient, and the
phase = 2 nel/ . Upon fitting it was found that the transmission coefficient dit n
change with annealing. This was expected as the regiomasised during implantation.
The values of loss in Figure 3.3 can be compared todeinmatroduced by Fosteat al.
[5]. This model estimates loss due to lattice defects fongeraf implantation conditions
of varying ion species, dose and energy. From Figideve.can compare the values for
the baseline annealing temperature as this most closely nefsréise post-implantation
condition. From the Foster model we would expect 23, 96182 dBcr, for increasing
ion dose respectively. The measured values from FigGrarg 71, 239 and 301 dB¢m
approximately twice the loss predicted from the model. Corisglethe different
experimental conditions used by Foster, this discrepancytisurprising. The Foster

model has also underestimated loss previously when codthfmaexperimental results [5].
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Figure 3.3 | Three nominally identical racetrack resonators implanted with silicon at
700 keV. The marker size is indicative of the uncéainty. A) Resonance shift relative
to the implanted state as a function of annealingemperature. B) The total optical
loss of the racetrack resonators.
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As the devices are annealed at increasingly higher tempesdhe optical loss trends
downward, consistent with the trend of resonance shift amading. The abrupt
decrease in both loss and resonance shift after anneal@@l) °C suggests that the deep-
level responsible for these changes is the silicon divacdheydivacancy has previously
been observed as the primary optically active defect afterdlmse ion implantation in

silicon [6].

The Q may be used to assess the optical loss within the resovatoes ofQ were
extracted from the resonance linewidth (obtained through fidinngrentzian function)
and plotted in Figure 3.4 for two devices representativilderoup. As the devices are
annealed there is an increase in fDeand a corresponding blue-shift in resonance

wavelength.
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Figure 3.4 | Quality factor and resonance blue-shifrelative to the implanted state)
versus annealing temperature for devices. A)\1.5 E14-SiB) B/1.25 E12-Si.The
marker size is indicative of the uncertainty.

3.1.4 Determination of the real component of the refretive index

To convert the measured resonance shift to a change meahpart of the refractive
index we first need to determine how the effective indeth@fwaveguide mode changes
with refractive index in the silicon. The ion implantation is assdinbto produce a
significant change only in the refractive index of the silicad aot the buried oxide. In

Figure 3.5 a simulation of the change in waveguide effeatigex is plotted versus the
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change in the refractive index of siliccThis simulation was obtained with a wavegL
modesolver [7] implemented in Matlab, the resuleravverified with Rsoft Beamprc
software.The resultingslope is,dnes/dns; = 1.177. This figure is known as t effective
index susceptibilit andhasbeen previously discussed as a way to portray tefeemdex
changes in silicon waveguides due to cles in the core refractive inc [8]. The
effective suseptibility found here and plotted in Figure tells us that the change

effective index is 17% larger than that of the ¢

Figure 3.5 A simulation of the change in effective index as a functioof@hange in
the real part of the refractive index cf silicon in a 450 x 220 nm SOl waveguide for
wavelength of 1563 nn

We can derive an expression to relate the changefiiactive index to the change
resonance wavelength. For a resonator with a umifapr-dispersive medium wit

refractive indexn, lengthL anc mode inde m, the mode condition at wavelenc is

given by
-2k 3.2
/- (3.2
A change in index of refraction leads to a chamgesonance waveleng
d/ _ L _/
ke 3
dn m n (39

For a resonator with dispersi(waveguide, material), the mode conditic given by
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2n,. L
== (3.4)
and the free-spectral range is
_/2
FSR= , (3.5)
Ln,
with the group indexy given by
dn.q
N, =Ny -/ T (3.6)

We then rearrange Eq. (3.6) to solverigy, and add a term to consider the effective

index susceptibility, providing

d d
Ng =n,+/ %+Dn5id—réﬁ.

From the mode condition given by Eq. (3.4), we know tmarainioneﬁ// mis equal for

(3.7)

the initial wavelengthgto the shifted wavelength+ , therefore with Eq. (3.7) we can

write

dy e, +p )0 I
ng+/0d7/_ g ( 0 ) d/ Si drgl (38)

l, / ,+D

This equation can be solved for the wavelength shift, lgadin

D/ _ Dng dn,

/' n, dng

(3.9)

For the case where the silicon index change equals ttaiedfendex change, this

equation simplifies to a form shown previously by Gartes. [8],

D_/_ Dneff
/ n.

0 g

(3.10)

To summarize Eg. (3.9), the shift in refractive index isrdeteed by three factors: (1)
the shift in material refractive index; (2) the material and gaide dispersion and (3)
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the change in mode profile resulting from a change in ma&iadex. The same effect is

found for temperature dependence of waveguide-basedast devices [9].

With Eq. (3.9) we can determine the maximum index shiftderresonators for each
dose. Through the resonator’s free spectral rangegupgndex of 4.545 was found at a
wavelength of 1563 nm. From Figure 3.3 the implantatiosed®f silicon were 1.25 x
10" cmi?, 7.5 x 16° cm? and 1.75 x 18 cm?, while the respective resonant shifts were

= 0.7 nm, 2.2 nm and 2.9 nm. The implantation region®reaV one third of the
resonator length, resulting in a shift in refractive index n§= 0.005, 0.016 and 0.021

respectively.

3.1.5 Discussion

Through ion implantation in add-drop SOI racetrack resosatbe refractive index
shift and optical loss due to deep-level defects was detedndirectly in silicon

waveguides for the first time.

A shift in the real part of the refractive index of 0.005swabserved for a silicon
implantation with a dose of 1.26 10'> cm. The Soref relations [10] indicate that a
concentration of 3 x 8 cm® holes, or alternatively 5.9 10'® cm® electrons would be
required to achieve the same shift in index. We can contpar¢o the concentration of
defects using a relation found by Foster [5] that dessrithe vacancy type defect

concentratiorCp as
C, =(2.79 10° y 2 (3.11)
wheref ,is the adjusted ion dose, found by multiplying the actual 8gshe number of

vacancies per angstrom per ion obtained with “The stopgnge of ions in matter”
(SRIM) code [11]. For the chosen implantation condition @iliat 700 keV), a factor of

0.2 vacancies per angstrom per ion is found with SRéslylting inC, = 4.2 10" cm®,

We note that the higher dose of silicon at x780* cmi? only produced an index

shift four times larger for a dose approximately 100 tigesater, indicating that the
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composition of defects produced is dependent on dosegsalt rreflected in the

performance of defect mediated detectors as a functidosaf.

The results are important for future designs of resonewites in general as defects
may be used for device modification, or ‘trimming’ afterrfae@tion. A low concentration
of defects could be introduced and subsequently annealglter the real and imaginary
refractive index of a device. This information is also uséiuthe design of resonant
defect-based detectors, information on which constitutesetmainder of this chapter.
Specifically, understanding the optical loss in the ring allowsd#sgner to choose the
correct coupling gap while the real part of the refractiveexndill influence the free

spectral range and resonance location.

3.2 High-speed resonant detection via defect states

silicon ring resonators

3.2.1 Overview

Defect based silicon ring resonator detectors have beewiopsly studied and
characterized for continuous-wave conditions. Charactenzaftithe detector response at
high speed has been reported previously only once infaremce proceedings paper [12],
and this effort provided few details. In this section a defased SOl waveguide ring
resonator is described which is found to operate with an ege diagram at 5 Gbit/s
with a small signal 3 dB bandwidth of 3.5 GHz at a revéias of 15 V. A detailed
analysis of the results discovered a previously unknouwmgdmental limitation of such

devices under high frequency operation.

3.2.2 Device fabrication and experimental methods

The resonators were fabricated via CMC microsystems &&-IEH1, Grenoble,
France using 193 nm deep-ultraviolet lithography on SOlersafvith a top silicon
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thickness of 220 nm and a buried oxide layer of 2 unme Siticon waveguides were
created from a 170 nm etch, leaving a slab height oin®0A 1 um thick oxide layer was
deposited over the waveguides to isolate them from an Al/€almontact layer. Boron
and phosphorous ion implantations at a dose»f.@* cm? formed the electrical doped
regions of the photodiodes. To allow for absorption in theretl, inert ion implantation
was used to create deep-level defects. Boron ions wetanted at an energy of 350 keV
and a dose of & 10" cm®. Light was coupled on and off the waveguides with shallow
etch grating couplers designed for the transverse elettyg rhode at a wavelength of
1550 nm, with a total device throughput loss of 16 dB. Aticapmicrograph of the ring
can be seen in Figure 3.6.

The photodiodes were incorporated onto 40 um diameter ninigpsa waveguide
width of 500 nm and a coupling gap of 200 nm. The quéditgor was measured to be
approximately 10,000 and the free spectral range was#®82 nm. The photodiode
makes up approximately 2/3 of the ring circumference (ektgnbeyond the via visible
in Figure 3.6) and does not overlap the coupling regioa.rémaining portion of the ring
is placed beneath a resistive heater, formed with a natrgqwof metal. This heater can

be used to thermally tune the resonance wavelength if megess

Figure 3.6 | An optical micrograph of a ring reson#or detector with a 40 pm
diameter.
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3.2.3High-speed characterization method

A vector network analyzer (VNA) and a 10 GHz fibevupled lithium niobat
modulator were used to measure small signal frequency response of photodiode
An 18 GHz bias te (picoseconds pulse labs model 550B), was usedgly &pas to the
device under test. The response of the system waldwated using a 12 Gl capable
commercial InGaAs detector. Thialibration eliminated the frequency response of
system except for the probe required to contactitigeresonator photodiode. The prc
used was a Picoprobe model +GS-300 rated at 40 GHz. For pattern measuremer
a 12.5 Gbits pattern general was used to drive the modulator, while a 25 GHz
amplifier was used to boost the photodiode signabrpto measuremenwith an

oscilloscope. The experimental setup is represeageblock diagram inFigure 3.7.

Figure 3.7 A block diagram of the experimental setup for higr-speed
characterization. Small signal measurements were taken ung a vector network
analyzer (VNA), while eye diagrams were recorded with theulse pattern generator
(PPG) and oscilloscopt

3.2.4 Continuou-wave measurement restts

Figure 3.{ shows the optical transmission and photodiode ouras a function c
wavelength. The photocurrent follows the opticansmission showing enhancem

while on resonance, with a responsivity of 0.023 at ¢ reverse bias of 5 V. Figui3.9
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shows a current-voltage (IV) plot of the device. The dankent is 0.2 nA at a reverse
bias of 5 V.

Figure 3.8 | Optical transmission and photodiode auent as a function of
wavelength for the 40 um diameter ring resonator.

Figure 3.9 | Photodiode current as a function of weelength for a 5 V reverse bias,
and the current — voltage characteristic for dark and illuminated conditions with an
estimated waveguide coupled power of 110 pW.

The devices show excellent sensitivity to low optical powerlsev& photocurrent
spectra is shown in Figure 3.10 for a 40 um diameter digtgctor. The tunable laser

output power was set to 0 dBm, and the built-in attenuaterusad to reduce the power
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by 50 dB, resulting in an estimated 2 nW of waveguide coypbever. The detector

produced 40 nA of photocurrent on resonance, givingtannal responsivity of 20 A/W.

Figure 3.10 | Transmission and photocurrent spectrérom a ring resonator with -50
dBm launch power. The ring diameter is 40 um and ta photodiode was reverse
biased at 30 V.

3.2.5 High-speed measurement results

In Figure 3.11a the normalized small signal frequency respa plotted for reverse
bias voltages of 5, 10 and 15 V. A 3.5 GHz 3 dB bantlwig seen at a reverse bias
voltage of 15 V. A 5 Gbit/s eye diagram is shown in Figufd b.
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Figure 3.11 | The normalized frequency response fahree different bias voltages of
the ring resonator based detector. (B) A 5 Gbit/sy& diagram.

Although the devices indicate suitability for detection at the nidawsdwidth of 3.5
GHz, a higher operational bandwidth might be expected. Tdrerenany possible factors
influencing the speed of the devices. In order to examieeébémdwidth limitation the
influence of the experimental setup was first determined. Jétep’s high-speed
capability was verified by measuring other (calibration) devigbikh achieved higher
operational speeds. Therefore if there is some signifidagtadation of the response

from the setup then it should not be evident at the spetiisaing detector.

As for the ring detector itself, the first potential limit on teeration speed examined
was the photon lifetime within the ring. As described in clrapteheQ of a resonator
describes the ratio between the energy stored (circulphiotpns) and the rate of energy
lost (photon loss). The higher tiig the longer photons will remain in the resonator. If
the photon lifetime approaches that of the desired signalliteg tlen the switching
functionality of the resonator would be diminished. This isndified by Eq. (3.12),
which follows from chapter 2 section 2.4.5, which descritbesoperational bandwidth
for a givenQ and excitation wavelength. The measured device l@afapproximately

10,000 at 1565 nm, imposing a limitation of
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v C _
V=—=—————=19GHz (3.12)

This result is much higher than the measured bandwidth enefdine will have a limited

effect on the total operation speed.

Another limit in operational speed which must be consideiredcdmmon with all
photodetector structures) is the resistance-capacit&©@eli(nit. The capacitance of the
photodiode was measured using a Boonton 7200 capacitaater. Since the ring
photodiode is very small and near the limit of the Boonton, sindiéevices longer in
length were measured and the capacitance of the ring pbatod/as obtained from
extrapolation to be 250 +10 fF. With a 50load resistance assumed (neglecting the
resistance contribution of the doped silicon slab region) wecakzulate th&kC limited 3
dB bandwidth:

Vpe = ———= =12 GHz, (3.13)

and clearly this is not the primary limiting factor. Furtherfoamation of this conclusion
was obtained from measurements of straight (non-resowangguide detectors sharing
the same chip area. These straight detectors were significamtber than the
circumference of the resonant photodiodes, and in factwesthobetter high-speed

performance.

The final, classical limiting effect on the operation of a tpdmde which is
considered here is the transit time of the generated eltamgiers, associated with their

velocity. At a reverse bias of 15 V, if we assume a fd#ypleted junction width of 1.5

um and thermal saturation velocity is reacheu,,(=1" 10’ cny <), then the maximum

carrier transit time is on the order of 15 ps. This is claatythe source of the bandwidth
limit as the rise and fall times in Figure 3.11 are approximat8ly ps. Although the
small signal frequency response does show a dependangatage up to 15 V, further
increases in bias voltage did not alleviate this limitation suggetstengaturation velocity

was reached.
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Upon further consideration and discussion, it was suggésie possible source of
the bandwidth limitation is operational instability. The small signalaesp of 3.5 GHz
would typically result in a ‘cleaner’ eye diagram at 5 Gbit/sfalet, in chapter 4 of this
thesis, non resonant detectors of the same construction aslsmmilar small frequency
response but a much improved eye diagram. This disargpaay be explained by the
two measurement methods. With a small signal network analeasurement, steady
state conditions are approximated and large fluctuations ireccaoncentration are not
present. In contrast, a bit pattern measurement introdaogs fluctuations in carrier
concentration which can lead to resonance instability. Tregpkored further in the next

section.

3.3 High-speed resonant detection via defect states

silicon disk resonators

3.3.1 Overview

In addition to the ring resonators of the previous sectiomroaisk p-i-n
photodetectors were also fabricated and characterizédglatspeed. The devices are
similar in construction to ring resonators whereby they areatitbic silicon devices
which use a defect enhanced-n photodetector incorporated onto a microdisk. The
microdisk structure employed is a simple silicon pedestal,senes it is a ring resonator
where the centre of the ring remains unetched. Without tier idge of a waveguide to
confine light the optical modes differ from a ring with suchmarodisk exhibiting
‘whispering gallery’ modes [13].

3.3.2 Fabrication and device details

The devices shared the same fabrication and charactamizagthods as the ring
resonators in section 3.2. The disks themselves wertedredth diameters of 10 or 20

pum, with bus waveguide widths of 350 nm and coupling @ads80 nm. The photodiode
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occupied one half of the microdisk circumferendeogphorous doping was 500 nm fr.
the outside of the disk, while the boron doping Waspm inside the disk edge for the
pm diameter dk, and 2 um inside the disk edge for the 20 pm diamdisk Figure 3.1z
shows an optical micrograph of the detector anchammatic diagram of the cross seci

Figure 3.12 An optical micrograph of microdisk photodetectors (10 and20 pum
diameter) and a schematic diagram of the 10 um dmeter microdisk (not to scale)

3.3.3 Continuou-wave characterization

The microdisks were characterized with a tunalderan the same manner as the |
devices. IrFigure 3.1: optical transmission and photocurrent spectra laogvs for a 1(
pum diameter diskThere are thre optical modes observe in the transmission spectri,
each showing a significantly different quality factnd photocurrent responThe two
modes that stw reduce photocurrent also show higher optical loss as atéid by the
wider linewidth. These e likely the higher order moc which exist closer to the cent
of the disk and thus nearer to the heavily dap region. Due to the hicer optical los:
the power buil-up is reduced and thus the photocurrent response is touahr thanfor

the fundamental moc
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Figure 3.13 | Optical power transmitted and photoctrent as a function of
wavelength for a 10 pum diameter disk.

On the chip were ‘control’ microdisks which were maskedrduthe post-fabrication
ion implantation step. These disks still exhibit measurable phwoesdy and not
surprisingly have a much high€y than those with defects. In Figure 3.14 a 20 um
diameter disk is shown that does not have defects. It lnasvwadth of 12 pm and & of
131,000 for the resonance at 1572.52 nm. Qhebtained from these microdisks is very
high compared to ring resonators, due to the lack of mer isidewall. This in turn limits

optical loss through scattering and surface-state absorption.
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Figure 3.14 |Transmission and photocurrent spectra of a 20 um dianteremicrodisk
detector | (A) At 10 V reverse bias without ion implantabn. (B) A finer scan of the
resonance at 1572.5 n.

The microdisks that did not receive a defect implatill possessed measure
photocurrent on resonancThis response is due to surf-state defects at the-SiC,
interface an two-photon absorption which is enabled by the optictdnsity buildup fo
the highQ resonanc: Figure 3.1% show: a direct comparison of the same microc
design with and without defects. Approximately thtanes the level of photocurrent
seen in he detector with defects, mear that even with reduceQ and twcphoton
absorption the defects still offe significan net benefit

Figure 3.15 The optical transmitted power and photodiode current as aunction of
wavelength. The microdisks have diameter of 10 um ancare nominally identical A)
Defects present. BNo defects presen
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3.3.4 Continuou-wave power loading

The buildup of intensity within mic-resonators presents a problin the form of the
creatior of excess he, a direciconsequence of confined optical absorf. This heatin¢

increases the refractive index of the silicon, aaya reshift in the resonant wavelenc

The impact on the resance location can be significann Figure3.1€ spectra from
20 pm diameter sk resonator detector are shown for three diffeoptical power leve
of 0.2, 5 and 10 m\. Figure3.16.¢ shows the optical power versus wavelength, w

Figure 3.15.bshows the corresponding photocurr

Figure 3.1€ | Optical power versus wavelengt (left) and photocurrent versus
wavelength (right) for a 20 um diameter disk resonator. Ogtal power launched at
the grating coupler is labelled for each spectra

This thermal shifting willstrongly depend on th«Q of the resonator, which in th
case s 5¢000. This effect is less pronounced in detectoith \&i lowerQ, due to the

lower power buil-up, but cannot be ignore

Temperature control structures, like the resistmetal strip integrated on the
detectors, can provide some comption but hermal tuning is typically limited to tr
kHz regime [14. In data transmission applicatiotemperature control would become
issu¢, but signals can be encoded to achieve a balameadge power. That is, to prev:

long chains of‘off’ or ‘on’ states(zeroes and onesso thatthe average thermal
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dissipated power remains constant. This encoding redueesath rate, but can remedy

problems associated with thermal loading.

3.3.5 Frequency response

The microdisk frequency response was characterized théhsame experimental
setup used for the microring resonators described earlibis chapter. The normalized
small signal frequency response is shown in Figure 3.Af.eesonance there is a 3 dB
bandwidth of approximately 4 GHz, similar to the ring resoneevices in the previous
section. However with the laser moved 100 pm off-resamdine frequency response is

increased to approximately 7 GHz.

An eye pattern of the disk photodiode was also recoréigdire 3.17.b shows a 10
Ghit/s eye diagram for a 20 um diameter disk with a revaeseof 15 V. This result was

recorded off-resonance and is consistent with the 7 Gld# signal bandwidth result.

Figure 3.17 | High-speed operation of a 20 um diartex microdisk photodetector at
15 V reverse bias. (A)The small signal frequency sponse, the 3 dB bandwidth is
reduced from 7 GHz to 3 GHz on resonance. (B) A 18bit/s eye diagram of the
microdisk operating off resonance with a reverse lais of 15 V.

In Figure 3.18 bit patterns for a 20 um diameter microdrekstown for various

wavelength displacements from resonance. When off-aementhe devices are ‘well
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behaved’, with the bit pattern resembling a square waveeeas in the first frame at a
wavelength of 1572.719 nm. At this point the bit pattern spoads to the eye diagram
in Figure 3.17.b; it is noisy due to the low optical power butaies open. As the
wavelength approaches resonance the behaviour is gerlamiform, consistent with
power buildup during consecutive ‘on’ states. Examining #item at a wavelength of
1572.889 nm, a relatively clean bit-rate pattern is seemtiptlie centre division of the
plot, when several consecutive ‘on’ states occur anddheploading nearly doubles. In
the last frame, 1573.011 nm, which is closest to reson#imesjgnal quality is degraded
for the entire bit train. In this case the varying levels ofoi@ff states results in a closed

eye diagram.

Figure 3.18 | 5 Gbit/s bit patterns from a 20 um dimeter microdisk detector for
various wavelengths near resonance. The device wast stable on resonance, but
showed an open eye off resonance. The timescal@ iss/division while the vertical

scale is 30 mV/division.

The microdisk thus is displaying a power dependent instalitigysuccessive ‘on’ states

pose a problem, and show a relatively fast power buildug sirale less than 10 ns.

We can consider the photon lifetime of this resonance, wkcl27 pm and

corresponds to @ of approximately 58,000. The resulting photon lifetime is givgn
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t ===22"""" -4gps. (3.14)

The photon lifetime limited bandwidth is then

1
= =3.3GHz
v 208 ot S-36H2 (3.15)

These values are consistent with the ‘on resonance’ smalkhlsndwidth result in
Figure 3.16 and the fall time seen in Figure 3.17. Esemator is being limited by photon

lifetime, but the large fluctuation in power is a separate issue.

Temperature instability is a potential issue when operating sonamce as greater
power absorption would result in a higher temperature, induaimesonance shift to
higher wavelengths. Yet in this case the laser is operatiray v@avelength less than
resonance, therefore a thermal red-shift would increaskaser’s relative offset from the
resonance peak. This increase in the laser offset wedldte the optical power coupled
into the resonator, which is contrary to what is observea ffigure 3.18 where repeated
‘on’ states result in greater power. Additionally, the timesoébhis effect is on the order

of nanoseconds, far too short for typical thermal evemis 20 um diameter device.

3.3.6 Carrier concentration modulation as a cause afistability

The presence of free carriers in a silicon waveguide éisghe refractive index [10].
During operation the number of carriers is fluctuating as lgfters the resonator,
photons are absorbed, and free carriers are geneféedhanging carrier concentration

could shift the resonance position, altering the amount of pigstent in the resonator.

We consider a critically coupled ring resonator for simpliditythis case, all loss is
assumed to occur within the ring and therefore this repiefi®® on resonance case after
the ring has undergone the maximum shift due to carriggrgéon. Scattering losses are
much lower than loss due to absorption and will be ignoresl Wil assume that every

absorbed photon generates an electron-hole pair, but igriferets due to avalanche
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carrier multiplication. Given an incident power absorbgd the generation rate of
electron-hole pairs is then

__ PR
Tew = E (3.16)

wg —phot

whereV,q is the waveguide volumerpss-sectional area ring circumferencgandEpnot
is the photon energy in Joules. Carriers are swept ouedfrth due to the electric field,

with an average lifetimeyg given by the time needed to travel half the junction width:

w

[ =—,
v (3.17)

wherevsy is the saturation velocity 1 x 18m/s andW is the junction width. The steady
state concentration of electrons is reached on timescalds longer than the average
lifetime. With .,y 10 ps, and a bit pattern of 5 Gbit/s, an ‘on’ bit would B8 @s long
and the carrier concentration would approach the steamyvstlue, where the production
rate of carriers is equal to the rate at which they arevedid he carrier concentration is
then

PW

=7r = @
EHII avg VWgE

DN .
phot2 Vsat (3 ) 18)

From the Soref relations [10] we can calculate the refraatigex shift

0.8
Dn=- 8.8 1022$+ 8.5 10° __PW (3.19)
2v VioE pno V

wg —phot sat sat

and using Eg. (3.9) the refractive index shift of the silican be converted to a shift in

the resonance wavelength:

_Dng dn,,/

D/ )
n, dn

(3.20)

The resonance blue-shift is plotted as a function of thecalppower (in the bus
waveguide) in Figure 3.19, for the case of a 10 um sading resonator with a
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waveguide width of 500 nm and a height of 220 nm with aa®0slab. This example
assumes that the ring is critically coupled and absorptiondaks®inate scattering loss.

In this situation no optical power exits down the bus wavegait# all absorption
generates free carriers within the ring waveguide.

Figure 3.19 | A model of the blue-shift versus optal power in the bus waveguide for
a a 10 um radius critically coupled ring resonator.The wavelength is 1550 nm and
the p-n junction width is 1.5 pum.

Such a wavelength shift is detrimental to detector operatioih \@euld introduce
variation in the sensitivity of the detector. This effect wad abservable with
continuous-wave measurements. This may be due to a cactitig thermal shift which
masks the blue-shift during continuous-wave measuremehts. €ffect is evident at
high-speed operation due to the difference in time con&iathe thermo-optic and free

carrier effects in silicon. We thus describe the high-speedification of the resonance
point through:

0.8
dn/ _ _
D/ o / Oz_m 8.8 1022M+ 85 101 __RW (3.21)
ngdnSi ng Ephot2 Vsat ngEphoz Vsat
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3.3.7 The shift in the imaginary index

As we have seen, the modulation of the real part of élraative index due to the
presence of carriers can negatively impact resonant dete¢tie imaginary part of the
refractive index will also change, and any change of the \athin a resonator will
change the build-up factor of the device. The build-upofaicifluences the responsivity,

so this is an important consideration.

Following the example describe above, we can use the ®ssgion [10] which

describes the change in optical absorption due to the jpeeséfree carriers,
Da =[8.5"10"DN_+ 6" 10'DN, ] (3.22)

An optical power level of 1 mW within the bus waveguide ofiically coupled all-pass
resonator would lead to an increase imf 0.12 cn in the silicon. Typical intrinsic
waveguide loss close to 3 dB/cm, or 0.69 cn, and resonant detectors in this chapter
show loss several times higher than this. The impact dlaaging loss on the build-up
factor for an all-pass ring resonator is given by theagon

2 (1- tz)a2

) 1+ (ta)2 - 2tacoqd) ’ (3-23)

Iy
I,

Es
El

where & is the single round trip amplitude transmission, given @&y € . On
resonance, we can plot this relation for different valugbetransmission coefficient ,
shown in Figure 3.20. For a 10 um radius ring an iner@as of 0.12 would reduce the
value of @’ by 0.01. This may have a significant impact in the limitiagecoft = 0.99.
However the loss of an implanted ring is several times hittaer intrinsic waveguide
loss (as seen from the earlier passive resonator resuaning thatd’ values close to 1
(and t' values) are generally not achieved in this type of regatetactor. This rules out
the steepest part of the curve in Figure 3.20, ensursmadl reduction in the build-up

factor due to carrier concentration changes. As a remitiusrcalculation assumes bias
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sufficient for carrier saturation velocity. In the case ofhias the resulting free carrier

concentration would be much higher.

Figure 3.20 | The build-up factor of a ring resonatr versus the attenuation
coefficient.

Beyond the modifications due to free carrier concentratittrergghenomenon could
influence the build-up factor. These include two-photorogii®n, and potentially the

saturation of lattice defects.

3.4 Summary

This chapter introduced a study of defects in SOI wavegredonators, followed by
characterization of microring and microdisk resonator detecto

The study of ion implantation in SOl waveguide resonatorgmeted the refractive
index shift associated with the introduction of lattice defect® fdsulting shift was
larger for defects than an equivalent concentration of ¢eeeiers. This process is a
potential method for post-fabrication ‘trimming’ of resonanvides. Defects can be

easily incorporated through ion implantation and removed viatdeannealing.
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The frequency response of microring resonators wieagacterized. Both the small
signal response and large signal response was recofde results showed lower
bandwidth than expected. Possible limitations included:R@elimit, photon lifetime
limit, carrier transit time and defect lifetime. However all of thesnsiderations can be
eliminated as similar defect based detectors have shown efadsigtion at higher speeds
as results in chapter 4 of this thesis will demonstrate. Theorimg is thought to be

limited by resonance instability.

The bandwidth limitation was explored in more detail with reduttsn a microdisk
photodetector. The microdisks possess a highethan the microring and therefore
demonstrate greater resonance instabilities. Based on tbevatiens of the microdisk, a
simple model was suggested for carrier induced refraatidex shift and subsequent
instability in resonant detectors. The model shows that a isigmifresonance shift can
accompany absorption, thus impacting the photocurrent respdhe changing refractive
index poses a challenge for a resonant detector operdtihgyla power. Due to the
extreme sensitivity of the devices they are likely not suitable Hah-speed

photodetection where dynamic operating points are required.

Low power detection is a potential niche for these deteatthe issues of resonance
stability are avoided and the ring characteristics can be ieegblas a highly responsive
low power detector in sensing applications. The resonarttsteuprovides a build-up of
optical power within the ring, and the photodiode itself can featly shortened thus

reducing the dark current.

In summary, the resonant detectors presented in thisecHzgpte several strengths: a
compact footprint, low dark current, enhanced responsivitiesonance and optical filter
functionality. These benefits mean there is potential use somest detectors in lower
power sensing applications, such as spectroscopy oclasnael monitor combined with
an optical filter. However they are less suitable for highespdata transfer as they suffer

from instabilities.
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Chapter 4  Avalanche High-Speed

Photodetectors

Overview

In the previous chapter the limitations of resonant enhaneedtdrs were discussed.
The dominant result was that resonant instabilities interfere wgtndpeed operation.
This chapter will describe non-resonant detectors operatitigeiavalanche regime with
results presented for both high-speed and continuous-egeration. The detector design
has similarities with the ring resonator detectors in chapter Bistlago-i-n junction on a
sub-micron silicon-on-insulator (SOI) rib waveguide with implantation of the intrinsic

region to introduce lattice defects for enhanced absorption.

There are multiple design iterations described in this thesi, febricated through
multi-project wafers, facilitated by CMC Microsystems. Thisrapph offered excellent
fabrication quality and volume which was not achievable otiserwHowever the
relatively long design and fabrication cycle (> 6 months) limiteel total number of
fabrication runs over the course of the PhD work. Syioset experimental results will be
presented in chronological order with the focus being opeadtispeed. Reports on
continuous-wave (or steady-state) characterization will no¢peated for each device set

because the results are not wholly different between fabmcatits.

The first section of this chapter will discuss devices whichevabricated at CEA-
LETI in Grenoble, France, followed by devices fabricateld/c A*STAR in Singapore.

The results reported in this chapter have formed the bdstheoresearch journal

publication:

Ackert, J.J.et al. 10 Gbps silicon waveguide-integrated infrared avalanchégiuale.
Opt. Expres®1(17) 19530-19537 (2013).
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4.1 LETI devices

4.1.1 Design and fabrication

Detectors were fabricated at CEA-LETI with their 193 nm ddépviolet
lithography process on SOI wafers with a top silicon thickmés220 nm and a buried
oxide layer thickness of 2 um. The silicon waveguides werated from a 170 nm etch,
leaving a silicon slab height of 50 nm. A 1 um thick oxide layas deposited over the
waveguides to isolate them from an Al/Cu metal contact lay@morBand phosphorous
ion implantations at a dose of 2 x*4@m? formed the diodes. To allow for absorption in
the infrared, ion implantation was used to create deep-lesfdcid. A variety of
implantation conditions and annealing temperatures were pedowa post-fabrication
implantation. In these cases, photolithography at McMaster weasl to create a

photoresist mask prior to selective ion implantation.

The photodiodes were incorporated onto waveguides with @ wid500 nm which
had doped regions situated 500 nm from the waveguide asildéMre detector lengths
ranged from 200 to 800 um. Figure 4.1 is a schematisscsection of the detector.
Shallow-etch grating couplers were designed to facilitate TemssyElectric mode
coupling at a wavelength of 1550 nm. Such couplers baea previously characterized

in the results of chapter 3 and provide a total loss froer fib fiber of 15 dB.
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Figure 4.1 A schematic cros-section of the LETI detector with dimensions showi
in nanometers (not to scale

4.1.2 Continuou-wave characterization

The detectors show a high responsivity in the ackla regime, in Figur4.2 the
curren-voltage (IV) characteristic is shown for a 600 um long photodiothe optica
power coupled to the waveguide was estimated 208guW, giving a responsivity 4.7
A/W at 40 \ reverse bie. To maintain reasonable dark current levof less than a fe\
microamps a likely operating point of 30 V would be chosen wh#re responsivity i
1.5A/W. Optical loss il the photodiode’sabsorption region was 86 dB/cm, although

value is dependent on the implant dose and spexifiealing treatmel
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Figure 4.2 Current versus reverse bias voltage for a 600 um long photodiod®@in
the LETI fabrication run.

High responsivity is an important considerationaimy photodetectoias i< a linear
respons with optical powe. For instance, an ide photodetector would maintaithe
same responsivity across a large range of inc optica power. Saturation or n-linear
optical effects can influence the response, whian occur with relatively mode

coupled power levels because of the extremely stnadls section of the waveide.

A 200 um long photodetector was measured with warigvel of optical input powe
The laser power was reduced usingintegratedoptical attenuator built into the Agile
81640A tunable laser. Figu4.2 shows the photodiode current as a functif estimatec
waveguide coupled power. The photocurrent showsaltibehaviou from -30 dBm to &
dBm, demonstrating that the detector can be uskfulboth high and low powe

applications
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Figure 4.3 | The photodiode current as a functionfdaunched power for a 200 um
long photodiode (LETI) with a reverse bias voltagef 40 V. Upon subtracting the
dark current of 3.5 YA, linear operation is seen fom -30 to 3.5 dBm. An estimated 7
dBm is lost to coupling.

4.1.3 Temperature response

The variation in performance as a function of ambient teatpes for photodetectors
(and indeed any integrated device) dictates the operatippbtaion. In the case of the
current devices this is further complicated because thenssjity of defect mediated
detectors is dependent on a relatively low post-processaling temperature. The
defects introduced from ion implantation can be removeadmperatures less than 300
°C, as described in the previous chapter of this thesis.

The detectors were exposed to temperatures up to 27&n@Cthe photocurrent
response was measured together with the change in opieal fransmitted. Figure 4.4
shows the photocurrent and optical loss versus temperatuag 800 pum long device at
40 V reverse bias. The annealing steps were done in jgiterds conditions for 5 minutes
at each temperature. In between annealing steps the sawgrescharacterized. The
necessity to remove the chip from the optical setup foraimgeat each step introduced
random alignment error. However a clear trend is seetheatemperature increases the

photocurrent response increases. Above 300 °C aidropsponse was observed (not
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shown); thus the experiment did provide a guide to an opposi-process annealing. It
is noteworthy that previous devices have had defect stdieh Wwave annealed out at
lower temperatures. This particular sample received a silmplant with an energy of 1

MeV and a dosage of 1.4 xf@m?>.

Figure 4.4 | The annealing response of an 800 um TEdetector at 40 V reverse bias.
The photocurrent and transmitted optical power is epresented after various
annealing temperatures. Each annealing step was 5imates in air at the specified
temperature. The implantation used silicon at an eergy of 1 MeV and a dosage of

1.4 x 162 cm™?

The temperature limitations imposed by defect annealing will imigpectabrication
of a larger photonic integrated circuit using this detectoe. ddnsequence is that the ion
implantation step which introduces the lattice defects must be after dopant activation

and metallization processes, as these processes requisrdtumgs in excess of 400 °C.

The temperature response of an operating device wasiralestigated using a
temperature controller and a thermoelectric cooler mountddnvwitie sample stage. The
temperature was adjusted from 20 to 70 °C, the upper liniitewable with this
thermoelectric cooler, and the current-voltage charactemsie measured. Figure 4.5

shows the photocurrent response with temperature foremseebias of 35 V and 10 V.
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With increasing temperature the device showed asing photocurrent, as well as

exfected increase in dark curre

Figure 4.5 The photocurrent of a 200 um long photodiod (LETI) with varying
environmental temperature and reverse bias of 35 V and 10

The temperatureespons is somewhaunexpecte for an avalanche detector, whe
in the general case increasing the temperature refllice the gain and subseqt
photocurent. With a higher temperatu free carriers are more likely to undergo pho
scattering. The higher chance of scattering mehast that ionizing collisions are le
likely to occur, as the phonon scattering exis energy from the carriers. This std
reduce the gain of the diode for a specific applieltage.However hese detectors shc
an increase in photocurrent with tempere which is of similar margin for both low ar
high bias. The increa s attributed to a more efficient def mediate excitation proces,
as is present at 10 V when there is little avalargdin.

This respons«demonstrates that the photodiode be operated in substantiarange

of ambien temperatur¢a necessary property in data communica

4.1.4Wavelength depeidence

The wavelengthdependenc of the detector was measurwithin the operating
limitations of the grating couplers (approximately 100 . Figure 4.€ shows the

transmitted optical power versus wavelength, ptb&ongside the photocurrent ver:

10z



Ph.D. Thesi Jason Ackert McMaster Univer— Engineering Physi

wavelength, both in arbitrary units normalized to thelpaeavelength valuclose t« 1565
nm. The optical spectrum represents the wavelesgthsitivity of the two gratin
couplers (input and output). The waveguidself has a wavelength depenc loss,
however over this range it is assumed to be smatbmparison to the influence of t

grating coupler:

The response of the detectc representative of the optir transmittel power, taking
into account light entering the detec only passs through one wavelength sensiti
grating coupler. This indicates ththere is no significant featt in the detector’
response spectrum in the important telecommunieaC band, and sections of tISand
L bants. We can infer from this pt, and the absgption plots of [1, that the
photodetector can operaover a wide wavelength regio(in contrast to competin
technologies such as those based upon germaniuegramibn). In chapter 6

demonstration aresponse beyond wavelength<s2 pm will be repored

Figure 4.6 The photocurrent versus wavelength for a defect implante
photodetector (blue) and the transmitted optical powertirough the photodetector
waveguide (red) The profile for the transmitted power falls off more rapidly as it

passes througl two wavelengtt-sensitive grating couplers
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4.1.5High-speed results

The detectors were measurat high speed in collaboration witlresearchers
Queen’s Universit, Kingston, Canac. The small signal frequency response of the de
was determine using a lightwave network analyzer (LNA) rated 20 GHz anc
operating at 1550 nm. A sou-measure ur (Keithley 2400 and a 20 GHz bias tee we
used to apply a bias voltage and measure the ploémt. For large signal measureme
a pulse patterigenerator (PPG) driving an opticmodulator followed by an erbit-
doped fiber amplifier was used to generate a 1Q/$bptical no-returr-to-zero or-off
keying signal incident on the photodiode. An eqglaaatime sampling oscilloscope w
subsequenthused to measure the ediagran of the generated photocurre Figure 4.7

is a block diagram of the hi-speed characterization sef

Figure 4.7| A block diagram of the higk-speed characterization setup for LETI
photodiodes. Small signal measurementssed the LNA while eye diagrams wer:
taken with the PPG and oscilloscop

The devices were found to operate with an opendiggram at 10 Gbit/<Showr in
Figure 4.8 are eye diagrams for both a 200 um and 800 um eeVithile the 800 pr
device shows a laer signal(as expecte), the general characteristic of the eyes

similar, with a fall time of approximately 60
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Figure 4.8 | A comparison of 10 Gbit/s eye diagramsetween an 800 um and a 200
pm long detector (LETI), with otherwise identical @nfiguration. The timescale is 30
ps/division. The vertical scale is 3.7 mV/div forhie plot 200 pm device, and 8.2
mV/div for the 800 pm device.

Small signal measurements were also carried out with the Eigfire 4.9 shows the
normalized response versus frequency for three devigghle, 200, 600 and 800 pm. The
result shows again that the performance is similar. In fac2@® pum device shows the
smallest bandwidth but this is attributed to measurement difficultiethis detector as

opposed to the true response.
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Figure 4.9 The normalized frequency response of three LETI detectarof length
200, 600 and 800 um operating at a reverse hias of 20

The effect of operation voltag on device performancwas alsostudied. This car
impac behaviour in twoways (1) variation in carrier transit timewith an inadequat
electric field the excited carriers are not swagta the absorption region before the n
light pulse arrive); (2) variation inavalanche multiplication. As the voltage increabex
multiplication factor increases, eventually limginhe bandwidth of the detector as

avalanche process takes some time to end aftéigthieulse has been absork

A 10 Ghit/sbit pattern was recorded for a 200 um device arsthdsvn inFigure 4.1C
for three differenreverse bias conditio. Included in the figure are twplots: A) is the
original data for 25, 30 and 35 V, whil¢§) shows the same data but with the 25 and :
traces linearly scaled to match the amplitude of3kev trace. After scaling it can |
clearly seen thathe bit pattern of the device remaiconstant for each bias condit.
Measurement forower biase was not possible due to the reduaesponsivitywhich

was insufficient for measureme

10¢€



Ph.D. Thesi Jason Ackert McMaster Univer— Engineering Physi

Figure 4.10 |Measured waveforms for a 200 um long device for reverse biag25, 30
and 35 V. The upper figure shows the original measured wavefns for a 10 Gbit/s
signal. In the lower plot, the traces were linerly scaled.

This result shows that the frequency response thamged between 25 and 35
which indicates that the carrier transit time hasrbminimized. This alsshows that th

avalanche gain has detrimental effecup to a reverse bias of 3t.

Moving beyond 35 V a decline in the frequency respamas observed. The device
Figure 4.1C was not recorded with a bit pattern at 40 V, howesmall signa
measurements of a 600 pm detector were tal a reverse bias ¢35 and 40 V. At 40 \

there isa noticeable drop performance, which is shown Figure 4.1. At 35 V the &
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dB bandwidth is2 GHz while at 40 V it is reduced to 0. GHz. This reduction i
attributed to the gain limitation on the responsectiofi the detect:

Figure 4.11| The normalized frequency response for a 600 um long detec (LETI )
with a reverse bias of 35 and 40 V. At 40 V a degradation in ¢hresponse is see
which is attributed to avalanche multiplication.

Given tha the operating point of such a device wollikely be below 35 V tc

maintain a reasonable dark cur, this was deemed to be a very encouraging r

4.1.6 Bandwidth limiting factors

The capacitance ca range c devices was measured to determine the operal
speed limit. InFigure 4.1Z the cipacitance of several device lengare plotted. The 80
pm long detector had a capacitance of 1300 fFablitear fit results in a n-zeroy-
intercept value. This residual value was not olesgtim other capacitance measurem
using the same experiintal configuration, so it remains uncertain as teether it was

measurement inaccuracy or related to the devieH.
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Figure 4.12 | The capacitance of the LETI photodettors for multiple device lengths.

We can then calculate tiRC limited bandwidth which is given by

fo=_ L
3dB 20RC’

The resistance is not directly measured, but if we assumeglagible resistance from the

(4.1)

doped silicon and take the load resistance value of,58en the limitation imposed by a
capacitance of 1300 fF for the 800 um long device4d Z5Hz. This is consistent with

the observed results from Figure 4.9, and therefore thky ldpeed limitation.

4.2 Devices fabricated at IME*ASTAR (Singapore)

Overview

Following the promising results from the LETI detectors, aifation run atiME
A*STAR Singapore included both resonant and non-resonatectors. While the
resonant photodiodes did not yield significantly different resadisthose reported in

chapter 3, improvements were seen in the non-resonamtedecompared to those
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reported abo\. As this was the first of three fabrication run$ME A*STAR reported in
this thesis, the devices in this section will beeléed IME #..

4.2.1Fabrication

The devices were fabricateusing the 248 nm optical lithography platform. 1
waveguides were 500 nm wide and formed in a 22Gmok layer of silicon over 2 pr
of buried oxide. Boron and phosphorous implanthé&50 nm thick slakegion formed ¢
p-i-n junction. The doped regions were separated 500rom the waveguide sidew:
Pos-IME fabrication was performed in order to introduceedésd into the waveguic
region. The lithography was performed at McMaster Univgrsihd the deices were
implanted at the University of Western Ontario. Tesults presented here are for a bc
implaniatior dose of 1x1* cm* with an energy of 1050 keV and annealed :
temperature of 200 °C for 5 minutes in ambien. The propagation loss of this sam
was measured to be 83 dB/cm. A schematic diagrartneofdetector cross section

shown inFigure4.1<.

Figure 4.13| A schematic cros-section of the IME #1 photodetector. Dimensions ar
shown in nanometers (not tcscale)

4.2.2 Continuou-wave results

Continuou-wave results were generally similar to those seen fer tETI device

described in section ¢, with observecdifferences attributed to the varying implantat
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and annealing conditions. Figure 4.1<.athe currer-voltage characteristic is shown 1
a 1 mm long photodiode with an estimated wavegugioigled power o-7 dBm at ¢
wavelength of 1565 nm. The estimatexternal responsivit (based on waveguic
coupled powe at 35 V is 5 A/W, with a dark currt of 4 pA. In Figure 4.14L the
temperature response of the device is shown frofC20 70 °C at a reverse bias of 30
The photocurrent nearly doub across this temperature ra, while the dark currer

increases from approximately 1 pA to 10

Figure 4.14 Current measurements for a 1 mm long photodiode (IME #1) A
Current versus reverse bias voltage at 20 °C. B) Current veus tempeerature at 30 V
reverse bias

4.2.3High-speed results

The devices were measured at Queen’s Universith witsimiar experimenta
configuratior as describe in section 4.1.. An additiona measuremenincluded wa a
bit-error ratctes (BERT). A BERT conpares the output signal fron pattern generat
to the received signal from t photodetectc, providing a quantitative analysis of t
detector’s performance. The BE systen lacked the sensitivity of the oscilloscope
thus required the use of a transimpedance amp{ifigx). We employed a Micram TI-
56, rated for operation at 56 Gls. Figue 4.1t shows the shematic diagram of the te

seup. Smal-signal frequency response measurements were atseo,tavith the sam
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experimental setudescribed in section 4... This simply requires the LNA to repla
the PPG and BERT, and the removal « TIA.

Figure 4.15 A block diagram of the experimental setup for bit error ratetests for
the IME #1 detector,

The small signal frequency response was recorda@ reverse bias ¢35 V and is
shown inFigure 4.1€. A 3 dB bandwidth 03.25 GH: is seer a smallincreas over the
previoudy describe LETI chips considering the increased length of 1 mm versus.8t.

Figure 4.16| The smal-signal frequency response of a 1 mm photodio((IME#1).
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The eye diagram of the device can be seen in Figure 8Haivn on the left is the
case without the TIA in use. Shown on the right is the dewitie the TIA (as required
for the BER measurement). With the use of the TIA thediggram appears much more
open or square. The TIA contains a limiting amplifier, thuanging the relative shape of

the eye by bounding the output voltage.

Figure 4.17 | Eye diagrams for a 1 mm long detectdtME#1). Left — The
unamplified signal. Right- The signal with the trarsimpedance amplifier used. The
voltage amplitude scale with the TIA was 70 mV/divwithout the TIA it is 8.2
mV/div. The time scale is 30 ps.

A BER measurement was performed for a 1 mm long detebhe results are shown
in Figure 4.18 for a reverse bias of 25, 30 and 33h& BER is shown as a function of
waveguide coupled average power. This power estimatebassd on transmission
measurements which included the entry coupler, wavegwetectdr and exit coupler.
The assumption of equal loss for entry and exit couples wade. Error-free operation
is accomplished for all three bias levels, with the requirgtagpower level decreasing
with increasing bias. At 35 V reverse bias and -10 dBsweguide coupled power, the

detector is operating with a bit-error rate better than 1°%.10
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Figure 4.18 | Bit-error rate at 10 Gbit/s versus waeguide coupled power for a 1 mm
IME #1 device at three levels of reverse bias.

These are significant results as they demonstrate the low poisatial of the
detectors into the avalanche regime at a reverse bias \éf B6r an optical receiver, a
sensitivity metric is defined by the minimum power at which refmee operation is
observed. Error-free is often defined with a bit-errde fiaetter than 1 error per terabit
(BER < 10"). However Forward Error Correction (FEC) methods faleva means for
data links to accommodate higher bit-error rates and tmgidm with a lower received
optical power. The penalty for these error checking schama reduction in data rate,
called ‘overhead’ [2]. Many fiber optic systems employadverhead, where a sequence
of bits is translated into a coded sequence 7% longer tleaoritfinal. For example, the
RS(255, 239) code, where 255 coded bits represemragifial bits, communication with
a BER less than 16 requires an original uncoded BER less thafi. 10
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Commercially available avalanche photodiode receivers operaiefree below -20
dBm, suggesting a performance gap between the curregtdted detector and discrete
[11-V semiconductor solutions. The device presented fsenet fully optimized and more
sensitivity may yet be found with different defect concentratiamr waveguide
configurations. Furthermore the TIA used in this case wadrém optimal as it was
externally packaged commercial product and not optimizedtHfer photodiode. The
bandwidth of the TIA (56 Ghit/s) greatly exceeded the dewvjeration speed, which

serves to unnecessarily amplify high frequency noise prasé¢he system [3].

Due to the excellent 10 Gbit/s performance, the detectorsulasequently measured
at higher bit-rates. Figure 4.19 shows a 14 and 20 Gly@/slgram, both taken using
the TIA. The 20 Ghit/s eye is significantly degraded, althaihghl4 Gbit/s eye appears

largely open.

Figure 4.19 | Eye diagrams for a 1 mm long photodie (IME#1) reverse biased at 35
V. A) 14 Gbit/s B) 20 Gbit/s.

These results lead us into the possible bandwidth limitatiorfseodievice. It is clear
the performance was increased over the LETI devicewithed above. This improvement
is attributed to a reduceBC time constant. Capacitance measurements showed an
improvement with 1 mm devices showing less than 300 flactor of 4 reduction
compared to the LETI devices. Since the detector wasnafar design, with regard to

the p-i-n junction and defect concentration, this lowered capacitanpetentially due to
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the metal contact design as the metal in the LETI device ed\agproximately 4 X more

surface area.

With this lowered capacitance much faster device operationt imnéyle been expected.
Multiple samples with varying implantation dose, and resultinggeae€oncentration,
were measured but no discernible operation speed differesas observed. It is likely
that the devices were limited by tR&C time constant, but is this due to an increased

resistance rather than capacitance?

A fabrication issue with the metal contacting the silicon within tlag imave led to
higher than expected resistance. The oxide etch which ebtablise metal vias was too
deep and extended through the thin silicon slab. A corrpetfprmed etch would stop at
the silicon layer, allowing the deposited metal to contact a waida of silicon. In this
case, the wide contact area was etched through, leaviregdgfgeof the silicon slab the
only contact area. Thus the total contact area of the matalith the silicon was much
lower than anticipated, potentially increasing this contact resistame@lues which
would limit the device operation speed. Typical metal-silicontact resistance values
from the foundry cannot be disclosed but with this low contaea such contact
resistance could be significant relative to the load resistain6@ . Figure 4.20 shows
SEM images of device cross-sections taken with a focuseldeam (FIB) tool, the metal

layer can be seen to extend below the silicon slab layer.
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Figure 4.20| Scanning electron microscope imagesf cross sections cut with a FIB
A) an overview of the device, showing the trench cut acredse directional coupller of
the ring resonator. B) A magnified view of the directional oapler regior (light
propagation perpendicular to the cros-section. Visible to the right is the overetct
of the silicon via, where the deposited metal is seen totexdebelow the silicon slak
region.

A second uncertainty in regards to resistanceasstlicon slab thickness. While t
designed thickness was 50 nm in each process variability introducing a deeper €
could increase resistar. The slab is visible in the cross sectionsFigure 4.2(, and a
close-up image in Figure 4.2.The thicknes appears to be less than 50 nmthis alone
is not a reliable indicatcdue to the low image quality at the silicon intedawith the
oxide. The oxide is a n-conducting material, allowing charge to build upl asreate
distortions in the image. The sample surface wasecbwith a conducting material whi
allows for high gality imaging of the oxide clad surface, but thess section area w
not. Furthermore secondary electron imaging wasl,uaed at the edge of a mate
emission rates are increased, leading to a distamage [4, 5]. These effects contrib

to the ack of definition of the interface between thecsiti and silicon dioxid
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Figure 4.21 | An SEM image of a waveguide directi@ coupler from a ring
resonator (IME#1).

If these potential sources of increased resistance wegee tlaen it would be expected
to be observed in the forward bias current of the photedyed comparisons of the IME
#1 device show little difference from other samples. Thisesai&/o possibilities which
are not accounted for. First, the over-etch shown in Figu2® may not have been
uniform across the wafer and secondly, inconsistency imitjie speed characterization
setup. The experimental setup was not identical for eacicedeun, and devices from
each run were not directly compared simultaneously. Theseems are less relevant

considering the results presented later in this thesis.

4.3 Summary

This chapter presented experimental results for two setatnche photodiode
devices; fabricated at LETI (Grenoble, France) and IMESPAR (Singapore). These
devices make use of an SOI waveguide using a horizotitaldetector geometry and ion

implantation to introduce lattice defects which enhance absorption.
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Both detectors demonstrated similar continuous-wave resultsresponsivity of up
to 5 A/W, and sensitivity to temperature. The photoresponiewked previously
observed trends of defect concentration [6] where temtyer exposure above 300 °C
permanently reduces detector effectiveness. Measurewifetiits devices operating up to
70 °C demonstrated that the photocurrent is enhanced witased temperature, which

is important for communications applications.

The photodiodes were characterized at high speed, witih-fege operation at 10
Ghbit/s achieved for the IME devices. Bit-error rate measargs were not carried out for
the LETI devices, but from eye diagram measurements ie& ¢the IME #1 devices
showed higher performance. Comparisons of the highdspesults indicate that the
bandwidth limitations are not related to the lattice defects, catramsit time or
avalanche multiplication. Both devices are limited by th@ time constant, with the
LETI devices showing a relatively high capacitance andNte #1 devices potentially

suffering from a high resistance due to a fabrication error

Regardless of the difficulties, the benchmark of 10 Gbit/s @essive for a silicon
photodiode and thRC limitations indicate that better performance is achievable,as se
later in this thesis. The next chapter will present results &iacond fabrication run at
IME A*STAR.
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Chapter 5 Photodetection with SiI/SIQ

Surface States

Overview

Following the successful testing of the IME #1 devices thwex® an opportunity for a
second fabrication run at IME A*STAR. This IME #2 layouasmo have a focus on non-

resonant detectors, of which two variations will be presentéus chapter:

1) A photodetector which does not use an ion implantationtstepeate lattice defects,
but operates via optical absorption using surface defaunig #he waveguide edge. At the
interface of the silicon and the silicon dioxide cladding, defeetsessarily arise due to
unsatisfied bonds. These surface-state defects weredmsonstrated for photodetection
by Baehr-Jonest al. [1] with a silicon waveguide contacted with metal through narrow
silicon wings. While the work demonstrated the concept it \aadrébm an optimized
structure. This thesis reports improvement over that firsitresth modifications to the
device geometry. This involvespmai-n junction implemented on a rib waveguide, and a
selective oxide etch over the waveguide region in order V@ ldee surface unpassivated.
This oxide etch step is shown to increase the response phtitodetector, while thzi-

n junction enables high-speed operation at low bias;

2) Avalanche photodetectors similar to those describethenprevious chapter that
employed ion implantation to create lattice defects. These dealiogsfor a comparison
of detectors with and without bulk lattice defects (i.e. detecttnare bulk defects are
present and those where surface-states alone mediate gtkeotamh). The high-speed

operation is not significantly degraded due to the presdrudlolattice defects.

The results reported in this chapter have formed the bédiseofollowing research

journal publication.

121



Ph.D. Thesis Jason Ackert McMaster University — Engineering Physics

Ackert, J.J.et al. Monolithic silicon waveguide photodiode utilizing surface-state
absorption and operating at 10 Gléqt. Expres22(9)10710-10715 (2014).

5.1 Fabrication & Measurement

The devices were fabricated at IME A*STAR using their 248 UV lithography
platform. The SOI rib waveguides were nominally 500 nm vadd 220 nm in height
over a 2 um thick buried oxide. The remaining silicon slgoorewas 90 nm thick. Light
was coupled to the waveguides with grating couplers defigeal 70 nm deep etch. lon
implantation of boron and phosphorous formed doped regimp-i-n junction, with a
target concentration for each dopant of 8 X&67>. A top oxide layer was deposited and
subsequently contact vias formed, with contact to the siliconemwth aluminium.
Following the metallization process, a selective oxide etch a@ed out above thg-i-n
region. The oxide was etched in order to expose the silgumface, leaving it
unpassivated. In Figure 5.1, scanning electron microscopges can be seen of the
device. Figure 5.1.a shows a top view of the waveguideeteched region, while Figure

5.1.b shows a cross section view of a cut made usioguséd ion beam tool.
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Figure 5.1 Scanning electron microscope images of t IME #2 photodetector A) A
plan view of thechip with three detectors visibl¢ B) Increased magnification from a
single detecto C) A cross-section of the photodetectoD) The cros«-section with
higher magnification.

The selectiveoxide etch was a significant improvement in the process flow ove
previous iteratior, as the sampleno longer required a photoresist mask pto pos-
IME ion implantatiol in the case of the need for bulk defect forme. Furthermore th
energies required for implantaticcan be defined . much lower due to thshalower
penetration depth required. ‘s oxide windowfeature allowed for two distinct types
detector, an avalanche detector operating from deficts due tion implantation, and
surfacestate detector which received no implant. Both atets are formed from tr
same structure, the face state detector as fabricated, anc avalanche detect:

receiving a po-IME ion implantation ste in order to introduce lattice defe.
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The devicelayout containe a number ¢ variations, including waveguide width a
dopant separation from the veguide sidewall. Subsequly, devicesdescribecin this
chapter will be labeled by their waveguide widtld atopant separation in nhanomet
For example, a 10100 device would indicate a 1000 nm waveguide widihh a
dopant separation from the wavide sidewall of 100 nr A schematic diagram of tt

photcdetector cros-sectior is shown in Figure 5.

Figure 5.2 |A cross-sectional diagram of the surfac-state photodetector (IME #2).

The detectors were characterized with a similaregrpental setufas the IME #
device: describe in chapter 4. A tuneable laser was used at a wagtieof 1530 nm
corresponding to the maximum coupled power for tieatings. Eye diagral
measurements required several components includmgeEDFA and a bit pattel
generitor (BPG) operating at 10 Gbit/s. A 20 GHz biasadewed fo a large¢ bias to the
detector withouioverloadin( the oscilloscope. A 40 GHz rated RF probe madeaod
with the device while a 45 GHz RF amplifier boostkd signal prior to the oscilloscc.

A block diagran of this experimental set is shown below itFigure5.3.
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Figure 5.3 A block diagram of the experimental setup for eye diagran
measurements

5.2 Surface-state detector:

5.2.1 Continuous-wave results

The detectorrelying on surfac-stete mediatiorwere characterized as fabrice by
IME, without undergoing an extra ion implantation stdjpe oxide opening creat
during fabrication left an area of exposed silicamlike the previous iterations
detectors. This exposed silicthas a thin layer of native oxide after exposure to
leaving it poorly passivated. This resulted in @age optica absorption versus
detector that did not ha the thicl claddingoxide removec

The currer-voltage characteristic for a 2 mm long deviceshown inFigure 5.7,
where the estimated waveguide coupled power is| 220 Theexternalresponsivity o
the detector at 25 V is 0.09 A/W, and at 2 V iDi®45 A/W.While this responsivity i
low compared with bulk defect photodetectors, titernal qunturr efficiency is not. The
surface-state devices have a loss of just 6 1 dB/cm. Kkample, with 220 uW ¢
waveguide coupled power a 2 mm long photodiode @ablsorb 53 pW. This produc
20 pA of photocurrent, and results in internal responsivity of 0.37 A/W at 25 \

equivalent to an internal quantum efficiency of 3@ The detector also compal
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favourably to earlier work on surfe-state detectors. Those reported by B-Joneset al
[1] showecjusi 0.036 A/W a 11 V for a 1.5 mmong device. The difference is attribui
to a higher level of recombination in the Be-Jones device, where the design inclu

thin silicon arms several microns long in whichrarrecombination would occt

The largeimpad of the oxide removal is deonstrated irFigure 5.4. Control device:
that did not receive the oxide removal step weiatterized. The control devicwere
fabricated in the same IMA*STAR platform and had nornally identical waveguid
width and doping separation, however theye 1 mm in length instead of 2 mm. Thu
control devices have a reduction in photocurrentapproximately two orders
magnitude when compared to the device with theexanoval step. Furthermore, di
current is also lower in the control device, as surface remains passiva. The
differences between these two devices clearly shbe beneficial effect of th
unpassivated siliccin terms of photodetecti. The impact ocoxide removaresults fromr
the initially unsatisified bonds at the silicon sice reacdng with ambientoxygen anc

forming a low quality, native oxic.

Figure 54 | Photodiode current versus reversibias voltage for a 2 mm surfac-state

photodetector and a 1 mm lonccontrol devicelacking the oxide opening step. Thi

unpassivated surface due to the oxide opening enhances tlespons of the surface-
state devict.
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5.2.2 Optical power linearity

Linear operatior(i.e. a linear response in photocurrent as a fanadf optical power
is desire: for photodetectol in genera In the case of the monolithic detectors descr
here, verification of linear behaviour also rulag twc-photon absorption (a n-linear
phenomenon) [2] as the dominant absorption meci. The optical power linearity as
investigated using an erbil-dopedfiber amplifier, set to a fixed gain, ara variable
fiber optic attenuator. Figure5 plots the photocurrent response for varying lewsl
optical power couplednto the chip, with linear response observed overrteasure(
range. Linear operaticis observe in agreement with the result of Ba-Joneset al [1].
It indicates that tw-photon absorption is not significant and therefsueface states a

thedominan cause of the optical absorption

Figure 5.5 | Photodiode current versus waveguide coupled optical paw for a 2 mm
long photodiode. The current is shown for a reverse bias oENsand 2 V, a linear
response is seen across the measured range if dark curresitsubtracted
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5.2.3 High-speed results

The high-speed response of the surface-state detecasrolserved using &2
PRBS on-off keying signal. An oscilloscope was usedd¢orteeye diagrams at 10 Gbit/s
which are shown in Figure 5.6. In Figure 5.6.a, a 2 loimg detector is shown operating
at a reverse bias of 10 V, while in Figure 5.6.b the sdewce is shown operating at a
reverse bias of 2 V. The rise and fall time is approximaé&lyps, and there is no

significant change in this value upon increasing the revéasevbltage.

Figure 5.6 | 10 Gbit/s eye diagrams of a 2 mm lorayrface-state photodiode. A) 10 V
reverse bias B) 2 V reverse bias.

The high-speed operation achieved here exceeds thateoBdkhr-Jones device,
which showed a small-signal bandwidth of 1.7 GHz. ThehBdenes device used silicon
wire waveguides and metal to silicon contacts without the tisemng. Consequently
the metal contacts were placed several microns away frenvakieguide to avoid optical
absorption, leaving carriers to travel several microns thrdho undoped silicon arms
before extraction. In contrast, the device reported heze asrib waveguide anghi-n
junction, reducing the carrier travel distance to 1 um (theegaide width plus the
doping separation). This structure allows for fast operatitima reverse bias of just 2 V.
Operating without the need for an external high voltage spuncestep-up voltage
converter would simplify the power design of a photonic ahiggnable integration into a

low voltage CMOS environment.
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5.3 Bulk defects versus surface-state defects

5.3.1 Comparison of continuous-wave results

We now discuss the merits of the surface-state detectsussardetector utilizing bulk
defects introduced using ion implantation. Most importantly,ehe® detectors operate
optimally in different bias regimes. The bulk defect detecthmswsa strong avalanche
effect at high bias, but a small photocurrent at low biasafgawatively, the surface-state
detectors show a significantly better response at low bidadabki high responsivity in

the avalanche regime.

In Figure 5.7 the current-voltage characteristics of réasa-state (no bulk defects)
and avalanche detector (with bulk defects) are compatedfigure provides insight into
the effect of the bulk defects on the detector. At low ksagificant recombination at
defect centres reduces the photocurrent, while in thacaidtate device carriers can be
extracted with relatively high efficiency as only the surfacés ss a source of
recombination. At high bias there is a significant increasghimtocurrent for the bulk
defect device, but this effect is not observed in the sew$sate device. Upon breakdown
(not shown in Figure 5.7), the surface-state detector photnt trends with the dark
current and significantly increased responsivity is not obdenwhile the bulk defect
devices show avalanche gain well before breakdown, indgcperhaps (and importantly)

that the defects play a role in the avalanche process itself.
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Figure 5.7 | A comparison of the surfac-state detector with a bulk defect detector
The bulk defect device is mm long, while the surfac-state device is 2 mn

It should be noted that this plot provides the geh&end of behaviour for thtwo
detectors the particular heredevicescome from different chips anutilize different
desigt dimension. A direct comparisonof responsivityshould not be inferre from this

figure.

5.3.2 Comparison of higl-speed operatiol

An eye diagrar for an ion implanted detector isown in Figure .8 for a 1 mm long
100(-100 detector operating at 10 Gk. The operation speed of these photodetec
does not surpa that of the previous IMK#1 devices.Considering theRC time constan
limitation, these detectors should h possesse lower resistance, due to a thicker
regior. Capacitance measurements showed 230 fF for a lomgrdevice, slightly highe
than the previousfabrication rulr but still a rdatively low value. The devices alt
possessed a shorp-n separation, which would reduce any carrier traisi¢ limitations

compared to the previous devic
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Figure 5.8 | A 10 Gbit/s eye diagram for a 1 mm lapion implanted photodiode
(1000-100) at 15 V reverse bias (IME #2).

The high-speed operation of the ion implanted and sudtate detector are
compared using eye diagrams shown in Figure 5.9. ™ponse time of the detectors is
not greatly different, however the implanted detector doew gfaitern dependencies.
Both of the eye diagrams are for 2 mm long detectortheashorter length surface-state

diode did not produce great enough photocurrent to enadsurement.

Figure 5.9 | Eye diagrams of a surface-state detect(-20V bias) and an ion
implanted detector (-26 V bias). Both are 2 mm longetectors operating at 10 Gbit/s
(20 ps/division time scale). The surface-state deter was a 500-300 design while the

implanted detector was 500-400.
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From the eye diagrams we can see that the surface-statgat is not significantly faster
than the bulk defect devices, despite the presence of lefilctd and their potential

effects on the carrier lifetime and mobility.

5.4 Summary

This chapter presented results for surface-state deteatal avalanche detectors
fabricated at IME A*STAR (IME #2 run).

A surface-state detector at a wavelength of 1530 nm bas Hemonstrated. The
detector showed an open eye diagram at 10 Gbit/s with argvsfse bias with a
responsivity of 0.045 A/W. Optical absorption is due to serstate defects which show
an internal quantum efficiency of 30%. No ion implantation $$epecessary to create
surface defects. Instead, an oxide opening etch stepitiasd to expose the silicon to
air which allowed for the growth of native oxide and an eased concentration of
surface defects. The monolithic silicon structure and efafsdocation makes this device
very adaptable for a variety of fabrication process flolwee primary application of this

device will likely be waveguide power monitoring.

The avalanche detectors incorporated bulk defects. Opesgérd was not enhanced
over the previous generation of devices, despite thefuséhacker silicon slab to reduce
resistance and a low measured capacitance. Howevepacsons of the high-speed
operation of the bulk defect and surface-state detesioosved that the presence of

defects did not significantly impact high-speed operation.

These detectors are primarily attractive for the ease oicédion, and consequently
their implementation into a variety of complex circuits. While acetstate detectors
offer much less responsivity than the ion implanted avaladetextors, their low optical
absorption and high internal quantum efficiency (30%) suggese primary application
is power monitoring. This geometry can easily be integratéa @mmvaveguide providing

a large advantage over hybrid approaches.
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It is likely that many improvements can be found to the sarfdate detector. As
previously described, the sensitivity of these detectors depesn the optical
mode/surface overlap, and waveguide geometry couttheged to maximize this. This
includes simple dimension changes, but also could involveisk of slot waveguides [3].
Another area not explored in this thesis is the effects ofnalige surface treatments.
These devices underwent an oxide etch to the silicon syffi@towed by exposure to air
and the growth of the native oxide. There is no reasoslieve that this process resulted
in the optimal concentration of surface defects. Alternativsiyatson treatments would

likely produce different responsivities.
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Chapter 6 Long Wavelength Detection

Overview

This chapter presents measurements of the responsefedt dnediated avalanche
detectors to long wavelengths. Thus far this thesis hatined measurements in
established telecommunication windows around 1550 nm (tlealkmlC andL bands).
This chapter includes continuous-wave measurements usirejemgths from 1.96 to 2.5
pm. High-speed operation of the detectors is demonstrate@@&um, with an open eye
diagram at 20 Gbit/s representing the highest demonstratedtéitrr this thesis. The

results are followed with a comparison to the previous I®peed detectors in this thesis.

The photodetectors were fabricated as part of a third nmoljiegt wafer facilitated by
CMC Microsystems at IME A*STAR in Singapore, and will &ferred to as IME #3.
Devices from the LETI, IME #1 and IME #2 runs weret mbaracterized at longer

wavelengths due to lack of compatibility of the coupling strastur

A journal article describing these photodetectors has bempted for publication in

Nature Photonics.

6.1 Integrated optics at extended wavelengths

Optical communications has evolved to use wavelengths arbentl.55 um region
due to the availability of low-loss optical fibers and the high utdityhe erbium-doped
fiber amplifier. These innovations have spurred the devedoprof a family of devices
which operate in this wavelength range. This operating wintovargely shared by
efforts in silicon photonics, as most integrated devices mustfage with external
optical equipment or fiber.

In the coming decades the data capacity offered by dutedecommunications
technology will not be sufficient to meet demand [1]. Highwgloin internet data use
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continues to occur, largely due to the delivery of videa dlve internet. Large research
efforts are being focused on technologies which promigeased bandwidth through the
use of new spectral regions near 2 um and the usalofhcore photonic band-gap fiber
[2]. These fibers are predicted to offer low optical losghis wavelength region, but
most importantly they will offer low non-linearity due to the mostly core. A second
key technology is the recently developed thulium-doped fibaplifier, which has a gain
window from 1.8 to 2.05 um [3]. This is a broader waweglth range than that achievable
with erbium doped fibers and therefore many more chamagl®ccupy the same fiber in

a wavelength-division multiplexing scheme.

With the increasing appeal of the silicon photonics platformtdtcommunications
the long wavelength regions will become increasingly importanintegrated optics.
Furthermore, there is a myriad of other applications which deithand integrated long

wavelength components [4].

There is a limited availability of photodetectors for this wawvglk range which are
compatible with silicon photonics. Hybrid approaches have deemnstrated using IlI-
V devices [5], but this solution is limited by the necessityvi@fer bonding, making
waveguide-integrated devices difficult. Germanium on silicon isoemmon hybrid
material system used for detection at 1550 nm but has dbsorption at longer
wavelengths. Alloys of germanium-tin have high potential bdy®850 nm and have
received much attention in recent years, but there haslipgéed results thus far [6,7].
Graphene is an upcoming optoelectronic material and detd@®been demonstrated at
long wavelengths on silicon waveguides [8] and chemicpbvdeposition of graphene
on silicon could allow for processing at the wafer scaleH@wever the performance of
demonstrated devices and the sophistication of fabricationite®at this time leave

much development work to be done.

Defect-based detectors have been reported in silicon depentelecommunications
windows. Groteet al. demonstrated 1 Gbit/s operation at a wavelength of 1.9 @ [1
and recently Souhaet al. achieved devices with a bandwidth of 1.7 GHz at 2.2 uth |

135



Ph.D. Thesis Jason Ackert McMaster University — Engineering Physics

Both of these works relied on the introduction of lattice defebetectors that rely on
deep levels introduced by dopant atoms such as gold lemrerbported [12], however
gold is a highly detrimental contaminant in CMOS processintheio device utility for

silicon photonics is questionable.

6.2 Fabrication

The detectors were fabricated at IME A*STAR in Singag@oré will be referred to in
the text as IME #3. The primary goal for this fabricationwas to produce edge-coupled
devices that could be characterized at wavelengths up5tqud. The photodiodes
comprised ofp-i-n junctions on SOI waveguides formed with a 90 nm etch. SGé
wafer consisted of a top layer of silicon 220 nm in heightl a 2 pm thick buried oxide
layer. The waveguides were 1 um in width and boron dmbghorous dopants were
implanted 300 nm from the waveguide sidewall to minimize opgicgbagation loss. The
contacts were formed with a 2 um thick deposition of alumjnand were positioned
several microns away from the waveguide. A schematicscsestion of the device is
shown in Figure 6.1. An oxide etch was done to open gataimtation window over the
intrinsic region of the detector. A boron ion implantation at mergy of 60 keV and a
dose of 1x1® cm? introduced lattice defects. In Figure 6.2 SEM images hosvs,
including a cross-section cut obtained with a focused ion lieamFurther fabrication

details will be discussed at the end of this chapter, withmpadson to previous devices.
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Figure 6.1 | A schematic cros-section of the IME #3 photodiode. Waveguid
dimensions are labeled in nanometers (not to scal

Light was coupled to the photodiodes winvertec-taper waveguides [13Comparec
to grating couplers, the inverted tapers have broatilcanpling ancoffer much greate
experimental opportunity. The fabrication of grgtioouplers introduc: uncertainty ir
the peak transmission wavelen, primarily due to the etch de}. Further, gratin
couplers require the repetition of device strucufer tests at different wavelengi
Howeve, grating couplers can be a us choice for their ease of alignment and freec
of positioning. The use of edge couplers ress chip layouts as every waguide
requires access to the edge of the sa.

The edge couplers used in this case had a widtbhwhas linearly reduced from tl
detector waveguide width of 1000 nm, to 180 nm aveistance of 200 pm.he silicon
waveguide height ai oxide claddingremain unchangeover the length of tf taper. Tc
facilitate coupling to this structure, a deep etds carried out at the edge of the cl
This allowed the edge to klocatec within a few microns of the tapered wavegui
ensuringthat the external fitr could be positioned closely after sample di. The
couple on this chip achieved a loss approximately4 dB at a wavelength of 2.02 i

This compares favourably with previously reportealtigg coupled results in this the
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Figure 6.2 | SEM image: of a photodiode from the IME #3 fabrication run. A) An
overhead view of the photodiode B) A cro-section of the photodiode taken with :
focused ion beam too

6.3 Result:

6.3.1 Continuou-wave measurement

The photodiodes were characterized usiffiber-coupled2.02 pm laser dioc. A pair
of Thorlabs PM200Q fibers, modified to have a lensed tip with a 4 um spae siwvere
usec to couple light in and out of the waveguides. Tligeds were mounted c
piezoelctric XYZ stages andn InGaAs detectoi(Thorlabs PDA10D) measured th
optical power from the output fit. The currer-voltage (IV) characteristic is shown
Figure 6.3, where n externe responsivity of 0. £ 0.0z A/W is achievecat areverse bia

of 3CV, with a dark current of less than ‘A.

This responsivity iscalculater usin¢ the coupling loss measurement of 4, and &
launch power of 1 mW. The coupling loss was found rbeasuring the averas
throughput waveguide loss, a measurement whichuded an input coupler, outpi
coupler and a 2.5 mm long waveguide. The couplersaasumed to have equal loss
the waveguide loss is a source of uncertaintyhis tesponsivity calculation, a loss o
dB/cm is assumed. Waveguide loss structures wet included on this sample due
area constraints. However, waveguides from singtap layouts measured at 1550
typically show a propagation loss c-3 dB/cm. At longer wavelengths SOI wavegu
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loss remains low, rib waveguides have been demates with an optical loss of 0.
dB/cm at a wavelength of 3.39 um [14]. Sidewalltsrang as a source of loss decree
as the wavelength is increased, as small wavelengtbre easily scatter off sm
discontinuities. With the assumption of similardds waveguides at 1550 nm and 1
relatively short waveguide length, the resultingenmtainty in responsivity is relative

small.

Figure 6.3 | Current versus reverse bias voltage for a 1 mm longhotodiode (IME #3)
at a wavelength of 2.02 pn

The photodiode response with wavelength was medaisimg atunable C**:ZnSe
lase with a freespace output, whicwas coupled t@ fiber with an objective lens.he
output of thelaser was adjusted such that 10 mW was measuredtprine device unde
test correcing for wavelength dependent lc of the fiber and objective le. The
photodiode current was measured for various wagéhsnand is shown iFigure 6.4.
There is a drop in the response from 1.96 to 2.50fii¥ dB, which is more significa
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than seen in previous worlg], which showed a dB reduction from 2 to 2.5 piIn the
work of Thomsoret al the waveguide cross section was over 1 while the device

presented here is merely 0.222,

Figure 6.4 | Current versus wavelength for a :mm long photodiode (IME #3) with a
reverse bias of 10 and 25"

With longer wavelengths the propagating optical eni&l expected to suffer high
loss from two sources. First, the mode will extémdher outside the waveguide and i
the highly absorbig doped regions. Secondly the thickness of theeduoxide will no
longer be sufficient and leakage into the bulkcsiti will occur. Individue test
waveguidis with no detector structure ¢ a width of 750 nn showed severreductior in
efficiency with linger wavelength.The transmission of such a waveguide ve
wavelength is shown in Figure 6.5. The optical powansmitted degrades shar|
beyond 2.3 um, in a similar manner to that showrFigure 6.4.There was no te:

waveguidewith a width of 1000 nmpbut it is surmised that a significant portion oé
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difference between this work and that of Thomsds] j$ due to the small cross sect

waveguides which are not suitable for 2.5 um opam:

Figure 6. | Optical transmission of a750 nm waveguideversus wavelength:

The power linearity was also measured and is showFigure 6.€ for awavelengt! of
2.2 um for two differentreversebias voltage:. The photocurrent varies as a fractio
exponent of the input optical pov, suggestig saturationof lattice defects or spe-
charge effec. More importantly thi shows that tw-photon absorption is not ti
dominant mechanis, as this would be revealed as an increase ficiency with

increased powe
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Figure 6.6 Photodiode current versus optical power at a wavelength of 2.2 um for
1 mm long IME #3 photodiode. Photocurrent is shown for 5 and5 V reverse bias

6.3.2 Higl-speed neasurement

High-speed characterization was carriedwith a 1.96 pm laser diode as it posses
a much ower noise level than t tunable C**:ZnSe lase. Optical launch power exitin
the fiber was 10 mW, a power level made possibléhkypresence of TDFA [3]. A 10
GHz LiNbC3; modulator(Photline model M:-200(-LN-10) was driven by €0 Gbit/s
pseud-randon bit sequenc generatc (Centellax TG1P4/4 and RF amplifie rated for 4C
Gbit/s operatior(Centellax OA4MVM3. The output was passed through a polarize
controller before the tapered fiber which was coupled to #s waveguide. A 40 GF
rated probe iterfaced with the photodetector under test, andOaGd#z bias te
(picoseconds pulse labs 5543) was used to applsabth a Keithley 2400 Sourcemet
The AC output of the bias tee was connected t@iiadicommunications analyzer (DC.
with an 80 GH bandwidth(Agilent 86116C Opt. 04( Eye patterns were recorded witl
nor-return to zero, c-off keying signal with a pattern length c’-1. A block diagram o

the experimental setup is shown in Figure
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Figure 6.7 A block diagram of the experimental setup fcr high-speed
characterization at a wavelength of 1.96 unr

Eye diagrams are shown in Figure 6.8 for a 1 mrg jgmotodiode. An open eye at

Ghit/s was observed, which is a large improvemeat previous devices in this thes

Figure 6.€ | Eye diagrams of a 1 mm long IME #3 photodiode operating at
wavelength of 1.96 um with a b-rate of 28 Gbit/s at a reverse bias of 27 V. £
Timescale 10 ps/div B) Timescale 20 ps/d

Interpreting the speed limitation from these eyagdam is difficult because th
LiNbO3; modulator was rated for 10 GHz, so 28 Gbit/s isllikin the bandwidth limite
regime. The experiment lacked a suitable refergutu@odiode to record the systt
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response. Therefore the detector bandwidth wasactaize: at 1550 nm, where high
speed test equipment is available. The normalipeallssignal response for a 1 mm &
200 um long photodiode at a wavelength of 155Care plotted in Figure 6.9. The 1 m
device shows a small signal 3 dB bandwidth of 1G13z wtile the 200 pm devic
achieves 15 GH

Figure 6.¢ | The small signal frequency respons of IME #3 photodetectors of lengths
1 mm and 200 pmrat a wavelength of 1550 nn

The capacitance of the 1 mm photodetector was medisa be 260 + 10 fF using
Boonion 7200 capacitance meter at a frequency of 1 NfHze neglect the resistance
the doped silicon and assume a 50doad resistance then tIRC limited bandwidth is
approximately 12 GHz. This is comparable with theasured result for 1550 nm, &

alsoa likely limitation for the 2 pm wavelength measuents

It is worthwhile to examine the operation of thevide at different levels of bias. In i
avalanche detector, a high gain factor limits tperation bandwidth [16]. Alternativel

too low a biascould result in carrier transit time limitationsgbre 6.10 presents e
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diagrams at 20 Gbit/s for reverse bias voltageksoP0 and 27. The higher bias volta
increase the signal magnitude without noticeab@gatation in operation speed. T
confirms that carrier velocity saturation has occurgedexpected based on the res
earlier in this thesis. It also shows that theseilts are not limited by avalanche g

Figure 6.10 20 Gbit/s eye diagrams of a 1 mm long IME #3 photodetectot at
wavelength of 1.96 um with reverse biases of 15, 20 and 271V eMeticel scales are
2.0, 2.0 and 6.7 mV/division respectively. The horizontal skesis 20 ps/divisior

These results also iicate that the 2 um wavelength measurements wergraatly
limited by the 10 GHz rated modulator and that RC time constant is the likel
limitation. A 12.5 GHz detector woulnot likely operate beyor 20 Gbit/s, as wa
observed in Figure 6.1(The 28 Gbit/s operatiol shown in Figure .8 would not be
suitable for data communication as it's in the lvaidth limited regime. Yet significantly
20 Ghit/s is the fastest eye diagram of any wawkgintegrated device operating at 1

wavelength to dat
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6.4 Comparison with previous work described in this

thesis

The IME #3 devices represent an impressive increase emtbgn speed over the
previous devices presented in this thesis. This result hddigis¢a that defect lifetimes
were not imposing operational speed limitations on earlier detgcations, albeit the

ultimate speed of the detector remains an open question.

The result raises questions as to why earlier efforts liveited to slower speeds. It is
useful to compare the fabrication parameters of the dewiadstail, which are tabulated
in Figure 6.11. The design parameters listed (e.g. metalndiores) were not verified
after fabrication. The fabrication facilities generally produesicks with dimensions
within given specification, however fabrication errors arssfimie as seen with the metal

process for the IME #1 device.
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Fabrication run

LETI IME #1 IME #2 |IME #3
Error-free bit rate < 6* 10 10* 20*
(Ghit/s)
*estimated
Small signal bandwidth 2 (800 umlong)|  3.25 (1 mm long) No data 15 (200lpng)
(GHz) 12.5 (1 mm long)
Capacitance (fF/mm) 1300 300 23( 260
Silicon slab height (nm) 50 50 90 90
Implantation window photoresist photoresist Oxide Oxide
N++ concentration 4E19 4E19 8E14 4E20
P++ concentration 4E19 4E19 8E14 4E20
Contact metal Al/Cu Al Al Al
Contact metal thickness 0.58 2 2 2 (2 step)
Via (width pm) 3 6 9.8 9
Via distance from 4.75 2.75 8.1 7.9
waveguide (um)
Metal coverage per mm of 85000 23000 31200 29000
length (um?)

Figure 6.11 | A comparison of fabrication parametes for detectors in four different

multi-project wafer fabrication runs.

Examining the capacitance values and metal layout, the L&Jites had increased

capacitance and significantly different metal design parasm@empared to the IME

devices. The area covered by metal was significantly hifginehe LETI device, which

may be contributing to high parasitic capacitance and loperation speed.

The performance difference between the IME #2 and W3Edevices is harder to

explain. For the IME devices, dimensions for the metalaasl varied primarily due to

differing design rules between shuttle runs. For the IMEa#@ #3 devices the metal

parameters are nearly identical and the difference in neghscapacitance is not

significant enough on its own to explain the operation speéatetiice.

The designs shared many characteristics, with the pridiieyence being the and

n dopant concentration. It is possible that the IME #2 dewee® being limited by
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diffusion current. If absorption in the doped silicon wingsswoccurring then
photocurrent could be generated if excited carriers drifi the depletion region (the
waveguide). This diffusion current would have a slow tingpoase. The IME #3 devices
received a significantly higher doping concentration, mearivag excited minority
carriers in the wings would recombine more rapidly, redudimg contribution of
diffusion current. However this explanation alone does nobwtt for observation. At
1550 nm the detectors show little absorption in the dopantdiih Wwaveguide mode
simulations and measurement). Detectors were measuredopiimtdup to 500 nm away
from the waveguide sidewall. Therefore the contributionitbision current will be very

small, and may materialize itself as noise rather than théndotresponse.

As the devices in both cases appear to be limited byRtBdime constant, few
possibilities for the bandwidth disparity remain. The detectorrdayeere extremely
similar for IME #2 and #3 (with the exception of the couplstigictures). The measured
capacitance of the devices were similar, yet almost a fatrdifference in bandwidth
is seen. Unfortunately resistivity test structures were noepteso determining whether

the fabrication was to specification of the design is difficult.

The influence of defect concentration on operation speeguines further
characterization. The LETI and IME #1 devices were atarazed with large variation in
implant dose, and no observable difference was foundieMer the potential impact of
dose may have been concealed by their relatively BlGtime constant. The faster IME
#3 devices were not characterized with the same degreeartion in defect
concentrations. The limited variations in dose of the IMEl&®ctors did not reveal any

trends, but it would be premature to suggest there is no éispemse dependence on dose.

6.5 Summary

This chapter has demonstrated a defect mediated silicomekaldetector operating
at 20 Gbit/s. The detector is 1 mm long with a responsivit).®fA/W at 2.02 um and
has a small signal bandwidth of 12.5 GHz, limited byRI&ime constant.
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This represents the fastest demonstrated operation in thislemgth range for any
previously reported waveguide-integrated detector, and rafisant improvement over
previous defect mediated silicon detectors in this range. Iregsesents the fastest large
signal operation (open eye diagrams) of defect mediatezttdes at any wavelength
range. Previous demonstrations have shown error freeatgn limited to 10 Gbit/s
[17,18]. Considering the noise inherent in the experimeetapsthis detector is likely to

achieve error-free operation at 20 Gbit/s.

The detector has showed sensitivity at wavelengths up tor2.%Asignificant drop
in sensitivity is seen above 2.2 um which is partly due to theeguide geometry.
Efficient detection at these extended wavelengths shouldeasible with larger

waveguides, however this may limit the high-speed perforenanc

This detector shares the fabrication procedure of eadéices in this thesis.

Fabrication is straightforward, incorporating standard CM@Sngplantation techniques.

The question of ultimate operation speed for defect basgdederemains open. The
limitation of the avalanche detectors in this thesis is suggastesltheRCtime constant.
While the limitations of the LETI and IME #1 devices of chaptewere evident, the

origin of the limitation to the IME #2 devices was not.

What is certain is that the defect mediated absorption preessseccur rapidly, and
for an optical intensity sufficient to support data transferviBus work in silicon [19]
demonstrated this for a small signal, yet the same devioegedghonly 10 Gbit/s large
signal operation. The results of this chapter have extetitedarge signal operation

speed.
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Chapter 7 Summary, Suggested Future
Work & Outlook

7.1 Summary of work

This thesis focused on the high-speed capability of defediated silicon
photodiodes. It has established the feasibility of these piookesl for communications
applications over a wide wavelength region through detadedlts of high performing

device structures.

A study of resonant detectors with lattice defects was petdan chapter 3. It
included the characterization of defects within passive siliesomators, followed by
experimental results from ring and disk resonator deteetiolsgh speed. The passive
characterization revealed the change in the real part oétletive index, as well as the
optical loss; important information for a resonant device immafng defects.
Experimental characterization of resonant detectors revebfeded operational
bandwidth, significantly less than predicted based on the ddeiign. Instability while
operating on resonance was observed in microdisk stesctihe cause of this instability
is due to free carriers introducing a resonance shift. Alsiinodel was presented for a
ring resonator which shows a significant resonance shiftalde of influencing power
levels in the ring. These effects make it difficult for higleeg operation of resonant
detectors of this nature. However, promising high sensitiegults showing the detectors

operating in steady-state with low optical intensity were predente

In chapter 4 high-speed characterization of silicon defesgddetectors operating in
the avalanche regime were presented. These detectors iwege non-resonant
configuration and demonstrated error-free operation atdittsGt a wavelength of 1550

nm. The effects of both annealing and operation temperaias explored. The
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combination of high responsivity and error-free operatianafestrated the feasibility of

monolithic silicon detectors for communications applications.

In chapter 5, the fabrication, characterization and measent of surface-state
photodetectors was presented. These devices absorkthrghgh defect states at the
surface of the silicon waveguide. The devices in this trségisved large improvements
over existing work on silicon surface-state detectors. Thele nature of these devices
means they are suitable for power monitoring or sensinticappns. A comparison of
bulk defect and surface-state devices was made whmheshthat the bulk defects did

not significantly inhibit high-speed operation.

Operation of defect-based photodiodes at mid-infraredeleagths was explored in
chapter 6. The detectors showed sensitivity at wavelengthgou2.5 pm. Most
significantly, they showed high-speed operation at 1.96 pmregponsivity competitive
with alternative material platforms. This wavelength range is sigmf as future
communications systems may employ photonic band-gap famerghulium-doped fiber

amplifiers.
7.2 Suggested future work

7.2.1 Avalanche detection

Defect-based devices have been studied for many,yearsby a relatively small
number of researchers within the field of silicon photoriiéhat may not be obvious is
that the optimization of the defect concentration remains todme.dThe parameter
matrix for the creation of lattice defects through ion implantasaxtensive and has not
been exhaustively explored. The variables include; ion spedase, energy, annealing
temperature and annealing time. While this thesis has filledme stata points in this
regard, it is by no means complete and it’s likely that imprarémare left to be found in
detector efficiency. The difficulty of such a study is thérfcation burden, as detector

variations (e.g. waveguide width) can be varied acrodgs,dandplantation and annealing
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parameters cannot. Given the detector performance demumalsin this thesis and the
real potential for communications applications, it may becoméehwabile to undertake

such ‘brute force’ investigations.

The devices in this thesis have achieved high bit-rates, Hautultimate speed
limitation of defect mediated devices was not determined. Tviee=here were found to
be limited by theRC time constant. Therefore electrical optimization may eventually
reveal the time response of the defect mediated absogimharge separation process.
During work on this thesis a study of operation speed sedtnse and annealing
temperature was carried out. The data is not included ithimsss as no significant trends
were observed. This study was carried out with the eadmd slower, generation of
devices. In light of the faster performing detectors a@delater, this study could be

repeated, as a limited number of dose variations werealtiestlis case.

A significant experiment left to be completed is the determinaticdhe k value (i.e.
the impact ionization ratio of electrons and holes). This descithe noise related to
avalanche multiplication, and the gain-bandwidth limitation of aalsamche detector.
This value has been measured for silicon, but not for siltnlattice defects. A planar
detector would be preferred to determigas it removes the highly non-uniform electric
field present in the waveguide geometry and thus the vanyialiplication factor.
However, without a waveguide structure the sensitivity of thectter is greatly reduced.
Thek value would also determine the viability of a separate absaratid multiplication

structure, or whether the current bulk implant techniqueefepable.

7.2.2 Long wavelength detection

There is a sizeable investigation remaining of lattice defeciateeldetectors at long
wavelengths. The responsivity at longer wavelengths rexymoge attention. In chapter 6
the devices lose response, in part, to the wavelength diepes of the waveguides. The
design of waveguides for longer wavelengths is requiredcturately determine the

efficiency further into the mid-infrared.
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The temperature response of the devices has not beéedstlidis includes both the
permanent change of detector responsivity with annealinghenigmporary change with
ambient temperature. Additionally, the optimal defect concentrat@ay not be
equivalent for all wavelengths if different defect complexesresponsible for absorption

in the mid-infrared.

7.2.3 Surface-state photodetection

Chapter 5 of this thesis presented results for a surfate-getector. These detectors
show promise for power monitoring and potentially surfacenubtry sensitive
applications. This device was not the primary focus ofttiesis, and represents an area

ripe for further investigation.

Future studies with this detector are recommended to fatuskying the surface
treatment as a means to improve detector efficiency. Thestigation in this thesis
included devices with native oxide from atmospheric expoatum®om temperature. A
scheme to investigate alternative exposures could includeéchnot the native oxide,
followed by varied lengths of exposure and potentially a siggb oxide (or other
compound) to prevent further reactive oxidation of the saerfélternatively, increasing
surface roughness may yield higher absorption due to tbeeased surface area.
Exploring different waveguide structures is another meansnpsove the efficiency.
Devices in this thesis used a simple rib waveguide (500 xri2@D but changes in

dimension will lead to changes in optical overlap with the sunfagien.

7.3 Outlook

Silicon photonics is a growing field and the last decade é&s a@n increasing volume
of research. A great deal of this work involves devicéh extremely complex design
and fabrication. One might observe that the imagination séarehers surpasses the
technological capabilities of the day (and so it should). Yeadagptation of research into
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manufactured technology is ultimately driven by economicsitaisdin this context that

the work in this thesis holds value.

This thesis demonstrated high performing photodetector stesctar use in silicon
photonic integrated circuits. The most remarkable aspectiotldss of detector is the
relatively basic fabrication process. Competing photodetectorth® silicon platform
require hybrid material systems which often require nondstahapproaches. Hybrid
structures may limit the economic viability of the silicon photonatfprm, as multiple
different material requirements may become unfeasible wimeorporated into

increasingly integrated environments.

The monolithic silicon approach taken in this thesis could be mmgaed in a variety
of silicon process configurations. This class of detector deen demonstrated to be
capable for data communication applications, whether it willdmpted is uncertain as

such a choice requires a balance between fabricatiomamdgterformance.

Finally, it is important to realize that applications exist beyortd dammunication.
Data communication demands high performance and is avhigk application, meaning
that relatively higher cost hybrid approaches may be emgldye the manufacturing of
photonic integrated circuits matures, especially cost sensitpkcaions will emerge.
This might include sensing or lab-on-a-chip applications thdemee of ‘disposable’

PICs. Such devices would greatly benefit from monolithic silisolutions.

156



