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Abstract

The continuous reduction of feature size in silicon-based electronic integrated circuits
(ICs) is accompanied by devastating propagation delay time and power consumption that
have become known as the “Interconnect Bottleneck™. Optical interconnection is a
proposed solution that is poised to revolutionize the data transmission both within and
between ICs. By forming the optical transmission and functional elements from silicon,
they can be monolithically incorporated with standard ICs using the established CMOS
(Complementary Metal Oxide Semiconductor) infrastructure with minimal incremental
cost. A key required functional element is the photodetector, which provides optical-to-
electrical conversion of signals. In this thesis, a method of achieving such conversion is
explored, which uses the optical absorption at 1550 nm wavelengths provided by lattice
defects.

The physics governing defect-enhanced silicon waveguide photodiode operation is
described, and a device model is used to verify the posited detection process and propose
design improvements. The model was used to design a novel photodetector structure
using a waveguide formed by the LOCOS (LOCal Oxidation of Silicon) process with a
poly-silicon self-aligned contact. The fabricated device exhibited a responsivity of 47
mA/W, providing an improvement over previous devices of similar dimensions, although

were ultimately limited by the quality of the poly-silicon/silicon interface.

A sub-micron waveguide photodiode fabrication process using electron-beam lithography
was developed, which produced photodiodes with responsivities of 490 mA/W. This
process was used to integrate photodiodes onto micro-ring resonators, which exhibit
resonant enhanced photocurrent. The physics of this enhancement were explored, and
found to produce a 50 um long resonant photodiode of responsivity equal to that of a 3
mm long non-resonant photodiode. Lastly, the integration of such sub-micron
photodiodes as functioning power monitors throughout photonic circuits was

demonstrated as a means to characterize and tune micro-rings during operation.
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Chapter 1 Introduction

1.1 The Evolution of the Silicon IC Industry

The realization by Jack Kilby in 1958 that individual electronic device elements
(diodes, resistors, capacitors, etc.) could be fabricated on a single semiconductor
substrate, in a single process flow [1], may well be described as a defining moment in the
history of technology. The subsequent formation of sophisticated electronic circuits onto
the surface of a single wafer resulted in the Integrated Circuit (IC). Devices and products

which depend on ICs have become ubiquitous in today’s society.

For the last 50 years, silicon has been the dominant semiconducting substrate
material in the Integrated Circuit industry. The reason that silicon is used as a standard
substrate material, rather than other semiconductor materials such as germanium, is
because of considerations of both cost and functionality. Silicon is one of the most
common elements on earth, making up 25.7 % of the Earth’s crust [2]. Silicon is refined
from its oxidized form (SiOy), in a multistage process to eventually produce high purity
wafers of up to 12” diameter. Due to the low material cost, the starting silicon wafer
accounts for a very small fraction of the final device cost [2]. Also, silicon has many ideal
electrical properties. Compared to other Group IV semiconductors, such as germanium,
silicon is less electrically conductive at room temperature and more importantly is less
temperature-sensitive, enabling it to be used for more high-power applications. Perhaps
the major benefit of silicon is the ability to thermally oxidize (i.e. grow SiO;) on its
surface. This oxide both smoothes and electrically passivates (i.e. reduces the influence of
microscopic defects on) the silicon surface, producing a highly insulating layer. This
layer can also be utilized throughout the fabrication process to mask ion implantation and

etching steps.
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The availability of cheap, high quality semiconductor material was but one factor
necessary for the birth of the IC industry. The other was the development of planar
processing. This refers to fabrication stages that alter the surface of the silicon wafer in a
controlled and repeatable manner, including the oxide growth already described; the
masked etching of silicon and oxide, masked diffusion, and dielectric and metallic
deposition. Using these steps, it is possible to simultaneously fabricate different basic
electronic elements on a wafer surface, as Jack Kilby demonstrated in 1958 when he
fabricated the first IC composed of a resistor, capacitor and transistor on a silicon
substrate [1].

The degree to which the process of integrating discrete elements monolithically
on a single wafer has revolutionized the world cannot be overstated. The functionality,
and consequently the density of elements, integrated onto a single chip have continued to
grow since Kilby’s initial demonstration. This is primarily driven by the need to improve
overall IC functionality and speed, but also because individual devices tend to perform
better when scaled down in dimension. Most importantly, the cost per function on an IC
decreases in proportion to the device density, which has been the driving force of the
microelectronics industry for the past several decades [3]. The technology that has
dominated this industry is CMQOS, or Complementary Metal-Oxide-Semiconductor. This
is so-called because the MOSFET (or Metal-Oxide-Semiconductor Field Effect
Transistor) is the fundamental device in ICs. All digital logic operations can be formed
from combinations of two types of MOSFETSs: n channel (or NMOS) and p channel (or
PMOQOS), and these aggregate structures are referred to as Complementary MOS [2]. The
fabrication technology must therefore be capable of forming both MOSFET types
simultaneously on the same wafer, and these are referred to as CMOS Foundry
Manufacturing lines. The MOSFETS are integrated onto the surface of the silicon wafer
(along with electrical isolation regions), while several layers of metal and SiO; situated
above the MOSFET provide the interconnection between individual devices as shown in

Figure 1.1a.
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Figure 1.1: a) lllustration of an NMOS device integrated onto a silicon surface, with several levels of
metal interconnects above [4]; b) A plot of number of MOSFETS in computer processors vs. the year
they were brought to market, illustrating the validity of Moore’s prediction of a doubling of

transistor count every two years, explicitly labeling some Intel ® Processors [5].

The degree of device scaling was predicted somewhat successfully by Gordon
Moore in 1962 in what has come to be known as Moore’s Law, which states that the
density of devices doubles every two years as shown in Figure 1.1b [6]. Today, common
ICs have more than 1 billion transistors [7]. This is made possible by a steady evolution
in CMOS processing technology, particularly optical lithography, in order to effect a
continual reduction in the minimum feature size of devices. A document called the
International Technology Roadmap for Semiconductors (ITRS) defines the progress of
technology scaling, and coordinates the timing of future improvements. As of 2011 the
microelectronic industry finds itself at the ‘32 nm node’, which means the minimum
feature size (the MOSFET gate length) is set at 32 nm. It is predicted, however, that by
2020 the inherent limits of CMOS devices will prevent further scaling, and a shift in

paradigm will be required for any further improvements in IC performance [3].
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Less than 1 um of thickness of silicon is utilized in planar processing, with the
remainder of a substrate simply providing structural support. An important development
over the last twenty years has been to isolate this top (approximately) 1 pm from the
remaining wafer thickness, in order to better isolate each component and eliminate the
parasitic effects of the substrate [8]. Such wafers are called Silicon-On-Insulator (SOI),
and consist of a thin silicon overlayer of 0.2- 5 um thickness, a buried oxide (BOX) layer
of 0.2-2 um thickness, and the remaining (handle) silicon layer of several hundreds of
ums thickness. There are a variety of methods of fabricating SOI, all of which greatly
increase the price of the starting wafer, particularly if one desires a precise overlayer
thickness and a good quality interface with the BOX [9]. SOI plays an important role in
the work described in this thesis because it provides an ideal starting material for silicon

photonic devices, as will be described in the following sections.

1.2 An Overview of the Field of Photonics

The quest for a comprehensive description of light has motivated physicists for
centuries. In the field of photonics, one must alternate between two seemingly
incompatible treatments of light as a wave and a collection of particles, depending on the
physical situation. In more classical situations, for instance in describing the propagation
of light through matter, light is treated as a wave. Specifically, the wave is formed of
oscillating electric and magnetic fields, travelling at a speed c in the direction normal to
their plane of oscillation. This ‘Electro-Magnetic Spectrum’ is made up of all the possible

wavelengths A of radiation, which is related to the frequency of oscillation v through:
c=Av (1.2).

In other instances, such when light interacts with matter during absorption and

emission processes, it becomes necessary to describe light as an ensemble of indivisible
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quanta of radiation called photons, each travelling at speed ¢ and having an distinct

energy:
E = hV (12)!

where h is Planck’s constant (6.63 x 10°* Js). A beam of light is thus in this picture
comprised of a large number of photons, and its properties and interactions with matter
become a statistical calculation. In this thesis, light propagation through silicon
waveguides is treated as a wave; whereas light interaction with silicon through absorption

is treated assuming the light is a distribution of photons [10].

The field of Photonics broadly refers to any technology that controls the flow of
photons in a manner analogous to electronic devices that utilize the control of electrons.
It encompasses the study of light emission in lasers or LEDs, light guiding, optical
switching and modulation, nonlinear optics, light detection, and more [11]. What perhaps
unifies this diverse field is the exploitation of light as a carrier of information. Although
not popularly termed ‘light’, the radio-wave portion of the electromagnetic spectrum
(comprising of frequencies v = 30 kHz -300 GHz) has been used to transmit information
for nearly a century [12]. This is accomplished by using the radio wave as a ‘carrier’ of a
transmitted signal, modulating the amplitude, phase or frequency of a carrier wave of
frequency v at a rate vsig < v. A series of waves of different appropriately spaced carrier
frequencies may be transmitted through the atmosphere without interfering with one
another, each sending data at a rate vsg. The same approach has been utilized in the
modern telecommunications industry to transfer data with much higher carrier
frequencies, and consequently much higher data rates. These carrier frequencies are in the
range of 220 -240 THz or 192-196 THz, corresponding to wavelengths of 1260-1360 nm
(known as the O band) and 1530-1565 nm (known as the C band) [13]. These are in the
‘near-infrared’ portion of the spectrum, and are so chosen due to the properties of the

means of their transportation: optical fibre waveguides [13].
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An optical fibre is a cylindrical glass or plastic structure comprised of several
shell/layers that is able to guide light over many kilometers with minimum loss (< 0.1
dB/km) [13]. It is the medium through which high bit-rate (> 1 Th/s) signals are
transmitted by optical networks [14]. In glass, scattering and the absorption caused by
residue water defines two clear low-attenuation ‘windows’ in the optical spectrum ideal
for fibre transmission: the aforementioned O and C bands. The most general optical
point-to-point transmission link consists of a modulator, which encodes (or modulates) a
bit-stream onto a light source carrier (such as laser emission), effectively converting a
data signal from the electrical domain to the optical domain. This optical signal is then
transferred over several kilometers via optical fibre, being periodically amplified if
necessary. At the receiver, a photodetector converts the optical signal into a current signal
which, after digital processing, recovers the original electrical domain signal [13].

A photodetector is any device that absorbs photons and produces a proportional
current. There are a range of devices that fill this requirement, but this thesis will focus
on the most common implementation: the p-i-n photodiode. This diode is formed of
intrinsic semiconductor (i), doped with p type and n type regions as shown conceptually
in Figure 1.2a. Under an applied reverse bias (i.e. when a negative voltage is applied to
the p side with respect to the n side), an electric field will exist across the entire i region.
Any photon incident on the i region with an energy Av larger than the semiconductor
bandgap energy Eq will generate electron hole pairs, which are swept out of the region by
the electric field and form a current Ip. The ratio of generated charge carriers to the
number of incident photons is called the Quantum Efficiency (7), and can be optimized by
judicious selection of the i region geometry in relation to the absorption coefficient (o) of
the semiconductor (expressed in dB/cm). An additional parameter used to characterize
photodetectors is the Responsivity (R), which is the ratio of the generated current to the
incident power, measured in units of A/W. When under reverse bias, the p-i-n junction
exhibits a small current that flows independent of the number of incident photons, called

the reverse saturation current or dark current. This is a significant parameter as it

6
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determines the minimum number of photons that may be detected by the device; it is
always desirable to minimize its value. The last important parameter in p-i-n photodiodes
is the Response Time or Bandwidth, which indicate the fastest detectable optical signal.
This can be limited by either the transit time of carriers (the time required for generated
carriers to reach the doped regions), or the resistance-capacitance product (or RC
constant) of the diode [15].
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Figure 1.2: a) A schematic of a p-i-n photodiode with an incident photon of energy Av greater than
the bandgap energy Eg; the absorption of the photon generates an electron-hole pair, which are swept
to opposite ends of the device by the electric field, contributing to the photocurrent I (reproduced
based on [15]); b) Absorption spectra of silicon [16], germanium [16] and Ing4,GagssAs (indium
gallium arsenide) [17], plotted against both photon energy (top axis) and wavelength (um); O and C

Bands are indicated.

The values of both » and R will be strongly dependent on both the semiconductor
used and the operating wavelength. The absorption coefficients of silicon, germanium
and indium gallium arsenide (InGaAs) are plotted in Figure 1.2b as a function of
wavelength. Above the ‘cut-off wavelength’, being the point at which the photon energy
is equal to the semiconductor bandgap energy, the semiconductor will be transparent.

Therefore, ideal choices for telecommunications applications would be germanium and
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InGaAs, both of which have strong absorption at 1.3 and 1.55 pum. Silicon, on the other
hand, is more commonly used in the detection of visible light. A more detailed analysis

of p-i-n photodiodes is provided in chapter 2.

Perhaps the largest benefit of optical signalling is Wavelength Division
Multiplexing (WDM), in which separate streams of data may be encoded on different
carrier wavelengths, or ‘channels’, and transmitted without interfering along the same
waveguide. The channels are combined and separated in passive optical devices called
multiplexers and de-multiplexers, respectively [13]. Since the carrier frequencies are so
large compared to common modulation frequencies of <50 GHz, the channels may be
very closely spaced in wavelength, allowing simultaneous transmission of many
channels. There is now an established grid of standard carrier frequencies, formalized by
the International Telecommunications Union (ITU), which are spaced by 100 GHz (or 0.8
nm) [13]. However, recent advancements in filter and multiplexing technology have
permitted the reduction of channel spacing to as low as 25 GHz, with consequential

enhancement in data transfer speeds [14]

This well-established architecture for optical data transmission represents the
paradigm which silicon photonics aims to scale to the wafer level, taking advantage of the

fast bit-rates of optical communication with the low cost per function of ICs.

1.3 The Silicon Photonics Solution to the Interconnect
Bottleneck

It was established in section 1.1, through a review of the trends in the IC industry,
that the physical limits in device scaling will soon be reached. Having provided an
overview of photonics in section 1.2, we are now in a position to describe the prospect of

silicon photonics replacing some of these standard technologies.
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One of the most devastating consequences of device scaling is the increased
propagation delay and power consumption that is suffered in the traditional
metal/dielectric based interconnects of ICs, popularly termed the ‘Interconnect
Bottleneck’. Firstly, propagation delay is increased through an increase in the resistance-
capacitance product (or RC constant) of a wire as it is reduced in dimension, due both to
bulk geometry effects and increased surface scattering [18]. This has been alleviated to
some degree through decreasing both the wire resistivity and the dielectric constant of the
matrix it is embedded in. These are not sustainable measures, and have merely slowed the
increase in propagation delay, which currently has values on the order of 25 ps/mm in
copper [19]. Secondly, the copper wire becomes increasingly ‘lossy’, and hence more
dissipative, at higher bandwidth densities [18]. The increasing bandwidth demands of ICs
increase this loss to the point where several amplifiers are required along an interconnect
path, each of which introduces uncertainty in signal timing. As a result of these factors, it
is predicted that traditional copper interconnects will not be viable at speeds above 20
Gb/s [19].

The trend in modern computing has thus been to hold the processing speeds at
their current level, and use multiple processor architectures to achieve increasing data
transfer [20]. This simply shifts the interconnect problem from the chip-level to a
bottleneck between cores, as data must be transferred between processors at Th/s bitrates.
What remains is still an interconnect bottleneck, but one that may be (and recently has

been) addressed by silicon photonics.

It has been proposed that the scaling issues on ICs can be mediated by integrating
the telecommunications architecture onto the chip-level to provide local optical
transmission of data. This photonic solution offers reduced propagation delay and lower
transmission loss (and less dependence of loss on bandwidth), at the expense of the large
power requirements and cost of optical/electrical conversion. Recent years have
witnessed a trend of optical transmission replacing copper cables for increasingly smaller

distances: from rack-to-rack, to board-to-board, currently to chip-to-chip and likely to on-
9
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chip in the near future [21]. Necessary for this development is integrated optics, which in
a manner similar to ICs involves the monolithic integration of photonic devices (sources,
modulators, detectors, etc.) onto a single substrate. Photonic Integrated Circuits (PICs)
have been envisioned and fabricated, which perform functions of several discrete optical
elements on a small semiconductor chip [22]. PICs designed to facilitate optical

interconnection require the monolithic integration of photonic and electronic elements.

Using silicon for PICs has the advantage of exploiting the established CMOS
infrastructure described in section 1.1, which minimizes the incremental cost of the
transition between technologies. This infrastructure includes the design methods,
fabrication facilities, and testing equipment for the electronic part of the chip [23]. With
these obvious benefits comes the constraint that the photonic technology must be ‘CMOS
Compatible,” meaning that the layout and processing sequence of the photonic devices
must be implemented in a way that does not jeopardize the function of these electronic
components [23]. The key photonic element of a PIC is the waveguide, illustrated in

2 embedded in

Figure 1.3a: a silicon wire structure of cross-sectional area < 25 pm
dielectric, commonly fabricated on an SOI substrate. Optical transmission on silicon
waveguides is efficient in the O and C bands used in the telecom industry, as silicon is
transparent at these wavelengths (see Figure 1.2b). Silicon also has a large refractive
index with respect to that of SiO,, which as we will see in the next chapter enables the
confinement of light to small volumes during transmission. Currently, SOI transmission
waveguides with cross-sectional area of 0.11 pum? have been demonstrated with loss of

less than 1 dB/cm [24].

10
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b)

Figure 1.3: a) A schematic of a transmission waveguide formed on SOI, consisting of an etched
channel (or ‘wire’) in the silicon overlayer; b) Schematic of IC with integrated PIC for
interconnection (either monolithically integrated onto the top interconnect level or bonded); PIC
consists of Router IC, transmission waveguides, and transmitter/receiver modules (Tx/Rx) (diagram

reproduced from [23]).

A proposed integration scheme is illustrated in Figure 1.3b, where a PIC is
integrated onto the top level of a standard IC to provide long-distance interconnection
[23]. The router controls the transmission of signals to various parts of the chip, sent via
silicon waveguides integrated onto the top level of the interconnect stack. Each portion of
the chip must contain transmitter/receiver (Tx/Rx) modules, which provide conversion
between the electrical and optical domain. In addition to the waveguide, the other
photonic components necessary for such a scheme are the optical source, the optical

modulator and the photodetector.

The optical source is problematic to implement, because silicon is not an efficient
light-emitting material. There has been some success in the academic research arena,
such as the demonstration of silicon lasers using the nonlinear Raman effect [25],
achieving laser emission from strained silicon-germanium (SiGe) compound
semiconductors [26], as well as a vast amount of work achieving light emission from

silicon nanostructures embedded in dielectric [27]. However, the most promising solution

11
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ignores silicon as the light generating material altogether and thus exploits a hybrid
integration of light emitting 111-V material with the PIC as a light source, either coupled

in from off-chip [28] or on-chip via bonding [29].

Optical modulators, on the other hand, have been prototyped with increasingly
successful results in recent years. The most common electro-optic effect utilized in
silicon is the plasma-dispersion effect, which quantifies the change in refractive index
when charge carriers are injected or removed from a waveguide (See section 2.2).
Common device designs integrate a p-n [30] or p-i-n junction [31, 32] onto a silicon
waveguide, as shown in Figure 1.4a and b for vertical [31] and horizontal [32] p-i-n
junctions. Care is made to keep the n and p doped regions sufficiently far from the region
of optical mode confinement, to avoid substantial passive loss. The induced refractive
index change in the waveguide alters the phase of a mode, and therefore functions as a
phase modulator (PM). The phase modulation is often converted into an amplitude
modulation by embedding these diodes within an interferometer. Two common
structures, shown in Figure 1.4c and d, are the Mach-Zehnder Interferometer [31] and a
micro-ring resonator [32]. A fast electrical signal applied to the diode is encoded onto the
intensity of the resulting mode by these structures, effectively producing conversion from
the electrical to the optical domain. Modulation depths of 9 dB at 12.5 Gb/s have been
demonstrated for micro-ring modulators [32] and of 2 dB at 40 GHz for Mach-Zehnder
modulators [31].

12
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a) Vertical p-i-n junction b) Horizontal p-i-n junction
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Figure 1.4: Silicon waveguide Phase Modulators (PM) formed of a) A vertical p-i-n junction [31], and

ﬁ

b) a horizontal p-i-n junction [32]; To achieve intensity modulation in the silicon waveguide, these
structures are embedded in an interference device, such as ¢) a Mach-Zehnder interferometer or d) a

Micro-ring resonator [33].

The integrated photodetector often takes the form of a p-i-n photodiode
(introduced in section 1.2) that is integrated onto the silicon waveguide in a similar way
to the phase modulator. As silicon is virtually transparent throughout the O and C bands
(see Figure 1.2b) as required for waveguide operation, there is no intrinsic absorption

mechanism that can be used for optical to electrical conversion.

This has been similarly addressed through the integration of other material
systems. It is evident from Figure 1.2b that the hybrid integration of either InGaAs
compounds or germanium would provide the necessary absorption at 1.55 um to enable
photodetection. In a recent demonstration of this approach, multiple AlGalnAs quantum
wells were bonded to the top of a silicon waveguide. Upon reaching this region, the
optical mode leaks up into the quantum wells and is absorbed and extracted as

photocurrent, providing responsivity of 0.31 A/W [34]. Another design involves grating-
13
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coupling the light from a silicon waveguide vertically through a thick oxide cladding into
a vertical InGaAsP p-i-n photodetector, alleviating the issues in bonding I11-V material

directly onto silicon [35].

There is a preference to use germanium over I11-V materials, because germanium
satisfies the requirement of being ‘CMOS compatible’, and can be grown epitaxially on
silicon rather than having to resort to a complex bonding process [36]. Where the diode
junction exists entirely within the [11-V in the Il1I-V hybrid example, germanium
integration allows for the junction to be between the two materials (although this is not
always taken advantage of). As shown in Figure 1.5, there are two ways in which a
germanium photodiode is integrated onto the waveguide: in the evanescently coupled
design, it is deposited on top of a waveguide section and absorbs the light leaking into it,
while in the butt-coupled design, it is deposited at the end of a section of silicon
waveguide [36]. In the first case, the electrical junction often occurs between germanium
and silicon, while in the latter the p-i-n diode is entirely within germanium. Both
integration methods result in similar responsivities on the order of 1 A/W (at 2 V bias)
[37, 38]. Major silicon photonics companies such as Intel © [38] and Luxtera [39] have
tended to favour the first design method, while Kotura © has explored both designs [37,
40]. The intrinsic germanium layer features a strong electric field, even when unbiased,
which sweeps the charge carriers out of the waveguide at high velocity. As a result, these
detectors are capable of high speed response, with the current record being a 3 dB
bandwidth of 42 GHz [41].

The deposition of high quality germanium on silicon has been the focus of intense
research for the past decade, and methods such as silicon-germanium buffer layers, multi-
step depositions and post-deposition hydrogen annealing have been demonstrated to
reduce the density of dislocations [36]. While germanium deposition exists in standard
process flows of CMOS foundries, it occurs in the early stages of a device build (optical
interconnects would ideally be integrated at the back-end) [36]. Germanium integrated

photodetectors have now been fabricated in standard SOl CMOS manufacturing lines by
14
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adding a second germanium deposition step immediately prior to metallization [28],
although performance is limited because the deposition is not optimized for the photonic

application [36].

a) Evanescently coupled design b) Butt-coupled design

Figure 1.5: Schematic diagrams of the two integration methods used for germanium p-i-n
photodetectors: a) The evanescently coupled design, where germanium is deposited on top of a
section of silicon waveguide [38, 39, 40], and b) The butt-coupled design, where a p-i-n germanium

structure is fabricated at the termination of the silicon waveguide [37, 41].

Optical sources, modulators and receivers have been combined to demonstrate
Optical Transceivers, which are PICs containing the necessary electronics and photonics
to transmit and/or receive optical signals at high data rates. The basic structure is shown
schematically in Figure 1.6, and is split into transmitter (TX) and receiver (RX) sections.
In the transmitter section, a continuous wave (CW) laser source (either on-chip or
coupled in) is modulated by the input electrical signal (shown as white lines). Several
channels containing signals encoded onto different operating wavelengths are input into a
multiplexer, and the resulting multiplexed signal is either coupled off-chip or transmitted
to another portion of the chip via waveguides. Upon entering the receiver, the channels

are de-multiplexed and each is input into a photodiode to produce a proportionate current
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signal. This signal is input into a Trans-Impedance Amplifier (TIA) to convert it into a

voltage signal, which is a reproduction of the input signal.

Transmitter TX Receiver RX
N ™

e i D B o

W ] _I_’PD

Laser < x TIA
J-Lhz % T_'.‘.'_ J_LM
TS e 2.
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Figure 1.6: An optical transceiver consisting of transmitter and receiver modules: The transmitter
modulates a CW laser with an input electrical signal for each channel, and multiplexes the modulated
optical signals; the receiver demultiplexes the optical signals and through a photodiode (PD) and

Translmpedance Amplifier (TI1A), reproduces the electrical signal [28].

Luxtera have produced 10 Gb/s per channel transceiver models, which feature
Mach-Zhender Modulators and germanium p-i-n photodetectors, with off-chip continuous
wave laser sources. The bit-rate of the device may be scaled-up by adding more WDM
channels, and currently four channels are used to produce a 40 Gb/s bit-rate [42]. Later
work, in collaboration with Kotura © and Sun Labs (Oracle), featured micro-ring
modulators and substantial decrease in power dissipation [43]. Intel ©, on the other hand,
has recently demonstrated a four channel transceiver operating at 12.5 Gb/s per channel,
providing a 50 Gb/s link. What was significant about this demonstration, however, was
the integration of the (InP) laser directly onto the chip, forming the highest level of
photonic integration to date [44]. These developments have sparked speculation about the
possibility of the “macro-chip”, a network of processors joined together with optical
interconnects. It is expected to provide a 5-6 fold improvement in propagation delay

reduction and a 6-300 fold reduced power dissipation over current 1Cs [20].
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1.4 Defect-Enhanced Silicon Photodetection

Despite their widespread use in transceivers, there are a number of fundamental
weaknesses with the approach of germanium integrated photodetectors. First, the
integration of another material in a heterogeneous p-i-n structure as in Ref. 39 leads to
significant dark current, which limits the minimum detectable optical power as discussed
in section 1.2. The dark current is also found to continue to increase with applied reverse
bias, limiting the operating voltage to 1-2 volts. Progress has been made in reducing the
dark current to ~ 0.17 pA through optimization of the germanium deposition process
[38]; however this is a complicated technique that has taken many years to develop and
whose details are often proprietary. The second drawback with this approach is that it
only permits end-line photodetection, meaning that the device structures absorb 100% of
the light. The only way to facilitate power monitoring, whereby only a small fraction of
the light is absorbed, is through coupling a fraction of light into a separate waveguide for
detection, a process which results in a device with a relatively large footprint and is

wavelength and polarization dependent.

A technology that addresses the above points uses the local enhancement in
silicon absorption at 1550 nm through the incorporation of lattice defects. These defects
are formed by inert ion implantation, a process in which silicon is bombarded with a
small number of high energy ions, the majority of which pass entirely through the
waveguide layer. While traveling through the silicon lattice, the ions collide with the host
atoms and transfer energy, causing their ejection from the lattice and in turn colliding
with other host atoms. These cascade processes leave a trail of damage in the silicon
lattice, consisting for instance of single vacancies (sites where a silicon atom is missing)
or interstitials (extra silicon atoms throughout the lattice) shown in Figure 1.7a. The
silicon lattice is thus no longer perfectly ideal and periodic, and as a result its electronic

and optical properties are changed.
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Figure 1.7: a) Schematic of two-dimensional square lattice with defects formed by inert ion
implantation: the vacancy (a single missing host atom), the interstitial (a single extra host atom), the
divacancy (two adjacent vacancies), and a interstitial cluster (redrawn from [2]); b) Measured excess

absorption at 1.8 pm wavelength in silicon, following implantation at 80 keV of boron, carbon and

argon ions [45].

Enhancement of optical absorption in silicon for photon energies less than the
bandgap energy was reported in 1956 by Fan and Ramdas, following neutron
implantation [46]. The resulting absorption spectrum is enhanced substantially (compared
to unimplanted silicon) for wavelengths of greater than 1.1 um, with a prominent peak at
1.8 um. This peak was later associated with the divacancy, shown in Figure 1.7a as a pair
of adjacent vacancies, a complex that is stable at room temperature. By increasing the
implanted dose (i.e. number of ions per unit area incident on the surface), the absorption
peak at 1.8 um initially becomes larger as the number of divacancies increase, as shown
in Figure 1.7b [45]. Beyond a certain dose, however, the number of divacancies is
reduced as they agglomerate into larger cluster-type defects, such as the interstitial cluster
in Figure 1.7a. If the dose is increased further, the silicon can be amorphized, meaning
the crystalline order is lost entirely. This dose is dependent on the atomic mass of the

implanted species: heavier atoms (e.g. argon) will generate more damage at a smaller
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dose than a light atom (e.g. boron). Full details on the properties of the divacancy and a

review of these early studies will be provided in chapter 3.

In defect-enhanced photodetectors, care is taken to implant with a dose close to
that which maximizes the concentration of divacancies. One added benefit of this
technology is that the defect chemistry is very sensitive to low temperature (> 200 C)
thermal annealing. This allows for the absorption to be ‘tuned’ following the
implantation, to bring it within a device operation specification. It is this feature, i.e. the
variation of defect concentration, which facilitates applications in waveguide power
monitoring. If a small concentration of defects is introduced the photodetector absorbs

only a fraction of light and allows the rest to continue unperturbed.

The process is truly ‘CMOS-compatible,” as it simply involves incorporating a
lateral p-i-n photodiode onto a section of silicon waveguide, as well as a ‘back-end’
process consisting of the defect-forming implant. The implant is ‘masked’, meaning only
a portion of the chip (the section of the waveguide containing the diode) is exposed to
energetic ions. A variety of ion species may be used to form divacancies [45], as the
species themselves do not remain in the waveguide in large numbers and are not involved
in the detection process. In the devices described herein, Si* ions are used, although full

‘CMOS-compatible’ devices have been formed using B* implantation [47].

The defect-enhanced photodetector was first demonstrated by Bradley et al., using
relatively large (> 15 um?) waveguide cross-sections and diode lengths of several
millimeters. The defects were formed initially by proton bombardment [48], but in later
investigations by Si* implantation of dose 10 cm™ [49]. The authors observed a 13
dB/cm increase in waveguide absorption and a responsivity of 3 mA/W following
implantation, with reduction in absorption and improvement in responsivity after an
anneal at 300 C [49]. Because of the modest increase in optical absorption caused by this
implant, the diodes were required to consume 6 mm of the device length in order to

absorb 19% of the incoming light [48]. This places significant limitations on the
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bandwidth, because the RC constant scales with device length. This is the main drawback
of defect-enhanced detection with respect to germanium detectors, which feature
effective absorption coefficients of up to 17 000 dB/cm and can therefore be made in
lengths of 10 um or less [37]. Further study of defect-enhanced photodetection using
large cross-section waveguides was carried out by Liu et al. Using He" ions as the defect-
generating implant species and exploring a wider range of annealing conditions, they
were able to achieve a responsivity of 65 mA/W [50]. These early large cross-section
devices were implanted such that the peak of the implanted species was within the
overlayer of the SOI [49, 50].

In order to fully exploit the benefits of defect-enhancement, Geis et al. fabricated
photodetectors on sub-micron silicon waveguides of 0.15 pm? cross-section, which
greatly improved the extraction of optically generated carriers. In addition, the final 190
keV Si* implantation was sufficient to place the peak of the implanted species to be
located in the buried oxide, causing defects to be located uniformly throughout the
waveguide thickness. These two modifications provided a responsivity of 800 mA/W and
operation at 20 GHz in a 0.25 mm diode, which was also limited by the device RC
constant [51]. Later work using post-implantation thermal treatments at 475 C explored
two stable defect states, characterized by different absorption coefficients, responsivities
and leakage currents. These states were attributed to interstitial clusters rather than
divacancies (which are known to be removed at temperatures ~ 300 C), and the second
state was observed only after forward biasing the diode for several minutes [52]. The
interstitial clusters were found to be more efficient than the divacancy, although the
absorption coefficient was 8-18 dB/cm [52]. Currently, internal responsivities (i.e.
photocurrent divided by the absorbed optical power) of 10 A/W have been obtained with

simultaneous bandwidth of > 35 GHz using these defect structures [53].

Defect-enhanced photodetection is thus a relatively unexplored area, as a broad
range of ion implantation and thermal treatments are available and evidently dramatically

influence device performance. A systematic evaluation is certainly necessary, and may
20
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well lead to the discovery of more efficient defect centres that can out-perform integrated
germanium photodiodes. The purpose of the research summarized in this thesis, however,
IS to confine attention to the divacancy centre and to optimize device geometry and
processing. A model of the detection process (the only proposed to date) is presented and
used to provide improvement in the photodetector geometries. The improved efficiency
may lead towards these devices' implementation as power monitors for diagnostic
purposes throughout PICs. Such monitors, integrated on waveguides provide necessary
feedback of optical power levels allowing these levels to be tuned to within desired
specification. For example, in the transmitter device of Figure 1.6 in-line monitors could
be placed on each optical channel to set the drive current of its on-chip laser. In addition
to power monitoring, these photodetectors may be directly integrated onto small resonant
structures, using their inherent enhancement in optical intensity to make the p-i-n diode
10-100 times smaller than previous generations without sacrificing responsivity. These
resonant photodetectors are of a size and responsivity comparable to germanium

photodiodes, but with a much smaller dark current.

Chapter 2 of this thesis will provide a description of the operating physics
required for a complete understanding of the photodetectors, including descriptions of
guided waves, silicon optical absorption, p-i-n photodiode physics, and resonator optics.
Chapter 3 will provide a review of the pertinent literature on the divacancy, describe a
photodetector performance model implemented in commercial simulation software that is
used to reproduce the performance of the photodetectors described above, and discuss
some improvements in geometry. Chapter 4 will introduce one such novel geometry
designed using the model: an in-line power monitor fabricated using the LOCOS (Local
Oxidation of Silicon) technique. Chapter 5 will describe the process of fabricating sub-
micron waveguide photodetectors using electron-beam lithography, and characterize the
resulting structures. Chapter 6 will detail the integration of these sub-micron

photodetectors with micro-rings as resonant-enhanced detectors. Chapter 7 will
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demonstrate the integration of a photo-diode onto the drop-port of a micro-ring, to

function as a power monitor used to tune the micro-ring onto resonance.

In summary, the novel contributions of this work are succinctly listed as follows:

1. Development of a model of the defect-enhanced photodetection process, and
implementation in commercial software to design waveguide photodiode
structures

2. Design of LOCOS-based photodetector and fabrication process, and execution of
fabrication and device evaluation

3. Development of a process to fabricate p-i-n photodiodes on sub-micron
waveguides using electron-beam lithography at the University of Glasgow

4. Design of micro-ring integrated photodiodes, and associated characterization and
analysis of their performance

5. Demonstration of an integrated photodiode onto the waveguide ports of a micro-
ring resonator, and application as a real-time monitor of resonance properties that
provides feedback to a resonance tuner
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Chapter 2 Background Theory

2.1 Fundamentals of Guided Wave Optics

2.1.1 Overview of electromagnetic wave propagation

The equation governing the propagation of light in a dielectric medium containing
no free charges and no current may be derived from Maxwell’s Equations:
;. vxE=-B VeD=0 VeB=0 (21-24),
ot ot
where H is the magnetic vector field, E is the electric vector field, B is the magnetic

flux density, and D is the electric flux density [1].

In non-magnetic materials, B is directly proportional to H :
B = u,H (2.5),
where yq is the magnetic permeability of free-space, and has a constant value of 47 x 10”

N/A? [1].

The relation between Dand Eis not as straight-forward, as it must incorporate

the response of the dielectric to the applied field E . Upon the application of E , the bound
charges within the dielectric deviate from their natural positions, forming Dipole

Moments. By summing the contribution of each dipole in a bulk piece of material and

dividing by the volume, one calculates the Polarization Density P , also defined as:

- (26),
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where y is a bulk material parameter called the dielectric susceptibility, and & is the

electric permittivity of free-space, which has a constant value of 8.85 x 10™** F/m% Two
assumptions have been made in Eq. (2.6), which are valid in all of the silicon photonic
devices presented in this thesis. First, it was assumed that the material is isotropic, which

means y does not depend on the orientation of the material with respect to the incident

electric field, and consequently P is always parallel to E . Second, it was assumed that

the material is a Linear Dielectric, which means P is linearly proportional to E . More

generally, y has higher-order terms which depend on the electric field amplitude. In

linear dielectrics, these higher order terms are insignificant (if not zero) for the electric

field amplitudes that are typically encountered [1].

The Electric Flux Density D is formed of contributions from both the electric field

E itself and the induced polarization density P :

[3=80E+5=go(1+;()§ (2.7)

This is often simplified to:

D=¢E (2.8),

where & = &,(1+ y) is defined to be the electric permittivity of the material [1].

The Maxwell’s equations of Eq. (2.1-2.4) may now be rewritten for isotropic,
homogeneous, and linear dielectrics in terms of Eand H alone:

VXHZE% VXE:—%% VeE=0 VeH=0 (29-2.12)

The wave equation is derived by taking V xV x E and using Eq. (2.10) and subsequently
Eqg. (2.9) to arrive at:

0°E

VxVsz—,uO(?? (2.13)
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Invoking the following vector identity:

VxVxE=V(VeE)-V2E (2.14),

and combining Eq. (2.14) with Eqns. (2.11) and (2.13), the Electromagnetic wave
equation is derived:

O’E 1 0°E

e

where c is defined as the speed of light in the material. It is convenient to define it with

V2E = u, (2.15),

respect to the speed of light in vacuum co:
1 1 1 ¢
n

\/éuo :\/50,“0 \/5/50 B

where ¢, has a constant value of 3 x 108 m/s, and n = g/ &, is called the refractive index,

c= (2.16),

a material parameter used to describe the degree to which light propagation is slowed
down from ¢, [1].

Similarly, if the same process were carried through for VxVxH , the wave

equation for the magnetic field H would result:

- 1 0°H
V?H = 7 (2.17)

In summary, Eqg. (2.9) indicates that a time-varying electric field generates a
magnetic field, while Eq. (2.10) indicates that a time-varying magnetic field generates an

electric field. Then, from Eq. (2.15) and (2.16), the electric field and magnetic field may

propagate together as a wave with speed c. If the form of one of Eor H is known, the
other can be deduced from Eq. (2.9-2.10). A general solution to Eq. (2.15) is:

E(F,t)=E,(r)e'r (2.18),

where E, (F) is the electric field, or the amplitude of the wave, T is a vector in Cartesian

(%, Yy, z) coordinates, and t is time. The parameter w is the angular frequency (measured in

radians per second), although light waves are more commonly referred to by their optical
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frequency v = w/2x (measured in Hz) [1]. The solution of Eq. (2.18) is a monochromatic
wave, as it contains only a single frequency. However, any practical polychromatic wave
can be described as a linear combination of the waves of Eg. (2.18). While EO(F)may also

have time dependence, as it does in a modulated optical signal, it will be ignored in the

present discussion since that variation is slow compared to w.

The wavevector k describes the spatial periodic variation of electric field as a
consequence of wave propagation. For propagation in isotropic materials, Kk is

perpendicular to both E and H, making the light wave transverse [1]. For instance, a

particular solution would be a plane wave travelling in the z direction, made by setting
E, as a constant vector in the xy plane and setting k to be parallel to z with a magnitude

of k:

E(z,t)= Eeile) (2.19)
At a given point on the z axis, the electric field oscillates with a frequency w.
Consequently, a wave is generated which travels at a speedc, /n. If one were to follow a
phase front in time and space, the phase of the wave would be constant:

kz — awt = constant

kZ_p-0 (2.20)
at

Therefore, the magnitude of the wavevector is determined from the speed of the

wavefront (¢, /n) and the oscillation frequency w:

CO

k k,n (2.21),

where Ky is defined as the wavevector in free-space (i.e. the value it would have if it were
propagating in a medium with n = 1). It is easier to conceptualize the wavelength 2,

defined as:
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a=L_70 (2.22),

where again it is convenient to define a free-space optical wavelength 1o. The wavelength
refers to the distance in space (in this case along z) over which one oscillation cycle is
completed, as illustrated in Figure 2.1. From Eq. (2.19), at a particular instant in time, the
electric field amplitude is has a period of 4 along z. The consequence of Eq. (2.22) is that,
since n >1, the wavelength of propagation is compressed in any material over its value in
vacuum [1]. In this thesis, it will be A that is being referred to whenever wavelength is

quoted.

Figure 2.1: Propagation of a Transverse Electromagnetic Wave, shown at a single instant in time.
The wave is linearly polarized, with the electric field E oscillating in the x direction, the magnetic

field H oscillating in the y direction. The wavevector k and Poynting Vector S , signifying the direction
of propagation and energy transport respectively, are in the z direction. The wavelength A signifies

the nearest distance between two points of equal phase [1, 2].

The Poynting Vector is defined as:
S=ExH (2.23)
This vector points in the direction perpendicular to bothE and H , as shown in

Figure 2.1, and represents the instantaneous flux of energy transported by the wave [2]. In

the case of isotropic materials, the Poynting vector and wavevector are parallel. The
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intensity | of a light wave is equal to the time average of the magnitude of the Poynting

vector [1]:
1 =(|s]) = %ngoco‘éor (2.24)

The intensity of light is measured units of power per unit area (W/cm?), and so the
optical power P is calculated by integrating the intensity over area. The plane wave of Eq.
(2.19) is not physical, since it is infinite in extent in x and y and therefore carries infinite
energy. However, any physical wave may be described as a linear combination of plane

waves.

The orientation of E in a light wave is called Polarization, which determines how
light interacts with an interface, as illustrated in Figure 2.2a. When light of any
polarization is incident on a boundary between two materials of refractive index n; and n;
at an angle 6y, it must be written as the sum of two components: those with electric field
oscillation normal to the plane of incidence® (Transverse Electric, or TE), and those
having the electric field oscillation in the plane of incidence (Transverse Magnetic, or

TM). The classification is required because the boundary conditions for the two cases are
different. At the interface, the normal components of D and B (or equivalently the

normal components of ¢E and z,H ) must be continuous, and the tangential components

of Eand H must be continuous [1].

The incident light is partially reflected and partially refracted at the interface. The
boundary conditions provide the means to determine the fraction that is reflected (rrg or
rrv) and the fraction that is transmitted (trg or tym). These coefficients are in general
complex quantities, with a magnitude that indicates the fraction of the field that is
reflected/transmitted and a phase that indicates the phase shift imparted to the reflected/
transmitted wave with respect to the incident wave. From Eq. (2.24), the fraction of the

intensity that is reflected R is then [3]:

! The plane of incidence is defined as the plane formed by the wavevector of the incident light k; and the
normal to the interface (shown as a dotted line in Figure 2.1.2)
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RTE:|rTE|2 and RTM:|rTM|2 (2.25),

and the fraction of the intensity that is transmitted T is [3]:

n, cosé 2 n, cosé 2
T =] 2772 ¢ and T = 27""72 |t 2.26
e (2 (2.26
n;>n,
a) b)

Ex

Figure 2.2: a) Interaction of light ray arriving at boundary between two materials of refractive index
n; and n,. The TE and TM components are reflected with respective coefficients rrg and rry and
transmitted with respective coefficients trg and try. The reflected wave makes the same angle 8, with
the normal to the boundary plane, while the transmitted wave makes an angle 8, with it; b) Total
Internal Reflection occurring when 6, > 6, (defined in Eq. (2.18)), lllustrating incident, reflected and
transmitted wavevectors (k;, k,, and k, respectively), where k; is along the interface and no power is

transferred to the lower index material [1].

Note that T+ R =1 for both TE and TM polarizations, so energy is conserved.
Also note that the coefficients become equal when #; = 0, as there is no plane of

incidence and therefore no distinction between TE and TM.

The angle of reflection and refraction are also deduced from the boundary

conditions, and in fact are the same for both TE and TM polarizations. The angle of
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reflection is always equal to the angle of incidence, and the angle of refraction is given by
Snell’s Law [3]:

n,siné, =n,siné, (2.27)

When n; > ny, the reflection of light is said to be external reflection; and when

n; > ny, the reflection of light is said to be internal reflection. For internal reflection, the
reflection coefficient is complex with a magnitude of 1 for all incident angles:

0, >0, = sinl(&j (2.28)

n, ,

where 6. is defined as the critical angle, and light incident at an angle 6 > 6. will have a

reflected intensity of R = 1 and a transmitted intensity of T = 0 [3]. This situation is

appropriately called Total Internal Reflection, and is depicted in Figure 2.2b. While there

is no transmitted wave, an Evanescent Field penetrates into the lower index material with

exponentially decaying amplitude [1]. Provided the lower index material remains

homogeneous for a distance of several wavelengths, no energy is transmitted by the

evanescent field.

2.1.2 Description of guided waves

A waveguide refers to any structure that confines light in one or two spatial
dimensions. In silicon, this is achieved through the concept of total internal reflection.
For instance, a thin silicon film sandwiched between two layers of lower refractive index
is an example of a planar waveguide, shown in Figure 2.3. The silicon layer is referred to
as the slab, the top (air) layer is called the cladding, and the bottom (SiO,) layer is called
the substrate. Light may undergo multiple reflections at both the slab/cladding and
slab/substrate interfaces at an angle #, as shown in Figure 2.3. Provided 6 is greater than
the critical angle for each interface, the light will be totally reflected indefinitely and

therefore be confined to the slab region [4].
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Figure 2.3: An asymmetric planar waveguide formed of a SiO, substrate, silicon film slab of

—d-

thickness d, and an air cladding; light incident at an angle 8’ will undergo multiple total internal
reflections at an angle 6 > . at each boundary, causing the light to be confined in the slab region and

propagate in y with a propagation constant .

Due to interference of the reflected waves, there exist only discrete angles 6, for
which a guided wave exists, each of which is called a mode of order m [5]. Each mode
propagates in the y-z plane (here assumed to be in the y direction for simplicity) and has a
unique intensity distribution in x. The propagation of mode m is governed by a
propagation constant Sy, which are equal to the wavevector component ky as defined in
section 2.1.1, and defined as:

B, =n.k,sing, =n,"k, (2.29),
where ng™ is the effective index of the m" mode of the structure, which indicates the

speed of overall mode propagation in y after taking into account the multiple reflections.

The minimum value of g is set by the critical angle of the refractive index of the substrate

to f., =Nk, and the maximum value corresponds to direct propagation in y with no
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reflections: ... =nKk,. As a result, the values of nes may range from ns to ny, and larger

mode angles &y, correspond to slower propagation and consequently larger neg™ [6].

The modes of a slab waveguide may be solved explicitly using Maxwell’s

equations along with the appropriate boundary conditions (being continuity of the

tangential components of E and H and the normal components of ¢€ and H at each

interface). The monochromatic solutions are of the form:

E(x, v.t) = (E, (%), E, (X),E, () p'» (2.30)

HO Y1) = (H, 00, H, (0, H, (00 ¥
There are thus seven unknown parameters: Ex(x), Ey(X), Ez(x), Hx(x), Hy(x), Hz(X), and 5.
The solutions may be divided into TE and TM modes. TE modes will have E, = 0 (since it
IS transverse electric, it must have no electric field component in the direction of
propagation y), and it follows that Ex = H, = 0 as well. Similarly, TM modes will have
Hy = 0 and therefore E; = Hy = 0. The TE modes of the structure of Figure 2.3 have the

following solution:

X y z
E, =A™ for x=0
EZ=ACOSKX—£SinKX:| for 0>x>-d
K
E, = Al cos &d + 2% sin Kd}e“(”d) for  x<-d
K

Hx =_( ﬂ jEz
WLy

Hy:( i JaEZ
W, ) OX
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where:
2 2 2 2
Ve :ﬂ _kO nc
KZ — kozan _ﬂZ

7 =B -k, 'n,? (2.30),

S

and the boundary conditions have imposed the following on p:

tm@:i@ﬂﬁ (2.31)
K =7Vs

The solutions of this transcendental equation are plotted as the solid curve in
Figure 2.4a for a wavelength of Ay = 1.55 um, illustrating the variation in nes (or
equivalently the internal reflection angle #) with slab thickness d. It is evident that
reducing d causes the number of guided modes to reduce, eventually to the point where
no guided modes exist at all. Also plotted using a dashed curve is the result for a
symmetric planar waveguide, where SiO, forms the cladding as well as the substrate. In
this device, the waveguide will support at least one guided mode, regardless of the value
of d. When a waveguide supports only the m = 0 mode, it is called a Single Mode
waveguide; when it supports more, it is called a Multi-mode Waveguide. The thickness d
at which the m = 1 mode disappears is called the Cut-off, and occurs when neg™* = n,

which is equivalent to the loss of total internal reflection at that interface [4].

The result of Eq. (2.30) is then that the total internally reflected wavefront has
field components that propagate with the same phase velocity as a wave in a
homogeneous material of refractive index nes. The amplitude of these components has a
sinusoidal variation within the slab, and exponentially decays into the substrate and
cladding to a depth that is inversely proportional to ne. Indeed, the closer neg is to ny, the
more confined to the slab the guided wave is. Figure 2.4b illustrates the intensity
distribution of the m = 0, 1, 2, and 3 mode for the structure in Figure 2.3. It is clear that
the m = 0 mode is the most confined to the slab, since it has the largest nes [5].
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Figure 2.4: a) ne and 0 vs. slab thickness d for SiO,/Si/air (solid lines) and SiO,/Si/SiO, (dashed lines)
planar waveguides for a wavelength of A, = 1.55 pm, calculated from Eq. (2.1.31), illustrating the
variation of ne between ng = 1.5 and n¢ = 3.45, or equivalently in reflection angle from 6, to ©t/2; b)
TE mode intensity profile for SiO,/Si/air planar waveguide modes m =0, 1, 2, and 3, all with silicon

thickness d =1 pm.

There is a similar approach to finding the TM modes, which will not be described
here. The resulting modes consist of field components E,, Ey, and H,, which have an
amplitude variation in x that is similar to the TE mode.

In addition to the discrete mode solutions of Maxwell’s equations for which Nes >
ns and ng, there are an infinite number of radiation mode solutions for which nes is lower
than one or both of ng and n.. These waves are not confined to the slab region [5]. Any
light wave existing in the waveguide structure may be written as a linear combination of
the allowed TE and TM guided modes and the radiation modes [4].

Waveguides that confine light in two dimensions are conceptually similar to the
slab waveguide. A common two-dimensional waveguide is the channel waveguide shown
in Figure 2.5a, which is formed of a high index material (silicon) of width W and height

H embedded in a lower index dielectric. The effect of inhomogeneity in a second
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dimension precludes the existence of pure TE or TM modes: they will generally have a

small H and E vector in the direction of propagation, and are called hybrid modes.
When the largest electric field component lies in the x direction, the hybrid mode is said
to be quasi-TM and denoted by E*, and when the largest electric field component is in the
y direction, the hybrid mode is said to be quasi-TE and denoted by E’.

The solutions of the channel waveguide of silicon are similar in nature to those for
the planar waveguide, with sinusoidal variation in both x and y within the channel and
evanescent decay into the surroundings. The wavevector components in the directions x
(xx) and y (xy) are determined by the boundary conditions, and admit only discrete values
(labelled by integers p and ). Once the xy and xy eigenvalues have been determined, the
functional form of the mode E”yq or EYyq is established, with a propagation constant given

by [5]:

p=lnk,? (2 + 5,7 )2 (2.32)
The variation of £ and nes with either waveguide height H or width W is similar to that of
Figure 2.4a. The introduction of two mode numbers p and q increases the variety of
intensity distributions, however. The lowest mode order is (p, ) = (0, 0), whose profile is
shown in Figure 2.5b. Waveguides with small height H but wide extent W may be
multimode in y, the first higher order mode being the pictured (p, q) = (0, 1) distribution.
Alternatively, tall and narrow waveguides may be multimode in X, as shown in the
distribution for (p, q) = (1, 0) [5]. For a silicon channel embedded in oxide, the
waveguide must have W < 600 nm and H < 450 nm for single mode transmission at Ao =
1.55 pm.
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Figure 2.5: a) A silicon channel waveguide structure of height H and width W, surrounded by a

uniform dielectric (SiO,); b) E*y, E*y1, E*10, and Ey; intensity distributions for the structure in a).

It is preferred to have single mode waveguides in integrated optics, as this means
that all of the power in the waveguide is within the mode that is most confined to the
channel. The more confined the mode is, the less susceptible to scattering losses from
edge defects and cross-talk with other optical elements. More importantly, it is crucial for
high-speed applications that the waveguide is single-mode. If multiple modes are present,
the distribution of f leads to a broadening in the signal, known as intermodal dispersion.

An alternative two-dimensional waveguide structure is shown in Figure 2.6: a rib
waveguide structure formed of a step in the silicon surface of height H-h and width W.
The ability of this structure to confine light may be understood through the effective index
method. Namely, a two-dimensional structure may be solved by considering each
dimension individually. A planar waveguide of width H will yield a lowest order TM
mode of effective index ner, and a planar waveguide of width h will yield a lowest order
TM mode of effective index nesp. The effective index of the two-dimensional structure is
then the lowest order TE mode of the symmetric planar waveguide formed of a layer of
refractive index nes and thickness W sandwiched between layers of refractive index e,

as shown in Figure 2.6 [5].
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One example of a rib waveguide used in this project isa W =500 nm, H = 220 nm
channel, with a h = 50 nm slab. From the effective index method, it is found that
increasing h reduces the index contrast in y, and the mode will be less confined. At Ao
=1.55 um, it may be calculated that nes = 2.87 and ne, = 1.74, and the estimated
effective index of the structure is then ng; = 2.62. The case of h = 0 (a channel structure)
is similar to the above but with nesr, = ng= 1.5, which leads to the estimate nes = 2.65. It is
therefore concluded that the presence of the thin h = 50 nm slab to the structure does not
strongly influence the modal properties.

X

ne_}j‘z ne_}_‘}‘} ne_)j‘z

>y

0 w

Figure 2.6: The structure of a rib waveguide, consisting of a silicon ridge of width W and height H
surrounded by a silicon slab of height h (left); the effective index approximation for this structure
involves solving the TM planar waveguides of thickness h and H to yield respective solutions neg, and
Netr1, and using as the film indices in the effective planar waveguide shown on the right to

approximate the rib waveguide effective index.

The condition for single mode propagation has been solved by Soref and Bennett
[7] to be:
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This condition is plotted as Figure 2.7a. It provides insight as to why rib waveguides are
ubiquitous in silicon photonics: they may form single-mode structures with dimensions
that are many times larger than the wavelength of the guided light. Larger cross-section
waveguides are desirable because they are easier to fabricate with low propagation loss,
and are much easier to couple light into. Channel waveguides are required to be sub-
micron in dimension in order to be single-mode, while rib waveguides can be made with
W and H up to 10 um.

a) b)
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w
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Tapered Fibre Waveguide Facet
Multi-Mode
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0.5 0.6 07 08 0.9 1.0
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Figure 2.7: a) The single-mode cut-off of the rib waveguide of Figure 2.6, with the region of h/H and
WI/H for which the device is single-mode shaded [7]; b) Schematic diagram of the butt-coupling
process from a tapered fibre onto an SOI waveguide facet, indicating the formation of the guided

mode following a distance of propagation [8].

A waveguide mode is ‘excited’ by introducing an optical field that, when
decomposed into a sum of the guided and radiation modes of the structure, contains a
strong component of the desired guided mode [8]. The fraction of the incident power that
does not contribute to the mode is referred to as Insertion Loss, and is used to as a
measure of coupling efficiency. In this thesis, ‘end-fire’ or ‘butt’ coupling is used, which
involves focusing light onto the polished end of a waveguide, as illustrated in Figure
2.7b. The light is focused on the facet using a tapered fibre, which produces a minimum
spot size diameter of 2.5 um [9]. While this process is quite inefficient, particularly for
sub-micron waveguides, it has the advantage of simple preparation. In fact, all that is
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required is to ‘cleave’ the SOI chip along the crystallographic plane normal to the

waveguide, which naturally forms a smooth edge.

2.1.3 Methods of waveguide modeling

Two common approaches for modelling waveguides are the Beam Propagation
Method (BPM) and the Finite Difference Time Domain (FDTD) method. Both are used
in this project, specifically using the respective RSoft © simulation tools BeamPROP and
FUullWAVE. In the RSoft CAD environment, a two or three-dimensional structure is
defined (with associated material parameters such as refractive indices), and an optical

input is specified [10].

BPM operates by solving a simplified scalar wave equation using standard
numerical methods at discrete points in the direction of propagation, and assuming only
the first-order derivative of the field in the direction of propagation is non-zero [10]. This
method offers a fast computation by factoring out the phase variation expected from the
refractive index profile, leaving only a slowly varying envelope that can be solved with a
large step size in the direction of propagation. The weaknesses in this method are that it
cannot simulate back-reflections or scattering [10]. This technique was primarily used
here to solve for waveguide modes, using the iterative method provided in the
BeamPROP software. This sets coordinate in the propagation direction to be imaginary,
causing the mode power to be amplified with propagation by a factor e*”. Of the
contained guided and radiation modes, the m = 0 mode is amplified the strongest, as it has
the highest value of g. Following a sufficiently long propagation, the intensity profile and
Nesr are stable with further propagation and the simulation is terminated. By subtracting
these field components and repeating, the higher order modes can be sequentially

isolated.
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Alternatively, FullWAVE performs a rigorous calculation of Maxwell’s equations
in arbitrary device geometries without using approximations. This is a much more
extensive computation, as it involves solving the field components (Ey, E,, E,, Hy, Hy, and
H,) at each grid point in the structure, for every time step. The time step required for a
stable solution becomes smaller as the spatial resolution is increased, and a spatial
resolution of A/10 is usually required [11]. This solution method should therefore be
employed only when approximate methods such as BPM fail, for instance in resonant

structures.

2.2 Optical Absorption in Silicon

The reaction of the constituent atoms of a material to an optical field is classically
modeled as simple oscillators. The oscillating electric field E(t) drives the bound
electron oscillation about the atomic cores, producing an oscillating dipole, as shown in
Figure 2.8a. This oscillating dipole then radiates at the same frequency as E(t), and
contributes to the propagating wave [12]. On a macroscopic scale, the total dipole
moment per unit volume is equal to the Polarization Density P of Eq. (2.6). The
frequency response of a material to a driving oscillation is therefore modeled by the
linear dielectric susceptibility;((v), which is a complex quantity. Following from Eqgns.
(2.7) and (2.16), the refractive index n(v) is complex as well, and can be written in terms

of its real n, and imaginary n; parts:

n(v) =1+ 4(v)), n=n, +in, (2.34)

This process does not conserve optical energy, as the radiated energy does not
entirely compensate the energy coupled to driving the dipole oscillation. This is because
the dipole oscillations are damped, and the optical energy lost is transferred to the lattice

as heat in a process called dissipative absorption. The optical absorption loss of the
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material is contained in n;, as elucidated by replacing k = nk,with (n, +in, k,in the
plane wave of Eq. (2.19):
E(Z,t): E’Oei(kon,z—wt)e—nikoz (2 35)

From Eqgns. (2.23-2.24), the intensity will then be of the form:

1(z)= 1,87 = 1,7 (2.36),
where « represents the material parameter called the optical absorption coefficient, which
is defined to be:

o =2nk, = % (2.37)

When the dipoles oscillate at a frequency equal to their natural resonance
frequency v, a large amount of energy of the oscillating field is coupled to the dipole
oscillation. At this frequency, there is a maximum in dissipative absorption, and therefore
a local maximum in n;. This is illustrated in Figure 2.8b, which plots a typical spectrum
of real and imaginary refractive indices. Note that, away from resonance frequencies, the
real part of the refractive index n, increases with frequency, which is called Normal
Dispersion [13].

a) b) Vo

E(t)=Ee™

Figure 2.8: a) The linear oscillator model of an electron cloud surrounding a positive atomic core,
being driven into oscillation by an electric field E(t); b) The frequency response of the atomic

system’s refractive index (real n, and imaginary n; parts) about a natural frequency v, (0n an

arbitrary scale).
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The total refractive index spectrum n, (v) and optical absorption spectrum a(v)
of a material are formed of the superposition of the contributions of all its natural

resonances. As the response function y(t)of a material to an applied field is real, linear,
causal and time-invariant, the real and imaginary parts of ;((v) satisfy the Kramer’s-
Kronig relations. As a result, the spectra of n_(v) and a(v) also obey this relationship,

which means that the o of a material at any wavelength may be calculated from the n;
spectrum, and the n; at any wavelength may be calculated from the absorption spectrum
[12].

This linear oscillator model is a general description of material optical absorption,
and is applicable to all materials. For instance, semiconductor optical absorption may be
modeled as a superposition of many oscillators of closely separated frequencies.
However, a more intuitive description is made by specifying the role of the photon:
Optical absorption occurs when a photon interacts with a material such that its removal
from the system causes the excitation of an electron to a higher energy state, where the
energy difference between initial and final electron states is equal to the photon energy
[14]. This is consistent with the predictions of the classical model, where the natural
frequency v, is indicative of the energy separation /vy between these two electronic
states. There are several sources of optical absorption that are of concern to silicon
photonics, and the most relevant to this thesis will presently be described.

1. Intrinsic band to band optical absorption

Band-to-band optical absorption occurs when the initial electron state is in the
valence band and the final electron state is in the conduction band, and thus the process

forms an electron-hole pair, as illustrated in Figure 2.9a. There may be multiple such
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transitions induced for a given photon energy, as there may be several initial and final
electron states with this energy separation. The absorption coefficient for a photon energy
hv is directly proportional to the sum of the transition probability over all possible
transitions with this energy separation®. The absorption spectrum of semiconductors thus
has a sharp increase in the region of the band-gap energy, as photons having energy just
above it may generate electron-hole pairs, and photons having energy just below it cannot
[15, 16].

Silicon has a band gap energy of Eg = 1.12 eV which, as mentioned in the
introduction, makes it transparent to photons of lower energy. The cut-off wavelength is

expressed as:

(2.38),

which for silicon has a value of approximately 1.1 pm.

The absorption spectrum of silicon is shown in Figure 2.9b. Silicon has a shallow
absorption spectrum just beyond the cut-off, since it has an indirect bandgap and thus a
phonon® must be involved in the electronic transition to facilitate a change in electron
momentum. This has a lower transition probability compared to direct transitions, and

thus has a smaller absorption coefficient [14].

? The transmission probability depends on the occupancy of the initial and final states, so the absorption
coefficient is maximized when all of the initial valence band states are full and all of the final conduction
band states are empty [14].
* A phonon is a quantized energy unit of the collective oscillation of atoms in a crystal lattice [17].
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Figure 2.9: a) Schematic illustration of the band-to-band absorption process, showing the formation
of an electron-hole pair through the absorption of a single photon; b) Absorption spectrum of silicon,
featuring the sharp edge at the wavelength cut-off of 1.1 pm, and a tail from free-carrier absorption

due to the background doping of the wafer [14].

In thermal equilibrium, the rate of thermal carrier generation G and recombination
U are equal. Upon steady-state optical excitation of electron-hole pairs at a rate Gop, the
rate of thermal carrier recombination is increased to balance. However, if the device is
connected to an external circuit and subjected to an electric field, the optical generation is
balanced by thermal recombination and the removal of carriers as current density J. This
is expressed in the continuity equation for electrons n:

%:Gopt+en—un+%v-3n (2.39),
and for holes p:
;_p:ewep u, -ﬁv.ap (2.40),

where the subscripts of G, U, and J refer to the contributions of electrons and holes to

those quantities, and q refers to the elementary charge [18].
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This is the principle behind the semiconductor photodetector, where band-to-band
transitions are used to form a current in an external circuit. The efficiency is determined
by the relative rates of J and U. The integrated germanium photodetectors described in
section 1.3 operate through band-to-band absorption, which is the most efficient

absorption mechanism for carrier generation.

2. Free-carrier optical absorption

As silicon is not a dielectric, but a semiconductor, the treatment of section 2.1 was
not quite appropriate in assuming no free charges or currents. Through either doping or
injection of current, electron and hole densities on the order of 10'®-10" cm™ can be
present in the material. They are usually treated as perturbation to optical behaviour, by
causing a refractive index shift An and optical absorption shift Aa in what is known as the
Plasma Dispersion Effect. These effects can be approximated by modelling free carriers
as a classical oscillator of Figure 2.8a but without a restoring force, which produces a
Lorentzian resonance with v = 0. From Figure 2.8a, the An due to free carriers is
negative but approaches 0 as v increases and the Ao continuously decreases with v. This
absorption tail is illustrated in Figure 2.9b, as a result of the n-type background doping in
a silicon wafer [15]. Using the Lorentz oscillator model, the magnitude of An and Ao

have been estimated by Soref et al. at Ao = 1.55 um to be:

Aa = Aa, +Aa, =85x107%e+6.0x10*h (cm™)
An=An, +An, =-8.8x10*e—-8.5x107"%n°"® (2.41),

where e is the electron concentration and h is the hole concentration, and their differing
contribution is a result of their different effective mass [19]. The physical interpretation
of free-carrier absorption is that it causes electrons to be excited to higher energy levels in
the conduction band, and holes to be excited to higher energy levels in the valence band

[14]. The equations of Eq. (2.41) are important to silicon photonics for two reasons. First,
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they allow designers to quantify the optical effects of doping in active devices, and
provide a means of optimizing doping levels and their placement in the structure.
Secondly, the absorption or refractive index change due to carrier injection or depletion is
used widely in the modulation of light amplitude or phase respectively (see section 1.3).

3. Extrinsic (deep-level) optical absorption

The optical absorption above Aqtoft Can be enhanced by using charge state levels
located within the bandgap of silicon to act as intermediate states for optically excited
carriers. These discrete energy levels are a product of the local perturbation in the silicon
lattice at the site of either a defect or a substitutional dopant atom. An electron will have a
localized wave state at this site that has a corresponding energy that falls within the band
gap. For instance, when silicon is n-doped with phosphorus atoms, the excess electron is
in a localized state at the phosphorus atom’s location with an energy just below the
conduction band edge. At room temperature, the excess electron of the phosphorus atom
has a high probability of being thermally excited into the conduction band to function as a
free electron, thus ionizing the phosphorus atom. Thus phosphorus is called a ‘donor’
impurity: it donates one electron per atom at room temperature. Similarly, p-type dopants
like boron are called ‘acceptors’ because the localized electron charge state is just above
the valence band, and thus a valence electron may be thermally excited into it at room

temperature to form a free hole [20].

Other substitutional atoms that are much different from silicon in atomic mass
will cause an even larger perturbation in the silicon lattice. These will form electronic
states that are even more localized in space and therefore have energies far from both the
conduction and valence band edges, called deep levels. Electronically, deep levels act as
excess carrier traps, as electrons or holes captured by them do not have sufficient

thermal energy to be excited back into the conduction or valence band. An electron
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captured by a deep level may relax further into the valence band if the deep level captures
a free hole (or vice versa). In this case, it functions as a recombination center, as it
removes electron-hole pairs from the system. If the semiconductor has less than the
equilibrium level of carriers (i.e. under depletion), the deep levels function as generation
centers, which involves successive thermal generation of electron and holes [14]. The

details of the electronic trapping process will be covered in section 3.3.

There are often more than one charge state associated with a defect, which means
there are stable localized states for different number of occupying electrons, each having
a unique energy level within the band-gap. The state that a defect is in is controlled by the
doping level. For instance gold, a substitutional atom whose recombination properties is
detrimental to CMOS electronics, has three deep level charge states associated with it.
The lattice defects caused by inert ion implantation that were outlined in Figure 1.8 also
have multiple deep level charge states within the band-gap of silicon, as the local damage

to lattice periodicity permits local electron states.

The existence of a level within the bandgap of silicon may give rise to excess
absorption above Acytoft. Figure 2.10 illustrates this process, where electrons (solid circles)
and holes (empty circles) portrayed in several positions with respect to the conduction
band, valence band, and deep level charge states (dashed lines). In the case of mid-gap
levels, an electron from the valence band may be excited to an unoccupied deep level
through the absorption of a photon. Alternatively, an electron occupying a deep level may
be excited into the conduction band through the absorption of a photon. The presence of
such a level would become apparent in the absorption spectrum, where a secondary
absorption cut-off is present:

(2.42),

for excitation from the valence band into a deep level, or:
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(2.43),

for excitation from a deep level into the conduction band, where E. is the conduction

band energy, E, is the valence band energy and E; is the defect level energy [14].
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Level Level Level
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Figure 2.10: Schematic illustrating the possible forms of deep level absorption: when the level is in
the middle of the band-gap, excitation either from the valence band to the deep level or from the deep
level to the conduction band is possible (left); when the deep level is sufficiently close to one of the
band edges, this absorption may lead to electron-hole pair formation through the emptying of excited

carriers from the level into that band by thermal excitation (middle and right).

Transitions involving mid-gap states are not necessarily useful in photodetection,
as each excitation process does not change the concentration of electrons and holes in the
device. While the absorption process in the left diagram causes the generation of a hole,
this process is not sustained unless a second process returns the deep level to its initial
charge state. This second process can take the form of a thermal relaxation of the electron
from the mid-gap state to back to the valence band (which removes the free hole), or an
excitation by a second photon to the conduction band. Although the latter joint process
does cause the formation of an electron-hole pair needed for photodetection, it is at the
expense of two photons. Such a process would produce an intensity dependent
responsivity, and will not be discussed further as it is not used in the devices of this

thesis.
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The instance of deep level absorption that is useful in linear sub-bandgap
photodetection occurs when the level is close enough to the valence or conduction band
edge to facilitate a secondary thermal excitation. For example, in the acceptor level
shown in the center, the optical excitation of an electron from a defect level into the
conduction band is followed by the thermal generation of a hole. Thus, the electron-hole
pair has been formed with the absorption of a single photon. Alternatively, the third case
illustrates the optical excitation of an electron from the valence band to the defect level,
followed by a thermal excitation from this defect level into the conduction band. It is this
process that forms the model of the defect-enhanced photodetectors described within this

thesis, the specifics of which will be provided in chapter 3.

4. Scattering

The inhomogeneity in the refractive index distribution of a waveguide also
contributes to an exponential decay in power, through the coupling of guided light into
radiation modes [21]. For the purposes of this thesis, the main cause of scattering is
roughness in the sidewalls of waveguides, resulting from the etch process. The scattering
typically limits the propagation loss in SOl waveguides, which has motivated the
proposal of novel waveguide structures such as the LOCOS structure described in chapter
4.

In general, absorption losses will affect the mode properties of a waveguide,
however if they are sufficiently small they may be treated as a perturbation. Thus, the true
value of g is then equal to the g calculated for the lossless case with an added imaginary
term to account for losses. The waveguide mode shape is therefore the same, while the
overall mode power decreases exponentially with propagation distance [21]. For instance,
absorption mechanisms are modeled in BeamPROP by specifying an appropriate

imaginary refractive index n; for silicon.
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The total intensity remaining after propagation in a silicon waveguide over a

distance z is then written as:

I(Z) =1 e e Qe = Oy T+ |+, (2.44),
where ¢, , is the band-to-band absorption, which is negligible in silicon at 1550 nm,
a, . 1s the absorption due to free-carriers, usually present due to doping,

a4, 1S the absorption due to deep-levels, and

a, is the propagation loss of the waveguide structure, dominated by light scattering.

2.3 Physics of p-i-n Photodiodes

This section combines the concept of optical absorption introduced in section 2.2
with the concept of carrier transport to describe the operation of a photodiode. A working
knowledge of the band structure of semiconductors and the influence of Fermi statistics
on carrier distribution are assumed. Inexperienced readers are directed to References 22

& 23 for a comprehensive introduction to these subjects.

2.3.1 Review of carrier transport and p-n junction operation

When an electric field ¢ is applied across a section of silicon, electrons and holes

are transported with an average drift velocity vq:
Vv, = ué (2.45)

in the direction of the applied field. The constant of proportionality w« is called the
mobility, and describes the ability of a carrier to be transported by an electric field. It is
primarily determined by the curvature of the conduction and valence bands, and the
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frequency of collisions between the carriers and the lattice (which itself depends on the
defect content and temperature). It therefore has different values for electrons and holes,
called un and up respectively [18]. The drift velocity is small relative to their random
thermal motion. Under high electric fields, this speed saturates as it approaches this

/ 3kT
Vth = F (246),

where m* represents the effective mass of the electron or hole, k is Boltmann’s constant

thermal velocity vi:

and T is the temperature in degrees Kelvin [18]. The thermal velocity of electrons and
holes in silicon is therefore approximately 10" cm/s at room temperature.

When an electric field is applied a section of silicon, a drift current Jgyiz results in
the direction of the applied field:

Jarie = Q(n/“n + p/'lp)é: =ag (2.47),

where ¢ is defined as the conductivity of silicon. Therefore, the doping of silicon makes it

more conductive through the increase of n and p in Eq. (2.47).

The other form of current that may exist in silicon is diffusion current Jgi, which
arises from a concentration gradient in carriers, where carriers flow in the direction of a

negative gradient [18].

A p-n junction, shown in Figure 2.11a, is formed of two a region of n-doped
silicon adjacent to a region of p-doped silicon. Under equilibrium, the diffusion of holes
into the n-type side and electrons into the p-type side is balanced by an opposing electric
field formed by the opposite ion cores. This forms a contact potential Vo, and the region
containing the ion cores is called the depleted region, as it has been ‘depleted’ of carriers.
When a positive bias V is applied to the p-side with respect to the n-side, the barrier is

reduced and carriers are free to diffuse to the opposite ends, forming a diffusion current.
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When a negative bias is applied to the p-side with respect to the n-side, the barrier to
carrier diffusion is further increased and the depleted region becomes wider. Only a small
current remains, the reverse saturation current ls, which is due to the drift of minority
carriers® across the depleted region [24].
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Figure 2.11: a) A schematic of a p-n junction and the respective conduction and valence band edges

E. and E,, with a depleted region formed at the junction where an electric field exists [24]; b) Sample

I-V characteristic of a p-n diode, along with the equation governing its operation.

The Equation of current as a function of applied bias, called an 1-V characteristic,
is shown as Figure 2.11b. The p-n junction thus provides rectification of current: offering
large conductivity for forward bias (V > 0), and very little for reverse bias (V < 0). The
p-i-n diode used for photodetection is a p-n junction with an intrinsic i silicon region
located between the p and n regions, and also provides rectification of current similar to
the I-V characteristic as in Figure 2.11. Under reverse bias, an electric field exists across
the intrinsic region, so that it functions as a depleted region of a fixed width [25]. It is
under reverse bias that the photodiode is operated, and it is designed such that the optical

* referring to electrons in the p-region and holes in the n-region that reach the depleted region and are swept

across by the field as a drift current.
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absorption takes place in the i region and the electric field is utilized to extract the

generated carriers as a drift current.

2.3.2 Electronic modeling in Silvaco’s ATLAS software

It is often necessary to solve the I-V characteristics and other performance
parameters of complex two and three-dimensional silicon device structures. Silvaco ©
offers a full virtual wafer simulator, which incorporates wafer fabrication (ATHENA)
and device testing (ATLAS). Both simulators were used in this project, the former to
design fabrication process flows, and the latter to simulate photodiode performance.
ATLAS may simulate a device structure that has either been imported from ATHENA or
has been user defined. This geometric device structure includes a specific material and
doping level associated with each grid point, as well as contacts defined for the
connection of a user-defined external circuit. The material properties can be adjusted, for
instance by specifying a carrier lifetime in silicon, or alternatively by defining carrier
traps with particular capture properties. The simulator solves for a set of unknowns (for
example hole concentration, electron concentration and potential) at each grid point
through an iterative process by using an initial guess. The number of unknowns, and
consequently the complexity of the simulation, increases with more comprehensive
models. For instance, the Shockley-Read-Hall recombination model for carrier trapping
used in this project also solves for the ionization level of the carrier traps at each point in

the structure.

An |-V characteristic of a device is obtained by increasing the bias on one contact
with a sufficiently small step size to ensure convergence. It is also possible to find
transient solutions, by applying a bias at t = 0 and solving the structure at each time step
At (using the solution at the previous time step as an initial guess). For each bias or time
point, the total current is output into a log file, and structure files containing the

distributions of potential, electron and hole carriers and trap ionization are created [26].
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The utilization of this simulation package to model the response of a defect- enhanced

photodiode will be described in chapter 3.

2.3.3 Overview of p-i-n photodiode operation

The p-i-n photodiode introduced in section 1.2 will now be described in more
detail, with particular reference to a waveguide structure containing deep levels near in
energy to the conduction band edge. Figure 2.12 illustrates an example of a p-i-n
waveguide photodiode, with the band structure of the diode under reverse bias along a
horizontal cutline. The intrinsic region has been fully depleted, as indicated by its sloped

bands to indicate the presence of an electric field.
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Figure 2.12: a) Cross-section of a p-i-n diode laterally integrated onto a silicon rib waveguide, with a
cut-line illustrating the energy bands; a photon induced electron-hole pair generation within the
depleted intrinsic i region, where the electric field causes the carriers to be swept to opposite sides of
the device to form photocurrent (v = photon energy, E. = conduction band minimum, E,= deep level
energy, E, = valence band maximum) [25]; b) Reverse bias portion of the IV- characteristic of a p-i-n
photodiode upon increasing incident power, illustrating the increase in reverse saturation current I

by an amount I.
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When a photon is incident on the intrinsic region, an electron-hole pair is
generated by the mechanism described in the right-most diagram of Figure 2.10. The
electrons are swept by the electric field towards the n region and the holes are swept
towards the p region using the mechanism of Eq. (2.45), as shown in Figure 2.12. The
power in the optical mode of the waveguide decays exponentially with propagation
distance according to Eq. (2.44). When an optical power Pq is inserted, the power

absorbed Pps by a waveguide photodiode of length L is then:

P

a

bs = Fo (1_ eiam'L) (2.47)

Therefore, an efficient waveguide photodiode would need to be sufficiently long
to absorb the majority of the input light. Under ideal conditions, the photocurrent

obtained from this waveguide photodiode is:

_p (2.48),

where q is the elementary charge, and the ratio %represents the charge per unit energy

obtained when a photon is absorbed to create an electron-hole pair [25]. This equation
assumes that all generated carriers are extracted to form a photocurrent, which in the
presence of recombination centers is not valid. Therefore, a carrier extraction efficiency

term 3(r) must be added, which decreases from unity as the carrier lifetimes become

comparable to the average carrier transit time (i.e. the time to travel from the center of the
intrinsic region to the relevant doped region). In addition, the ideal case of Eq. (2.48)
assumes that all optical loss leads to the generation of electron hole pairs. The fraction of
absorption that leads to carrier generation (in this case deep level absorption, denoted by
ag-) With respect to the total 10Ss awa must be added as well. With these amendments,
Eq. (2.48) becomes:

1, =P, W %ot () (2.49)

abs
hC atotal
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The p-i-n diode reverse saturation current Is (more commonly referred to in
photodiodes as the dark current Ip) is enhanced by an amount equal to the Ip, as shown in
Figure 2.12b. The photodiode may therefore be operated under any negative bias.
Increasing the bias may improve the carrier extraction efficiency by increasing the

electric field strength in the i region.

The quantum efficiency 1 is defined to be [25]:

I
number of generated electron —hole pairs % (1 » L)Ol ol ( )
= = = —e total S
number of incident photons P% a g
14

n

total

(2.50)

Alternatively, the responsivity R is a proportional quantity that indicates the photocurrent
obtained per unit optical power inserted (usually in mA/W) [25]:

R = IP_Z - % (2.51)

While Eq. (2.50) reveals some of the practical limitations on photodiode
efficiency, there are additional factors which are difficult to elucidate in an analytical
formula. For instance, the two dimensional structure features a spatially dependent field
throughout the waveguide cross-section, rather than the uniform field shown in Figure
2.12. Also, the spatial distribution of the optical mode leads to a spatially dependent
carrier generation rate. Lastly, the efficiency of carrier extraction depends strongly on the
rib waveguide geometry. For the above reasons, an electrical simulation package like
ATLAS is required to model the photodetection process and evaluate the efficiency of

device designs.

The equivalent circuit of the photodiode is shown in Figure 2.13. The
photocurrent behaves as a current source in parallel with a capacitor and resistor. The
capacitor is due to junction capacitance as well as the capacitances in the external circuit.
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The resistance is due to the load resistor R, which is typically 50 Q, and respective shunt
and series resistances due to the diode: Rs, and Rs. The value of R is typically much
smaller than the others and may be neglected from consideration. The photodiode signal
is therefore passed through a low pass filter formed of the parallel C and R, in the circuit.
This places a limit on the speed of the optical signal that may be detected, referred to as
the capacitance limit of the device bandwidth. As the capacitance increases with p-i-n
diode area (and assuming Rs remains sufficiently small to be neglected), the bandwidth is
reduced as the device length L increases [25].

a) b)
Optical
-V Input
T
.
Photodiode
Ru Signal

time

Figure 2.13: a) A reverse biased photodiode connected to a load resistance R, and its equivalent
circuit [25]; b) The response of a photodiode to an optical input of width T, with exponential delays

ton and tys due to limits of the R, C time constant and carrier transit time.

Alternatively, the speed may be limited by the transit time of carriers drifting
through the depleted i region. Applying an increased electric field (i.e. increasing the
reverse bias) may only improve carrier drift speeds up to the limit of their saturation
velocity of Eq. (2.46). Therefore, this represents a fundamental limit to device bandwidth.
It may be mediated by reducing the distance that carriers will have to travel (i.e. by
reducing the intrinsic region size), although this will also increase the capacitance and
thus reduce the RC bandwidth [25].
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The total response of the waveguide photodiode to a periodic square-wave optical
excitation is shown in Figure 2.13b. The presence of large RC constant or transit times
that approach the period of the input have caused a filtering of the response, so the device
responds to changes in optical signal with an exponential response function. The turn-on
time to, is defined as the time required for the current to rise from 10% to 90% of its
maximum value, and the turn-off ty time is defined as the time required for the current to
fall from 90% to 10% of its maximum value [25]. Clearly, when either of these values
exceeds the width of the optical input T, the ability of the photodiode to respond to the

signal is lost.

Another limitation of p-i-n photodiode response is noise, which produces an
uncertainty in the photodiode signal. This arises mainly from the probabilistic nature of
the detection process, namely that the photons both arrive at the device and generate
carriers with particular probability distributions, contributing a photon noise and

photoelectron noise, respectively [28]. The photocurrent |, referred to in Eq. (2.49) is
therefore the mean photocurrent I, and the deviation o, about this value is referred to

as the noise power. The noise power associated with photon and photoelectron noise, for
a detection bandwidth of B, is:

o.. =2q1,B (2.52)

This is a form of shot noise, which refers to the fluctuations in current arising
from random generation and recombination events in the intrinsic region [26]. As
discussed in section 2.2, the defects present in silicon act as generation centers within the
depleted i region. As a result, photodiodes with defects present have a much larger dark
current Ip and associated noise. The shot noise power arising from dark current is defined

as:

oy’ =2q1,B (2.53)
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The second contributing factor, the thermal noise, arises from the random thermal

agitation of carriers in a resistor [27]. In this case, the thermal noise has the form:

2oy Ly b (2.54),
Rsh RL

where k is Boltmann’s constant and T is the temperature in degrees Kelvin. The thermal
noise is typically dominated by R, which is orders of magnitude smaller than the shunt
resistance Rqy of a reverse biased photodiode. However, its contribution will be ignored in
the following analysis, as this thesis is concerned only with the noise properties of the
photodiode itself. The receiver architecture can be independently adjusted to reduce the

thermal limitation posed by R;.

The ratio of the rms signal power 1p""°

Noise Ratio) is defined as [27]:

and the noise power (or the Signal to

| RMS 2 I_P7
SNR = P 2 (2.55)

2 2
Op +0p +O'T Zq( /+| jB+4kT/

Alternatively, the noise properties of a photodiode may be written in terms of the
noise-equivalent power (NEP), which is the incident optical power that would provide an
SNR = 1 with unit bandwidth B = 1 Hz [27, 28]:

2 2kT
NEP =— || | 2.56
R ( pd+ Rshj ( )

Therefore, the SNR is maximized and the NEP is minimized mainly by minimizing diode

area and dark current Ip.
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2.4 Optical Resonators

The optical resonator is a ubiquitous device in optics that provides optical
feedback and, through constructive interference, can ‘store’ light in a location for a finite
period of time. Resonators are used in many passive and active integrated optical devices,
including the silicon phase modulators of Figure 1.5. More importantly, resonators were
used throughout the fabrication, characterization, and design of devices described in this

thesis.

2.4.1 The Fabry-Perot etalon

The simplest resonator to conceptualize is the Fabry-Perot etalon, which is formed
of two planar reflective surfaces separated by a distance L [29]. Equivalently, the device
is formed of three layers: the top layer and bottom layer are semi-infinite and have a
refractive index n;, while the middle has a thickness L and a refractive index n,, as shown
in Figure 2.14a. Note that this is not the most general structure, as the bottom and top
layer need not be the same material. Light of electric field amplitude E; incident from
above, at an angle of 8y, will upon reaching the first interface be partially refracted into
the middle layer, and partially reflected. The refracted light propagates through the
material and be partially refracted and partially reflected at the second interface, and the
reflected light will then propagate upwards back across the medium n; and be reflected
and transmitted again, and so on. The total transmitted field E; is the sum of the infinite
partial waves transmitted through the bottom interface, which equates to:

E =ETVAe 1 (2.57),
1- ARe'
where ¢ represents the phase shift after a single round trip of the film:

0 =2kn,Lcosé,, where kK is the free-space wavenumber (2.58)
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The T and R represent the transmittance and reflectance of the ni/n, interface, and the

round-trip loss of the material has been defined as:
A2 — e—a(ZLCOSH) (259)

The fraction of the incident light intensity I; that is transmitted is therefore:

2

L_|E
l;

E.

1-R)*A

(1- AR) + 4ARsin? (3

where the T = 1 - R relation has been invoked to reduce the number of variables [28].

(2.60),

This relationship is plotted as a function of ¢ (bottom axis), or equivalently 4 (top axis) in
Figure 2.14b. The transmitted intensity therefore has maxima that are periodic in ¢, since

Eq. (2.4.4) gives % =1 when sinz(%): 0. We may assume that #, = 0, meaning the

light is normally incident from the top of the device, as it is in all applications within this
thesis. This condition is therefore valid when:

27, L
0% =mz =k,n,L = =2

,wherem=1,2,3, ... (2.61)

m

Therefore, the transmitted intensity reaches a maximum when:

2n,L

. mc
An = o or equivalently v, =

2n,L

(2.62)

This is purely an artefact of the constructive interference of the partial waves, due
to the phase difference ¢ being matched to their wavelength. Such wavelengths A, are
called resonant wavelengths, and the corresponding vy, are called resonant frequencies
[28]. In selecting the top axis of Figure 2.14b, it was assumed that the etalon was formed
of a silicon film (n, = 3.5) of L = 1 um thickness (the refractive indices of the

accompanying material are determined by the chosen reflectivity R).
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Figure 2.14: a) Diagram of a symmetric Fabry-Perot etalon, formed of a dielectric of thickness L and
refractive index n, sandwiched between two semi-infinite dielectrics of refractive index ng; Light is
incident from above at an angle of ;, and proceeds to undergo multiple reflections at each interface,
as described in the text [28]; b) Plot of the transmitted intensity, calculated from Eq. (2.60), for
interface reflectivity R = 0.3 and R = 0.95 and absorbance of A =1 and A =0.975; The corresponding

wavelength is plotted as the top axis, assuming that #, =0, n, =3.5,and L =1 pm;

A similar analysis may be carried out with a summation of the partial waves

emitted from the top, and forming a reflected intensity fraction I,/I,. The resulting

function predicts a minimized reflected intensity at the resonant wavelength Ay,. The
etalon is thus an optical filter, which transmits a narrow range of wavelengths centered on

Jm While strongly reflecting the neighbouring wavelengths.

The shape of the curve is strongly dependent on the resonator loss, due to both
interface reflectivity R and absorbance A, as shown in Figure 2.14b. For a reflectivity R,
the resonator incurs a loss of In(R) upon every reflection. Therefore, the smaller the value
of R, the less capable the resonator is of storing an optical field. As R is increased, the
intensity maintained within the cavity after m reflections becomes greater. Therefore, in
the field summation, there are more partial waves of similar amplitude contributing to the
transmitted intensity by interfering with one another. This has the consequence of

narrowing the transmission around the resonance wavelength. The full width at half
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maximum (FWHM) of the resonance is commonly called its linewidth, which is an
important characteristic parameter of optical resonators. When only reflection loss is
present (i.e. A = 1), the total reflected intensity and total transmitted intensity of an etalon
will sum to unity, regardless of the value of 6. Absorption loss, however, both decreases
the resonant transmission and increases the linewidth. The former affects an oft-quoted
parameter called the Extinction Ratio, which is the ratio of the resonant transmission and
the off-resonant transmission, usually written in dB. From Figure 2.14b, it is clear that
both the reflection loss and absorption loss influence the extinction ratio.

An SOI waveguide of finite length L and smooth facets forms a Fabry-Perot
etalon. The facet reflectivity, due to the refractive index contrast between the silicon core
and air, is R = 0.31. Therefore, the waveguide transmission has a spectral envelope from
the interference effect. This effect is typically undesirable and inconsistent, as facet
quality greatly influences the resulting spectrum. It is, however, of advantage in
measuring waveguide transmission loss using the treatment outlined above, and will be
utilized throughout this thesis. From the transmission spectrum of a waveguide,
measuring the Extinction Ratio ER allows the transmission loss (in cm™) to be calculated
as [30]:

ye L[ LVER-1

2.4.2 General characteristics of optical resonators and methods of

simulation

An important characteristic of optical resonators is the Free-Spectral Range
(FSR), which is defined as the separation between adjacent resonances. Since a resonance

occurs when the round-trip phase difference is an integer multiple of 2m, the FSR is

therefore defined as Aoz = 27. Or, written in terms of frequency, it is defined as:
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C
= 2.64),
VEsr 2n,'L ( )

where n,'=n, +V3_n is the group index [28]. In cases of small dispersion (cji_n the
1% 14

group velocity equates to n,, and the FSR is then independent of frequency. Written in
terms of wavelength, however, the FSR is always wavelength dependent:

i A
Apsp = ?VFSR = TZ'L (2.65)

The resonant linewidth is reflected in two figures of merit used to describe resonators.

The first is called the Finesse, which is the ratio of the free spectral range and the

linewidth:
i Aese
Finesse = E (266)

The second figure of merit is called the Q (for Quality) Factor, and is proportional to the

ratio of the optical energy ¢ stored by the resonator to the rate of energy loss d%t :

5
Q=02
Ca

Eq. (2.67) indicates that the decay of energy in a resonator is described exponentially:

(2.67)

&(t) =S exp (— tl] : (2.68),

c

Q

where t, = —=is referred to as the Photon Lifetime of the resonator [28].
w

From the Lorentzian form of the resonance, the FWHM can be shown to be equal to [28]:

Ayt @ (2.69)
2rt, 27 Q
Therefore, an alternative representation of the Q-factor is:
Q=2 (2.70)

Av
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This is directly measurable from the transmission or reflection spectrum of a resonator.
Again, an etalon with low total loss (R, A ~ 1) will have a narrow linewidth and therefore
high Q. This demonstrates the association between loss and photon lifetime: low loss
resonators store optical energy for long time periods characterized by t.. This is explicitly

evident in the variation of optical power within a resonator with time:

d_Pzd_Pﬁzd_PC_o=_(a+l|n(R)jc_°P 2.71)
dt dzdt dz n L n
Therefore,
1 :(miln(R)JC—O (2.72)
t, L n

That is, the photon lifetime is inversely proportional to the total loss in the resonator [28].
While this discussion was presented for the etalon in particular, the concepts of
Extinction Ratio, Finesse and the Q Factor are applied to all optical resonators, regardless

of their construction.

A resonator can be modeled using FDTD programs such as RSOFTs FullWAVE
using several methods. A common approach is to launch a pulse excitation into a
structure and monitor the energy remaining as a function of time. By performing a fast
Fourier transform (or fft) on this data, the stored energy vs. optical frequency is obtained,

from which properties such as im, A4, Aesg, and ER may be extracted [11].

2.4.3 Micro-ring resonators

Another form of resonator is a micro-ring, whose structure is shown in Figure
2.15a. Rather than undergoing multiple reflections in a planar structure, light undergoes
multiple revolutions around a ring of radius R. Therefore, in this case, the round trip

phase is given by:

5 =kn,(27R) (2.73)
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The ring structure therefore behaves similarly to an etalon of length L = zR, with
adjusted reflection and transmission coefficients to reflect the physics of coupling light
into and out of the resonator from the ‘bus’ waveguides. The intensity reaching the drop-
port is analogous to the transmitted intensity I; of the etalon, where constructive
interference within the ring at 0 = 2mx leads to sharp peaks. The intensity reaching the
through-port is analogous to the reflected intensity I, of the etalon, and features resonant
drops in intensity. The drop-port then functions as a narrow-pass optical filter, and the
through-port functions as a narrow-stop filter.

a) I ‘|‘ Through b)
" 11 port

1,1 o |1,

Figure 2.15: a) An illustration of a micro-ring resonator, formed of a ring waveguide sandwiched

Mode Power (%)

between two bus waveguides; the relevant analogue intensities of the etalon are shown for
comparison; b) A diagram of two identical waveguides 1 and 2 having a coupling coefficient K. The
coupled-mode equations predict that the optical power will be transferred periodically between 1 and

2 with a period given by L: the coupling length [31].

The interaction point between the ring and the bus waveguide is called a
waveguide coupler, where energy is transferred between waveguides that have been
brought into close proximity over a certain distance. Its operation is fundamental to the
characteristics of waveguide modes. The single modes described in section 2.1.2 were
calculated assuming the surrounding dielectric extended infinitely in all directions (or
more practically up to a distance where the evanescent field is negligible). Were two

waveguides separated by a distance on the order of their transmitting wavelength, the
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mode of one waveguide would be perturbed by the presence of another, and energy
would be transferred (or coupled) to it. This coupling loss or cross-talk is undesirable on
optical chips, and sets the minimum separation between waveguides so that they may be
considered isolated structures.

This effect is intentionally used in waveguide couplers, such as the one depicted
in Figure 2.15b. Given the mode properties the individual waveguides 1 and 2, the
amplitude of each propagating wave in the coupling region varies with propagation
distance according to a pair of coupled first-order differential equations called the
Coupled Mode Equations. The key parameter in these equations is the coupling
coefficient K, which corresponds to the coupling strength (in m™) from waveguide 1 to 2
and from 2 to 1. While K depends on a multitude of factors, it generally decreases with
increasing waveguide separation and mode confinement. Between the two parallel
waveguides of Figure 2.15b, the energy is periodically transferred between them with a
period given by the coupling length L., which is inversely proportional to K. In the case
where waveguides 1 and 2 are identical, as in Figure 2.15b, it is possible to couple 100%

of the modal intensity between them [31].

It is often preferred, when analyzing micro-ring resonators, to generalize the
coupling physics to a ‘black box” process. One reason is that, as in the micro-ring shown
in Figure 2.15a, the coupler is not formed of two parallel waveguides, and the continuous
curvature of a ring does not permit the decoupling of the length from the coefficient K.
This type of coupler is referred to as an evanescent point coupler, and is used in the
circular type of ring resonator, shown in Figure 2.16a. In another implementation, the
ring does have straight sections in the coupling regions. This type is called a racetrack
resonator, and is depicted in Figure 2.16b. By using a racetrack, it is possible to tune the

coupling strength independently through both gap size and coupling length.
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Both implementations are described using the model of Figure 2.16¢, using two
parameters: the cross-coupling coefficient x and the self-coupling coefficient t. Assuming

there is no loss in coupling, these parameters obey the following relationship:

KX +t? =1 (2.74)

Given input fields X; and X», the fields output from the coupler Y; and Y, are determined

by [28]:
Y, B t x*| X,
{YJ B |:K _t*}{x j (275

a) Circular Ring Resonator [¢) Y,

O

K

b) Racetrack Resonator t
X,

X,

Figure 2.16: a) The circular ring resonator implementation, featuring a point-evanescent coupler; b)
The racetrack ring resonator implementation, featuring straight waveguide coupling sections; c)
‘black box’ model of the coupler, used to describe the devices of a) and b) using the parameters

(cross-coupling coefficient) and t (self-coupling coefficient) [28].

The type of ring resonator shown in Figures 2.15a and 2.16 is called an add-drop
ring resonator, and is formed of a ring with two couplers to two bus waveguides, as

shown in Figure 2.17. In this case, the coupler on either side is assumed to be identical,
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making it directly analogous to the symmetrical etalon. The electric field that is
transmitted into the drop port is:

Eumy [ VA2
E. 1—Ait*e"”

(2.76),

where A2 =e “?®) s the intensity transmission in a single pass of the ring [32].

The proportion of the intensity arriving at the drop port is then:

Idro Edro ' Edro |K|4A
P _ P Pl (2.77)
WO LE LR o apf +4A4t|zsin2@

This is simply the transmitted intensity of Eq. (2.60) for the etalon, if one substitutes

* =(@-R)and [{|* =R.
Similarly, the electric field coupled to the through port is [32]:

Ethrough _ t _t* Aei5

= : 2.78
= 1— Att *e' (2.78)
Therefore, the proportion of the intensity coupled to the through port is:
' |t|2{(1— A) + 4Asin2(5ﬂ
Ithrough — Ethrough Ethrough — 2 (279)
1, E, E,

b AP +ant? sinZ@

Assuming a coupling coefficient of |«> = 0.1, Eq.’s (2.77) and (2.79) are plotted in
Figure 2.17b for a lossless ring (A = 1) and a moderately lossy ring (A = 0.95). For the
lossless case, all of the input intensity is adequately coupled to the drop waveguide on
resonance. Upon introduction of loss to the ring, however, the resonant intensity at

reaching the drop port is significantly reduced.
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b) Drop port, A =1
a) Drop port, A =0.95
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Figure 2.17: a) Schematic of an add-drop ring resonator structure, including two identical waveguide
couplers with coefficients x and t [32, 33]; b) Plot of I, and linugn fOr the structure in a) assuming a
coupling coefficient of | x |7 = 0.1 and loss of A =1 and A = 0.95, obtained from Eq. (2.77) and (2.79).

Another implementation of the ring resonator is the all-pass ring resonator shown
in Figure 2.18a, where the second bus waveguide is absent, and so no drop port exists.
This structure is mathematically equivalent to the add-drop of Figure 2.17a, but with the
self-coupling coefficient on the right side (¢°) set to 1 and the cross-coupling coefficient

on the right (x’) set to zero. The electric field at the through port is then [32]:

E _ i
through t Ae (280)

E 1-At*e®

Therefore, the intensity at the through-port is:

* 2
Ithrough — |: Ethrough} |:Ethrough} — |t| + A2 - 2At COS5 (2 81)
I E, E. | 1+A%" -2Atcoss
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Figure 2.18: a) Schematic of the all-pass ring resonator, which is modelled as an asymmetric add-
drop resonator with ¥’ =0 and ¢’ = 1 on one side [32, 33]; b) Plot of the resonant through-port
intensity as a function of %, illustrating the presence of ‘critical coupling’: the zero through-port

intensity achieved for a particular value of .

In this structure, the only source of loss in the ring is A. This means that on
resonance, all of the light coupled into the ring is absorbed or scattered, rather than being
coupled into a drop port. At resonance, the intensity at the through-port is [33]:

(lmmuth A -2A (t-Ay (2.82)

Ii resonance 1+ 'A2|t|2 - 2At - (1_ IAt)2

This provides a means of gauging how the coupling properties should be chosen

to achieve the maximum power coupled into the ring on resonance. To illustrate this, Eq.

(2.82) was plotted against |K|2 :1—|t|2 in Figure 2.18b for A= 0.9 and A = 0.99.

It can be seen, both from Figure 2.18b and Eqg. (2.82), that zero transmission is
obtained when t = A, or |K|2 =1- A?. This condition is called Critical Coupling, and is

desired in devices that require a large Extinction Ratio. Clearly in Figure 2.18b the

transmission curve becomes very steep when A and t are small, meaning that the
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extinction ratio is dramatically altered by slight changes in coupling coefficient or loss
[33]. The extinction ratio may be derived from Eq. (2.81) to be [34]:

L LA

This also implies that it is theoretically possible to achieve critical coupling in any
all-pass ring resonator, regardless of its loss, by properly selecting the coupler
dimensions. On the other hand, it is not always possible to achieve 0% resonant
transmission in the symmetric add-drop resonator of Figure 2.17. In fact, it is shown in
Figure 2.17b that this is only achieved by having zero loss (A = 1), and is independent of
x entirely (although the intensity in the drop port off-resonance is dependent on «x).
However, asymmetric add-drop ring resonators are capable of achieving critical coupling

for non-zero loss.

The coupling domain to the left of the critical point is called Under-Coupling, and
the domain to the right is called Over-Coupling. In addition to significantly affecting the
extinction ratio, the coupling regime of operation influences the linewidth and therefore
the resonator’s Finesse and Q-Factor. The effect of coupling and loss is directly
analogous to the etalon: both the cross-coupling coefficient and the ring loss must be
minimized to maximize the linewidth. In an all-pass resonator, this means that while
critical coupling may be achieved for a lossy ring by choosing an appropriately large
coupling coefficient x, this would result in a large linewidth. The linewidth is minimized
by minimizing the coupling coefficient x, and in some cases this means that an under-
coupled resonator will have a smaller linewidth than a critically coupled one. In add-drop

ring resonators, in fact, this is always the case.

The equation determining the Finesse of an all-pass resonator is derived from Eq.
(2.81) to be:
Zal
T [ B
COS(%:inesse)_ 14+ A2 |t|2 (2.84),
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which indeed indicates an infinite Finesse, or an infinitely narrow linewidth A4, as A and

|t| approach unity [34].

One use of micro-rings in this project is to provide resonant enhancement of light
intensity due to the confinement of energy in a structure. Referring to Figure 2.18a and
Eq. (2.75) for an all-pass resonator structure, we have a relationship between E; and

Ethrough ON the bus waveguide and E;; and E,, on the ring.

*
S
In addition, with knowledge of the ring loss alpha and the radius R, the relation between
E1 and E;, can be expressed as:
E, —e /2¥RgieRE _ peE (2.86)
Combining Eqns. (2.85) and (2.86) will lead to the following relationship between the

field strength in the ring E,, and the incident field strength on the bus waveguide E;:

E., Ae"x*

= — 2.87
E, 1-tAe” (2.87)
In terms of intensity, this is written as the Build-Up Factor (BUF):
2 2 2
BUF _|E- ATk (2.88)

“[E |  1-2tAcoss +t°A?
At resonance, the BUF is [32]:

2.2 tA-1
—|Ef2 A'x ~ E>< Finesse (2.89)

_|Ei| z(l—tA)z G

|2

BUF

Therefore, the effect of storing energy in a ring on resonance causes the intensity
to be enhanced over the incident value by a factor described by Eq. (2.89), which
(assuming the ring is critically coupled and the loss is sufficiently low A =t ~1) is
directly proportional to the Finesse. This is used in chapter 6 of this thesis, to enhance the

photodetector response and thus implement them in much more compact structures.
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Similarly, the BUF of an add-drop ring resonator is written as:

2

EL| A?i?t?
|E | 1-2t?AcosS+t*A?

BUF

On resonance, the BUF has a value:
e[ A

BUF =
| E, | (1—t2A)2

2.5 Summary

(2.90)

(2.91)

This chapter has provided the theoretical framework necessary for a complete

understanding of the remaining chapters. The concepts and equations contained within

will be referenced throughout the thesis. Having discussed the motivation and underlying

theory, we are now in a position to present a device-based model of the photodetection

process.
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Chapter 3: Modeling Defect-Enhanced
Photodetectors

3.1 Overview

As discussed in section 1.4, the transparency of silicon to 1.55 um light, required
for waveguiding, precludes optical power detection using silicon band-to-band optical
absorption. As a result, a means of locally increasing the absorption coefficient is
required to integrate a photodetector onto the same chip as the high-transmission

waveguides.

One method of local optical absorption coefficient enhancement utilizes point
defects introduced by ion implantation. Point defects have charge state levels within the
forbidden gap of silicon, which act as intermediate states in an absorption process, as
described in section 2.2. For instance, the divacancy defect introduced in section 1.4 has a
charge state located 0.4 eV below the conduction band [2, 3]. Photons at 1550 nm (which
have an energy of 0.8 eV) are able to excite an electron from the valence band to this
charge state, where it can then be further excited into the conduction band either
thermally or by a second photon as in Figure 2.10. Therefore, an additional high energy
ion implantation step at the end of a process is the sole requirement for the modification
of silicon from a low absorption state needed for waveguides into a highly absorbing state

needed for photodetection.

The device design is not straightforward, however. The nature of lattice defect
formation prevents their incorporation with arbitrary depth profiles and concentrations.
The defects created are highly dependent on the implanting species, dose and energy, as

well as the subsequent thermal treatment. In addition, the deep centres provide an
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enhancement in carrier trapping as well as that of carrier generation. This places severe

restrictions on device geometry, as will be shown presently.

3.2 The Divacancy

For the purposes of evaluating the photodetector device designs, a single defect
type was assumed to be present: the divacancy. This section will review the pertinent

literature on irradiated silicon to provide a justification for this choice.

Deep levels tend to exhibit behaviour much different from shallow donors and
acceptors: they distort the atoms in their vicinity to a large extent, and this distortion
depends on the number of electrons occupying them (i.e. their charge state). For defects
such as the divacancy, this is described by the Jahn-Teller Distortion, in which the
transition from one charge state to another requires an additional investment of energy to
move the neighbouring atoms to the new position. This was incorporated into a complex
model of the divacancy by Corbett and Watkins [4]. There are six nearest neighbour
atoms, and as electrons fill their orbitals, lattice distortion occurs and splits the
transitional energies between charge states. When the divacancy has only a single
electron, it is in the singly-positively charged state (+1); when it has two electrons, it is in
the neutral state (0); when it has three electrons, it is in the singly-negatively charged
state (-1); and when it has four electrons, it is in the doubly-negatively charged state (-2).
Using this distorted model as a starting point, physicists correlated Electron Paramagnetic
Resonance (EPR), optical absorption, and photoconductivity data with transitions

between charge states.

Electron Paramagnetic Resonance is a spectroscopic method used to, amongst
other things, identify defects in irradiated semiconductors [5]. The spin-down and spin-up
states are split in the presence of a magnetic field, and electrons can be excited between

these states by microwave photons. Further splitting (called ‘hyperfine’ splitting) results
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from nuclear interactions and the resulting absorption spectrum peaks provide
information on lattice structure. Combined with angular variation, it is possible to
completely model the microscopic structure of the defect for each charge state [6]. In
Figure 3.1a, the energy levels of the divacancy charge states are shown [4].
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Figure 3.1: a) Map of divacancy charge state as a function of Fermi Level, deduced from EPR
measurements [4, 7]; b) Map of existing absorption peaks as a function of Fermi level [8]; ¢) Sample
absorption spectrum measured by Fan & Ramdas for a p-doped Si sample irradiated with electrons,

showing the prominent 1.8 pm band [8].

Several absorption peaks in implantation-damaged silicon have been associated
with the divacancy. The sample spectrum from lightly p doped silicon irradiated with
electrons shown in Figure 3.1c exhibits the characteristic 1.8 pm peak [8]. This band has
been independently observed to disappear in samples where the Fermi level is above
E.- 0.21 eV [8, 9] as in Figure 3.1b. For such highly n type silicon, a second absorption

band centered upon 3.3 pm appears, coincident with the disappearance of the 1.8 um [8,
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10]. Since the two bands are not simultaneously observed, it was concluded that the final

orbital state of the 1.8 um band is the same as the initial orbital state of the 3.3 um band
[10].

The photoconductivity was measured as a function of photon energy [11-14], and
the threshold wavelengths for photoconductivity provide the associated electronic
transition energies. The change in photoconductivity when a sample undergoes uniaxial
stress provides information on the microscopic structure [11], which through comparison
with the results of EPR can identify a charge state. For example, the E, + 0.32 eV
threshold and the corresponding absorption band at 3.9 pm was correlated to the
transition between the +1 and 0 charge state through interaction with the valence band
(i.e. hole generation) [11]. Similarly, a photoconductivity threshold at E; - 0.75 eV and
the corresponding absorption band at 1.8 pum was correlated to the transition between the
0 and the -1 charge state through another hole generation in the valence band [13]. Once
the -1 charge state is fully occupied (i.e. the Fermi level has risen above E. - 0.21eV as in
Figure 3.1a, the 1.8 um absorption is removed and the 3.3 um absorption occurs (and a
photoconductivity threshold at E; - 0.39 eV) for excitation of an electron from the
divacancy into the conduction band [10, 14].

That the 1.8 um absorption band and the corresponding photoconductivity level
are present in lightly doped irradiated silicon at room temperature is an indication of the
presence of divacancies in their neutral charge state. Fast neutron irradiation or ion
implantation produce vacancy complexes in silicon, and the divacancy may be the
dominant such complex at room temperature. In the case of oxygen implantation, for
example, the divacancy is dominant for doses up to 10™* cm, after which tetravacancies
and, beyond a critical concentration, amorphous silicon regions appear [15, 16]. The
corresponding critical dose becomes smaller for more massive ions, and the maximum
1.8 um absorption was found to occur with doses which were smaller than this dose [16].
Positron Annihilation Spectroscopy has since been used to predict point defect

concentration as a function of ion dose, adjusted for ion species [17]. The 1.55 pum
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absorption in Si* implanted rib waveguides has shown good agreement with this
dependence on dose, indicating that it is the tail of the 1.8 um absorption band of the

divacancy that is responsible [18].

The absorption and photoconductivity described above had a marked dependency
on annealing conditions. This is an indication of the removal of the divacancies through
recombination with interstitials and the agglomeration into larger clusters [19]. The
disappearance of the 1.8 um band following a 300-350 C anneal suggests the complete
removal of the divacancies [3, 7, 9, 19]. The aforementioned Si* implanted rib
waveguides were subjected to isochronous anneals, and exhibited a decreased
propagation loss between 150 and 250 C annealing stages [18]. The recovery of the pre-
implanted absorption level is an indication of the complete removal of the defect, and

rules out the possibility of an impurity related center being responsible for the absorption.

In summary, the divacancy is a dominant defect at room temperature for a select
range of ion implantation conditions. It has an associated absorption peak at 1.8 um and
photoconductivity which result from a transition from its neutral charge state to the
singly-negatively charged state through the generation of a hole. The reduced absorption
at 1.55 pum measured from ion implanted waveguides with annealing is consistent with
the reported removal of divacancies at these temperatures. It is on this basis that the
divacancy was selected as the relevant defect to be used in the single-defect model.

3.3 Theory of Deep-Level Carrier Generation and

Recombination

A deep center in silicon interacts thermally with the conduction and valence bands
according to Shockley-Read-Hall theory in the following ways as depicted in Figure 3.2:
promotion of an electron from the defect level to the conduction band (occurring with a

rate Gy), trapping of an electron from the conduction band by the defect level (occurring
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with a rate Uy), promotion of an electron from the valence band to the defect level (i.e.
hole generation, denoted by a rate Gp), and trapping of an hole by the defect level
(denoted by a rate Up) [20].

E, L Q
16, lu,
E---€ __O ___0____@_.
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= @) ®

Figure 3.2: Schematic of defect level at energy E; between the conduction band energy E. and valence

band energy E,, along with the relevant transition rates G, U,, G,, and U, [21, 27].

A piece of silicon material containing a uniform concentration of defects denoted

by N; will, in thermal equilibrium, have a value of each rate such that:

U, -G,=U, -G, (3.2)
This ensures that the concentration of electrons occupying the defect state,
denoted by ny, is in steady state. The value of G, is determined by the proximity of the

defect level to the conduction band, the concentration of occupied defects n;, and a defect
property called the capture cross-section of electrons oy:

E, — E,
G, =o,v,nn e L 3.2),
o oo £ E] 32
where vy, is the thermal velocity of electrons at room temperature, E; is the trap energy, E;
is the energy roughly in the center of the band gap of silicon, n; is the intrinsic carrier

concentration, k is the Boltzmann constant and T is the temperature.

The value of U, depends on the concentration of electrons in the conduction band
n, the concentration of unoccupied defects (N; - n;), and the capture cross-section of

electrons:
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U, =o,v, (N, —n,)n (3.3)
Similarly, for holes:
E.—E
Gp = Gpvth(Nt - )ni EXp( : tj (3.4)
kT
U, =0,Vun P (3.5),

where oy, is the capture cross-section of holes and p is the concentration of holes in the

valence band.

To find the value of n; in thermal equilibrium, Eqgns. (3.2-3.5) are substituted into
Eqg. (3.1) to yield [21]:

o,n+o,p

=N
" tan(n+n')+c7p(p+ p')

t

E.-E E —E,
where '=n. e ' _—tland n'=n. e L 3.6
p.xp[ij .m(ij (3.6)
Therefore, in thermal equilibrium the value of n; depends on not only the defect
characteristics (given by E;, o, and ap) but also on the doping of the silicon. If the silicon
is heavily n-doped, the large electron concentration n leads to a large trapping rate U, and
thus from Eq. (3.6) n; = N;. Alternatively, if the silicon is p-doped, Eq. (3.6) reduces to

n:=0.

In the case of the divacancy, o, and o, are of similar magnitude but the defect
level is closer to the conduction band than the valence band. lon implantation produces
defects with concentrations roughly in the range of 10'°-10*® cm™, whereas background
doping is in the region of 10*° cm™. As a result, the value of n in thermal equilibrium is

between 0 and 10™ cm™, depending on whether the wafer is n or p doped.
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3.4 Single-Defect Model of Photodetection

Photodetection is possible by utilizing the optical transition of a free electron from
the valence band to the divacancy level. The threshold energy of this transition is roughly
0.72 eV, and is therefore capable of being initiated by a 1550 nm photon. Similar to the
rate Gp, this optical generation rate will be proportional to the concentration of
unoccupied defect centers (N; - n;). In the case of the low doping conditions described

above, nt—0 and therefore the absorption rate is approximately proportional to N.

Since the excitation light is absorbed as it travels through the device, the
generation term also has an exponential decay proportional to N; If the absorption
coefficient corresponding to the divacancy is written in terms of its optical absorption

cross-section S [22]:

=t 3.7
“=" 3.7)

Then the generation rate in a waveguide drawn in Figure 3.3 may be written as [23]:
A
Gonlx ¥ 2)= 10 y): et 0 (- 2) (3.8),

where 1(x,y) is the intensity profile of the fundamental mode (normalized to total power),
/. is the free-space wavelength of light launched, h is the Planck’s constant and c is the

speed of light in vacuum.
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Figure 3.3: Rib waveguide structure used in the photodetector model; showing insertion point of

optical generation rate Gy (X, Y, Z) and the coordinate system used.

This three dimensional problem was solved in a two dimensional ATLAS
simulation by utilizing several assumptions. First, following the optical transition from
the valence band to the defect level, a relatively instantaneous thermal transition occurs
from the defect level to the conduction band. This is justified by the fact that Gop is less
than the equilibrium value of G, for reasonable (< 100 W) optical powers. Therefore, it is
assumed that n; does not significantly deviate from its thermal equilibrium value during
optical excitation. Were it the case that Gope > Gp, EQ. (3.8) would no longer be valid and
each absorption event would not lead to the generation of an electron-hole pair. A
saturation in the photodetector responsivity (meaning a loss in linear proportionality
between photocurrent and injected light power) at high light intensities would be an

indication that this is taking place.

Secondly, the simulation requires the de-coupling of the optical generation
process and the electrical defect processes of Eq. (3.2-3.5). The former are simulated by
adding acceptor carrier traps with the characteristics of the divacancy: E; = 0.4 eV below
the conduction band [2, 3], o, = 3.65 x 10™ cm? [2, 3], and g, = 3.6 x 10™* cm?[2]. The
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latter is simulated by adding a separate spatially dependent electron-hole pair generation

rate (in x and y), given by:

[ Gl y.2Hz = 1(x, y)% at‘jai L—ex(-(a, +a L) (3.9)

This represents the carrier generation rate of Eq. (3.8) integrated over the z
coordinate, implicitly taking into account its length L and the associated absorption loss.
The absorption loss will be a result of defect absorption «; of Eq. (3.7) as well as loss
from other mechanisms «; (including free-carrier absorption). The x and y dependence is

that of the optical mode used in I(x,y) and is determined from a BeamPROP simulation.

The device cross-section is built in ATLAS, including the ridge waveguide of
Figure 3.3, n* and p* doped regions, and aluminum contacts. The photocurrent can be
measured as a function of applied bias, defect concentration, light intensity as well as

other geometrical factors.

3.5 Single-Defect Model Results

The validity of this model was tested through a comparison against the reported
results from three research groups described in section 1.4: McMaster University [24],
The Chinese University of Hong Kong [25], and MIT Lincoln Laboratories [26]. All
groups used the integration of p-i-n photodiode structures onto a silicon waveguide, and
ion implantation followed by high temperature annealing to achieve a response at 1550
nm. The device design and implantation conditions, however, vary between the different
groups. Figure 3.4 compares the design of the device fabricated at McMaster University
to that fabricated by MIT Lincoln Labs.
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1A

Figure 3.4: McMaster University device [24] (left) and MIT Lincoln Labs device [26] (right) (The
Chinese University of Hong Kong device [25] is similar in structure to that of the McMaster
University); parameters x and y reflect variable dopant geometry and are addressed in a later

section, L represents the length of the p-i-n junction on the waveguide.

The devices of McMaster University and The Chinese University of Hong Kong
are of similar dimension, having a cross-section of several micrometers. In contrast, the
device from Lincoln Laboratories has a sub-micron cross-section. The McMaster
University and Lincoln Laboratories groups both use Si* implantation species to generate
the defects, although Lincoln Laboratories requires a lower energy (190 keV) than
McMaster (1.2 MeV) due to its considerably smaller waveguide height [24, 26]. The
Chinese University of Hong Kong use He" species to generate defects, at an energy of
800 keV [25]. Following implantation, all groups use high temperature annealing steps to
repair the lattice and remove the defects, and therefore decrease the optical absorption.

The absorption and photocurrent were measured after each annealing stage.

Each structure was built in the ATLAS environment as described in the previous
section, and the integrated optical generation rate and acceptor trap concentration were
simultaneously altered to reflect a changing Ni°. The calculated photocurrent is plotted for
each device as curves in Figure 3.5. For the purpose of comparison, the measured
photocurrent is plotted as data points. The corresponding values of N for the measured

photocurrent were approximated from the reported loss values by using Eq. (3.7).

> Refer to Appendix A for a detailed ATLAS script used for such a simulation.
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Figure 3.5: The simulated (solid lines) and reported (data points) photocurrent by (a) McMaster
University [24] (with a device length L = 6 mm, x = 18 pm, biased at -2 V and 1 mW input power),
(b) The Chinese University of Hong Kong [25] (with a device length of 17 mm, biased at -20 V and 25
mW input power), (c) MIT Lincoln Laboratories [26] (with a device length of 0.25 mm, biased at -5 V
and 1 mW optical input power); Defect concentration N, was approximated from the measured loss
using Eq. (3.7) [27].

The observed trend in both simulation and experiment is an initial increase in
photocurrent with Ny, a result of the increased carrier generation rate. However, above a
particular value of N, the photocurrent begins to decrease. The main reason for this is
that the recombination rate is linear with N; (Eq. (3.3)), while the optical generation rate
is sub-linear (Eqg. (3.9)), and as a result the photocurrent begins to decrease when the
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absorption length becomes comparable to the device length. The position of the peak in
the curve is therefore strongly dependent on the length L. In addition, the optical
generation occurs only in the region of strong optical power (i.e. within the mode), while
carrier trapping occurs everywhere that defects are present. Therefore, introducing
defects into the region outside of that occupied by the optical mode is detrimental to
device performance. Larger values of N; are tolerable in devices with short transit
distances between a generation event and carrier extraction, or in the presence of large
electric fields (large reverse bias). For instance, the Lincoln Laboratories device has a
cross-sectional size that is an order of magnitude smaller than the other devices, allowing
the p* and n* regions to be much nearer to one another. As a result, carriers have to travel
at most 500 nm before extraction, in contrast to the McMaster device where they would
have to travel 5 um. Where carrier trapping would degrade the performance of the
McMaster device for values of N; > 10*" cm?, it does not degrade the performance of the
Lincoln Labs device until N; > 10™ cm™. Also, the close proximity of the p* and n*
regions means that the Lincoln Labs device can be fully depleted under a reverse bias of
5V, which further reduces the influence of carrier trapping.

In addition to absolute photocurrent, the defect-enhanced photodetectors may be

analyzed with respect to an effective quantum efficiency #es, which is defined as:

_hc 1,

=—— 3.10),
ﬂ“q Pabs ( )

neff

where q = 1.6 x 10 C, Ip is the photocurrent and Py is the power absorbed by the
photodetector. This is a useful metric for power monitoring applications, where it is only
desired to absorb a fraction of the optical power. Figure 3.6a plots 7. as a function of N;
for the McMaster device, both calculated values and those extracted from experimental

results.
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Figure 3.6: a) Simulated effective quantum efficiency #.s of the McMaster University Device as a
function of divacancy concentration N (solid curve), along with that extracted from experimental
results (data points), b) Comparison of the simulated #.¢ of the McMaster University device, The
Chinese University of Hong Kong device, and the Lincoln Laboratories device; The McMaster
University device was L = 6 mm in length, x = 6 pm, and biased at -2 V; The Chinese University of
Hong Kong device was L = 17 mm in length and biased at -20 V; The Lincoln Laboratories device as

0.25 mm in length and biased at -5 V [27].

This indicates that larger cross-section devices become less efficient as N is
increased, a consequence of the corresponding increase in carrier trapping reducing the
efficiency of carrier removal. Figure 3.6b plots the calculated values of 7. for the three
devices. The degradation in efficiency of larger devices is not evident in the Lincoln
Laboratories device, again a result of the ineffectiveness of the defects in trapping the
carriers over the short distance available. It is also significant that the large absorption of

the Lincoln Laboratories device limits its 7es at low values of N; to less than those of the

McMaster University device.

While this single-defect model produces the correct physical result, its vast
inherent inaccuracies should be noted. The implantation damage produces a multitude of
defects, and while they may not all lead to carrier generation they are very likely to
contribute to carrier trapping. Considering carrier trapping from divacancies alone is a

simplification born out of the fact that any other defects are presently unidentified and
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thus their trapping behaviour and its variation with thermal annealing are unknown. The
carrier lifetimes are thus overestimated, meaning that accounting for any contribution of
other defects to electrical trapping would shift the peak position of the photocurrent to
smaller values of N;. Indeed, this is believed to be the dominant reason why all simulated

curves in Figure 3.5 have a peak photocurrent to the right of that obtained experimentally.

The value of the optical cross-section g of the divacancy at 1550 nm is also not
well known. The assumed value is from earlier absorption investigations of the 1.8 pm
absorption band, which is g = 7.7 x 10'® cm™ [22]. This fixes the generation rate at an

upper-most estimate, which will lead to larger simulated photocurrent than was measured.

The process of fitting the experimental curves is also flawed in that it was
assumed that all reported loss was a result of divacancy absorption and generates carriers.
The validity of this approximation will not only vary between devices but also between

annealing stages within a single device (as secondary defects are introduced or removed).

That the correct trends can be described by assuming the presence of a single
defect is a strong indication that we possess a sound understanding of the underlying
physics, if not the subtle details. While the single-defect model is therefore only able to
make concrete predictions of the optimized photocurrent with limited accuracy, it is able

to evaluate device geometries and maximize the extracted photocurrent.

3.6  Evaluation of Device Designs

3.6.1 Performance dependence on reverse bias

The performance of a device may be improved by increasing the reverse bias,
which increases the overlap between the carrier generation region (i.e. the optical mode)
and the depleted area, thereby improving the carrier extraction. This enhancement is

limited to complete overlap, which occurs in the Lincoln Laboratories device at a reverse
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bias of 5 V. Experimentally, the authors reported a further increase in photocurrent
beyond 10 V reverse biases that was attributed to carrier multiplication effects, which
were not simulated in ATLAS [26]. Also, due to the presence of a depletion region at
zero bias, all devices were simulated to have significant photocurrent in an unbiased

mode.

3.6.2 Position of n" and p* regions and defect-forming implant mask
width

1) McMaster University Device

One change in device structure that can be used to improve absolute photocurrent
is the position of the p* and n™ regions. The challenge lies in maximizing the overlap
between the optical mode and the depleted region in order to maximize carrier extraction,
without having the doped regions themselves strongly overlap with the optical mode and
cause free-carrier absorption. A simulation was performed whereby the distance x
between the p* and n* regions in the McMaster University device in Figure 3.4a was
reduced under various conditions. The free carrier loss contribution was simulated using
Eqg. (2.41) and BeamPROP, and entered the model via the parameter «; of Eq. (3.9).
Figure 3.7a plots the photocurrent as function of x under light (10*°> cm™) n and p doping
conditions, and using a 50 um wide defect-forming implant (i.e. defects occupy a 50 pm
wide region centered on the ridge). Under both conditions, the photocurrent is gradually
increased as x is decreased. For the n type case, the defect region is neutralized when the
occupied defect concentration n; matches the ionized donor concentration, leading to a
large depletion width. Alternatively, a p type background has a net negative charge and is
therefore not as well depleted. As a result, the model predicts a larger response from
devices containing a light n type background. Note that it is possible that this simulation

overestimates this effect, as the experimental points from a device with a lightly n type
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background fit somewhere between the two curves. When x becomes smaller than the

ridge width (x <3 pum), the contribution of a; begins to degrade the photocurrent.
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Figure 3.7: Simulated photocurrent of the McMaster University device plotted as a function of x (as
defined in Figure 3.4), for defect implant mask widths of a) 50 pm and b) 5 pm; background doping
is n type 10" cm™ (black curve) and p type 10™° cm™ (grey dash curve), experimental data for n type
10" cm® is shown for comparison (data points); devices were L = 6 mm in length and biased at -5 VV

with 1 mW optical input power [27].

It is also beneficial to reduce the width of the defect region to approximately the
size of the optical mode, as other regions contribute to carrier trapping but not carrier
generation. In Figure 3.7b, the implant width has been reduced to 5 um. An improvement
in the device with a p type background is evident for all values of x, whereas the
improvement in the device with an n type background is only observed when the x
becomes smaller than the implant width. When x becomes larger than the implant width,
the enhancement in depletion described above no longer exists, and a drastic reduction in
photocurrent is observed. Therefore, we can conclude that the maximum absolute
photocurrent occurs in an n type background with x being similar to the ridge width, for
an implant width slightly wider than x. Note that since the free-carrier absorption

increases as X is decreased, this is not a configuration with a high 7es.
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2) Lincoln Laboratories Device

A similar study could be made using the Lincoln Laboratories device, by
changing the depth of the sidewall implant on either side, labelled y in Figure 3.4b. The
simulation accounts for this change through: a modification to the generation rate of Eq.
(3.9) resulting from a changed value of «; from free-carrier absorption, the electric field
distribution in the waveguide, and the area of where carrier generation is possible. This
last point reflects that the behaviour of the divacancy is not the same in heavily doped
regions since its occupancy is altered, so no optical generation is simulated in them. The

defects are still present there however, so the carrier trapping remains in this region.
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Figure 3.8: Photocurrent of the Lincoln Laboratories device vs. extent of doped regions on the side of
the waveguide (y) for a) N, = 10'” cm™ and b) N, = 10*® cm™®; devices had length L = 100 pm and
biased at -1 V.

For the case of N; = 10" cm™ in Figure 3.8a, the probability of trapping is small
enough that all carriers can generally be removed from the device, even those generated
in the center of the waveguide where the mode is strongest. Therefore, increasing the
sidewall doping only increases free-carrier absorption and decreases the region of the
waveguide where photogeneration is possible, both of which decrease the photocurrent.

The situation changes for N; = 10*® cm™, where carrier trapping has reduced the lifetime
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of the carriers to the point where those generated in the center of the waveguide cannot be
swept out. Increasing the doped wall thickness improves the electric field in the center of
the waveguide, allowing for better extraction efficiency. The influences of free-carrier
absorption and reduced photogeneration eventually degrade the photocurrent for y > 100

nm. The optimum doped sidewall thickness is therefore between 50 nm and 100 nm.

Localizing the damage implant to the waveguide also provides changes to device
operation, as shown in Figure 3.9. When the window is narrowed to be within the 500 nm
wide waveguide, the carrier trapping is removed in those regions devoid of carrier
generation. As a result, a much larger value of N; becomes tolerable; the peak is shifted
to the right and the maximum photocurrent is approximately doubled using this process
improvement. Note that the achievement of N; = 10* cm™ has not been obtained in
practice using the implant conditions described earlier in this section, so the total

improvement may not be feasible.
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Figure 3.9: Photocurrent of the Lincoln Laboratories device vs. N, for an implant width of 1.2 pm
(black solid curve) and 450 nm (grey dashed curve); devices were L = 100 pm in length and biased at
-1V.
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3.6.3 Defect-forming implant depth

The assumption that defects are formed in the entire silicon overlayer in equal
concentration may be justified for the Lincoln Laboratories device, but is certainly not for
the larger McMaster University device. Assuming a shallower damage implant
complicates the calculation of «;, not only because a fraction of the mode overlaps with
the absorbing region, but also because the refractive index change in the damaged portion
is significant enough to lead to radiation loss. The former is modeled by assuming a step-
function defect distribution with an associated depth y;, and integrating this distribution

with the mode profile over the y coordinate:

a'= 10, y)dy% (3.11)

Y1

Eqg. (3.9) then becomes:

0

IOL Gop(X, ¥, 2)dz = IL 1(x, Y)%at exp(— (o, '+, )z)dz

[ Gunlxy bz A )L oeo-(@ )] (312)

which represents the generation rate inserted only into a depth y;; the remaining regions
have a generation rate of zero and no carrier traps present. The only adjustment made to
the generation rate inserted into this region is one that reflects that less attenuation will be
sustained in its length L.

Figure 3.10 plots the photocurrent and 7. of the McMaster University device as a
function of the depth of the implant, for N; = 10" cm™ and 10*® cm?, It is clear that for
shallow implant depths, the maximum photocurrent occurs for larger values of N, since
the N; = 10'® cm™ curve is above the N; = 10*" cm™ curve. As the depth is increased, the
behaviour approaches that observed in Figure 3.5: a maximum response at N; = 10" cm™,

This variation is a result of the implant depths influence on total loss: as the implant is
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made shallower, the absorption length is made larger and the integrated generation rate of

Eq. (3.12) increases.

The variation of the effective quantum efficiency reflects this effect as well.
While the N; = 10*® cm™ curve has a larger efficiency for a shallow implant and gradually
decreases as the implant is made deeper, the N; = 10'” cm™ has a maximum efficiency for
mid-way implant depths. The lower loss associated with N; = 10'" cm™ allows it to be
implanted to this depth and only absorb 27% of the power, where N; = 10*® cm™ absorbs
96% of the power. Since from Figure 3.10a the photocurrent of both concentrations is

roughly the same, the N; = 10*” cm™ device has four times the efficiency of the N = 10"

3 .
cm™ device.
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Figure 3.10: a) Absolute photocurrent and b) Effective quantum efficiency #e; of the McMaster
University device plotted as a function of implant depth for N, = 10*” cm™ (solid black curve) and

N, = 10" cm™ (dashed grey curve).

3.6.4 Adjusted defect implant mask profiles

The goal in the above analysis was to improve the removal of carriers from the
center of the device to increase the absolute photocurrent, at the expense of effective
quantum efficiency 7. The center of the waveguide is the least efficient region, so an

improvement in e may be envisioned by removing the defects there entirely. The
105



Ph.D. Thesis Dylan Logan McMaster University — Engineering Physics

implant pattern shown in Figure 3.11a leads to a much smaller defect-induced absorption,
and only allows carrier generation in the regions where they may be efficiently collected.
This structure is ideal for power monitoring applications, where a fraction of the light is

absorbed to provide a small photocurrent signal.
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Figure 3.11: a) Implant mask pattern overlapped with device structure of the McMaster University
device, b) Effective quantum efficiency 5 vs. divacancy concentration N, for different values of t

defined in @) for a L = 6 mm device, x =5 pm under a 2 V reverse bias.

Figure 3.11b plots the effective quantum efficiency for three values of t,
calculated using Egs. (3.11-3.12) (although in this case the integration of Eq. (3.11) is
over the x coordinate), where the implant depth is assumed to be 5 um. A small increase
in efficiency is found at N; = 10" cm™ when t = 3 um, meaning the defects are entirely
outside of the rib. For this condition, only 0.71 dB of the signal is absorbed and 19 pA is
obtained. In contrast, the t = 0 device absorbs 2.6 dB and produces 37 pA. Thus, if a
smaller responsivity is tolerable, improvements in efficiency may be obtained by tailoring
the defect implant mask. An inset plots the effective quantum efficiency vs. t for

N;= 10" cm™, showing that for t > 3 um, the efficiency begins to decrease.
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3.6.5 Simulation of photodetector speed

While the transit time difference between the larger and smaller cross-section
devices has an influence on speed, it is not the dominant one. At their respective peak
values of N, the transit time limits the speed of the McMaster University device to 1 GHz
and the Lincoln Laboratories device to 50 GHz, which are much larger than the
experimentally observed values of 3 MHz and 20 GHz [24, 26]. The speed of the
photodetectors can be correlated with their capacitance. The McMaster University device
has a simulated capacitance of 10-20 pF (depending on the n* and p* separation and
length), while the Lincoln Laboratories device had a simulated capacitance of 0.1-1.5 pF,
both of which are in good agreement with measured values [24, 26]. For the latter,
connecting a 50 Q load resistor (which was used in their measurement of bandwidth)
produces a simulated 3-dB cut-off frequency of 30 GHz, consistent with their results [26].
Therefore, designs which minimize capacitance through either carefully designed contact
structures or drastically reduced device length will have improved speed. The absorption
coefficient achievable through the divacancy requires that the device length be larger than
100 um however, which confines these designs to the regime of capacitance-limited

speed.

3.7 Summary

This chapter has served to outline the device physics of defect-enhanced
photodetectors and to practically evaluate different device structures. In particular, a
model which assumed a single defect level was used to reproduce the behaviour of
previously fabricated devices with some accuracy. The single defect was assumed to be
the divacancy, based upon agreement between literature and waveguide absorption
measurements. The model was implemented through ATLAS software, and used to

suggest several novel device improvements.
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Chapter 4: Photodetectors formed via the LOCal
Oxidation of Silicon (LOCOS) Process

4.1 Overview

Relatively large cross-sectional area (> lum?) waveguide photodetectors are
limited in performance by the efficiency of carrier extraction. This can be improved by
placing the junction within the waveguide ridge to achieve larger carrier depletion in the
region of the optical mode. This is made possible by using the LOCal Oxidation of
Silicon (LOCOS) method to form the waveguides. This is a standard CMOS process used
for electrical isolation, where a patterned silicon dioxide/silicon nitride (SiO,/SizN,4) stack
is used to mask thermal oxidation. The silicon nitride provides a barrier to the diffusion
of the oxidizing species and therefore prevents the oxidation of silicon beneath it. This
results in extremely smooth trenches in the device surface. The edges of the trenches are
angled, producing a “bird’s beak” feature, as shown in the simulated ATHENA [1] output
of Figure 4.1a. When two trenches are used to form a rib waveguide on SOI, the low
sidewall roughness produces low propagation loss [2]. A poly-silicon contact can be self-
aligned to the top of the ridge, as shown in Figure 4.1b. This symmetric device has a
predicted enhanced responsivity over the asymmetric devices of similar cross-sectional

area.
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Figure 4.1 a) ATHENA output of two closely spaced oxidized trenches, illustrating the ‘bird’s beak’
characteristic; b) ATHENA output following the poly-silicon deposition and etch, illustrating the self-
aligned contact to the top of the rib.

4.2 Device Design

4.2.1 Waveguide geometry

A simplified geometry of the LOCOS waveguide is provided in Figure 4.2a. The
values of H and h indicate the rib height and slab height respectively; their difference
being determined by the degree of thermal oxidation. The parameter W, represents the
width of the bottom of the ridge, which is approximately equal to the width of the
dielectric stack used to form the waveguide. The width of the top of the ridge W; can be
calculated using the characteristic 60° angle of the sidewall (with respect to the surface

normal).

In any optical waveguide, it is desirable to ensure single-mode behaviour (as
described in section 2.1.2) and strong optical confinement (i.e. large effective index neg).
The mode cut-off condition may be calculated through manipulation of the following
equation provided in Ref. 3 (which is itself derived from Eq. (2.33)):
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(4.1)

h
% <0.3+ 2%4
1_(*1) _(H=h)®
H) JVaw,H
The assumed sidewall angle of 35° used for isotropic wet etched waveguides is
replaced with that of 60° for the LOCOS waveguides. The resulting inequality provides,

for given values of h and H, the maximum W, for which single-mode behaviour will

result:

h
W.oog. @2
H 1_(hj2_\/§(H —h)?
H W, H

This inequality is plotted in Figure 4.2b for H = 1.5 pm (the thickness of the SOI

overlayer), where the shaded region represents single-mode behaviour. This equation
takes into account the simple relationship between W; and Wy, and it should be noted that

W, must be sufficiently large so that W; does not vanish.

a) b)

st Multi-mode
Pad oxide

W, (um)

06 038 1.0 1.2 1.4

h (um)
Figure 4.2: a) Cross-section of LOCOS waveguide (H = rib height, h = slab height, W, = bottom rib
width, W, = top rib width), illustrating 60° sidewall angle; b) Region (shaded) of W, and h for which

the resulting waveguide will be single-mode, for H = 1.5 pm.
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The data points of Figure 4.2b indicate the mode cut-off obtained through
simulation using BeamPROP [4], the uncertainty being a result of the step size used in
the simulation. In order to have a width W; > 1 um to contact with poly-silicon, a value of
h=1.3 um was selected, and Wy, was varied as 1.5, 2, and 2.5 um. The width of the oxide
trenches on either side of the rib were designed to minimize the mode leakage. Figure 4.3
plots the propagation loss of the fundamental mode as a function of this width, calculated
using BeamPROP. It illustrates that for oxide trench widths below 6 pm, the structure can
no longer support the optical mode. The final structure features a trench width of 14 pm

to accommodate ohmic contacts to the poly-silicon, and so was safely beyond the 6um
limit.
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Figure 4.3: Simulated optical loss in a waveguide of H=1.5 pm, h = 1.3 pm, and varying value of W,,
plotted as a function of the width of the thermal grown oxide trench surrounding the rib.

4.2.2 Poly-silicon contact design: Optical considerations

The optical loss in undoped Low Pressure Chemical Vapour Deposition (LPCVD)
poly-silicon results from the presence of grain boundaries. At these long range crystalline
defects, silicon dangling bonds produce electronic states within the band gap. These
states have been approximated to exist 0.65 eV below the conduction band, and therefore

114



Ph.D. Thesis Dylan Logan McMaster University — Engineering Physics

1550 nm light may excite electronic transitions between them and the band edges [5]. In
addition to electronic absorption, the grain boundaries also behave as light scattering
centers. In particular, the scattering due to surface roughness is a large concern in the
formation of poly-silicon waveguides [6]. The absorption coefficient of poly-silicon films
reported previously thus varies over several orders of magnitude, from 1-100/cm [7],
depending strongly on the grain boundary density. It is desirable to maximize grain size,
which is accomplished by a post-deposition thermal anneal. For example, a film
deposited in the amorphous state and subsequently annealed at 900-1000 C produces
poly-silicon with the large fraction of crystalline silicon, with a resulting optical loss that
approaches that of crystalline silicon. In contrast, for a film deposited at higher
temperatures (i.e. as polycrystalline silicon), a post-deposition high temperature anneal
produces a much smaller improvement in optical loss, because the grain size is primarily
determined at deposition [8, 9]. For this reason, the method of amorphous deposition

followed by a high temperature anneal was selected for the devices reported in this thesis.

From the Soref formulae relating propagation loss to the doping concentration of
silicon, Eq. (2.41), the loss due to a phosphorus concentration of 3 x 10 cm™ is
approximately 11.1 dB/cm. It is assumed here that this is additive to the loss due to the
presence of grain boundaries, while in reality the two contributing factors are not
independent. Since phosphorus atoms segregate at the grain boundaries in electrically
inactive forms [10, 11], they may change the electronic configuration of the defects there

as well as the refractive index.

The propagation loss suffered by light in a LOCOS waveguide when a poly-
silicon film is incorporated as shown in Figure 4.1b was modeled using BeamPROP, for
various film thickness and dopant concentration. The poly-silicon refractive index was
assumed to be 3.5, identical to that of the bulk silicon in the simulation. The refractive
index deviates from this value only at the grain boundaries, and so averaged refractive
indices are quoted in the research literature [7, 12]. However, the dependence of this

average on grain size is weaker than that of the absorption coefficient [7], so the bulk
115



Ph.D. Thesis Dylan Logan McMaster University — Engineering Physics

value was assumed. The results of the simulations are plotted in Figure 4.4, and indicate
that for poly-silicon contact films less than 150 nm in thickness, the increase in
propagation loss should be significantly less than 1 dB/cm, and possibly less than 0.1
dB/cm if the grain size is sufficiently large.
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Figure 4.4: Propagation loss vs. assumed values of poly-silicon optical loss, assuming films of
thickness 50 nm (black closed squares), 150 nm (black open squares), 200 nm (grey closed triangles)
and 300 nm (grey open triangles) were deposited on a waveguide of dimensions H=1.5 pm, h = 1.3

pm and Wy, =2 pm.

4.2.3 Poly-silicon contact design: Electrical considerations

The goal in the design of the poly-silicon contact was to form ideal rectifying
behaviour with the silicon ridge (meaning a low forward resistance and a low reverse
saturation current). This electrical property is dependent on both the poly-silicon/silicon
interface quality as well as the properties of the film itself. In a similar manner to the
optical absorption coefficient, poly-silicon resistivity is largely dependent on grain size,

controlled by the deposition conditions and post-deposition anneal temperature [13].

Test samples were deposited with LPCVD amorphous silicon at 550 C, implanted
with phosphorus at 25 keV and dose ranging from 2 x 10" and 2 x 10*° cm™. The
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deposited films underwent varying thermal treatments. They were measured using a Hall
Effect set-up and a current-voltage (IV) probe station to determine the free-carrier

concentration and the reverse bias dark current, respectively.

It was found that annealing the samples in an N, ambient provided a pathway for
a significant out-diffusion of phosphorus. This is known to be mediated by the deposition
of an oxide cap prior to the anneal or by annealing in an O, ambient [14]. However, the
use of these techniques is not found to yield complete activation of the phosphorus,
possibly due to the segregation of phosphorus into the crystalline silicon substrate [15].
As an O, ambient is undesirable in that it enhances the diffusion of dopants already
present in the device, the N, ambient with a PECVD cap oxide was chosen as the method
to crystallize the amorphous silicon layer. The thermal treatment produced mobilities in
the region of 300-500 cm?V/s, which displayed no apparent trend with annealing

temperature.

Utilizing a phosphorus dose of 2 x 10%? cm™, Table 4.1 provides the activated
phosphorus concentration and dark current (from the poly-silicon/silicon junction) for 30

min anneals at various temperatures.

TABLE 4.1: Dopant activation and reverse saturation current (at -2 V) from a 100 nm
LPCVD amorphous silicon film deposited on a silicon wafer. Films were deposited in
LPCVD at 550 C and implanted with 25 keV phosphorus to a dose of 2 x 10*cm™, and
subsequently annealed for 30 min anneals at 800, 900 and 950 C.

Annealing Temperature (C)

Activated Phosphorus (cm'3)

Reverse Saturation Current
(uA/cm?) at -2 V

800 3.74 x 10Y 82
900 2.59 x 10% 152
950 2.47 x 10V 405
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The activated phosphorus concentration was not found to change dramatically
with annealing temperature for this dose, although this result was not consistent with
published results [13]. The current-voltage (I-V) characteristic curve provides information
on the quality of the poly-silicon/silicon interface. There is a thin native oxide region
present on the silicon prior to the amorphous deposition, which is electrically broken
down during the high temperature anneal [16]. An epitaxial realignment of the poly-
silicon grains occurs at the interface, the degree of which is dependent on the annealing
temperature [16]. As the temperature increases, these interfacial discontinuities lead to
increased dark current. As a result, the annealing temperature was selected to be 900 C to
simultaneously minimize dark current and maximize the activated phosphorus, while also

minimizing the optical absorption for the reasons discussed in the previous sub-section.

4.2.4 Incorporation into the ATLAS simulation model

Using the selected waveguide dimensions of H= 1.5 um, h = 1.3 yum, Wy = 2 pum,
as well as the poly-silicon thickness of 100 nm doped with phosphorous to 3 x 10%" ¢cm™,
the device structure shown in Figure 4.5a results. This structure was incorporated into the
ATLAS model described in chapter 3, which was used to simulate the photodetector
performance in the manner described in the previous chapter. In Figure 4.5a, the built-in
potential distribution is plotted illustrating strong electric field components in the upper

half of the rib waveguide.

Figure 4.5b illustrates the predicted performance of this design (of 3 mm length),
contrasted to the simulated performance of the three previously reported devices. All
responsivities are labeled and represent optimum values for their device geometry
(meaning that a defect concentration was chosen to produce the maximum responsivity),
and all are simulated at a bias of -2 V. The theoretical performance of the LOCOS device

is a three-fold improvement over previous large cross-section devices.

118



Ph.D. Thesis Dylan Logan McMaster University — Engineering Physics

a) b)
1L |- Liuetal. Ref. 17 J
Knights et al. Ref. 18 @Vﬁ\
—_ = Present Design R
< Geis et al. Ref. 19
E
2 0.1
(0]
=
=)
[&] .
bS]
< 0017~ .-~
o N
&
'\(L 1 1
0.1 1 10

5 o o5 =2 a4 o a =& & ¢ 5 Input Optical Power (mW)

Figure 4.5: a) ATLAS model of device, displaying the built-in (unbiased) potential distribution within
the rib; b) Comparison of device performance against the devices modeled in the previous chapter
[17, 18, 19], simulated using the with an applied bias of -2 V.

4.3 Fabrication of the LOCOS Photodetector

The device was fabricated using a SmartCut™ SOI (Silicon on Insulator)
substrate, with a 1.5 um thick Ssilicon overlayer and a 1 pum thick buried oxide. The
dielectric stack was formed by a thermally grown 50 nm thick SiO; layer and a deposited
80 nm thick LPCVD Si3N, film. Optical lithography was used to pattern strips of 1.5, 2
and 2.5 pm width onto photoresist on the surface of the sample. A CF4/O; plasma RIE
etch was used to transfer this pattern to the SizN4 layer and a hydrofluoric acid (HF) wet
etch was used to transfer the pattern onto the thermally grown SiO, layer, producing the

structure of Figure 4.6a.

Following removal of the photoresist, the sample underwent a wet oxidation at
1100 C to grow 430 nm of SiO,. This consumed approximately 190 nm of silicon and
provided a ridge with slab height of h = 1.3 um, as shown in Figure 4.6b. An SEM cross-
sectional image of the LOCOS waveguide at this stage in the process is shown as Figure
4.6¢. Phosphoric acid heated to 70 C was used to remove the SizN,4 oxidation mask, and

10:1 buffered HF acid was used to remove the 50 nm layer below it.
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a) 15 um 1.5-2.5 um

Si0,/SisN,
1.5 ym Si

Figure 4.6: Cross-section and microscope images of photodiode at selected points in the process flow:
a) following patterning of 50 nm SiO,/80 nm Si3Ny; b) following wet oxidation at 1100 C; ¢) SEM
image of waveguide cross-section (with nitride remaining on top); d) following masked boron implant
at 110 keV and 30 keV; e) following etch of amorphous silicon layer; f) following patterning and
phosphorus implantation of LPCVD amorphous silicon; g) following etch of contact vias; h) and i)

final device with aluminum contacts [20].
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Photoresist windows for boron ion implantation were patterned using optical
lithography, overlapping with the thermal oxide region and extending onto either side. An
implantation of 110 keV boron ions at a dose of 4 x 10*® cm™ doped the silicon region
below the thermal oxide to a peak concentration of ~10'® cm™® A second shallow
implantation of 30 keV boron ions with a dose of 10'® cm™ doped only the silicon on the
sides of the trench to a peak concentration of ~10%° cm™, forming the structure of Figure
4.6d.

The 100 nm amorphous silicon layer was then deposited using Low Pressure
Chemical Vapour Deposition (LPCVD), and implanted with 25 keV phosphorus ions to a
dose of 3 x 10™ cm™. Optical lithography was then used to pattern 14 pm strips centered
on the waveguide, and an SFg plasma etch was used to transfer this pattern to the
amorphous silicon layer. A microscope image of the device following the removal of the
photoresist is shown as Figure 4.6e. A further photoresist mask was used to define a
second phosphorus implant of 5 x 10 cm™ dose on the edges of the strip to provide a

concentration of 5 x 10*° cm, forming the structure of Figure 4.6f.

A 300 nm thick Plasma-Enhanced Chemical Vapour Deposition (PECVD) SiO,
layer was deposited, and annealed in an N, ambient at 900 C for 30 minutes to crystallize
the amorphous silicon and to break down the native oxide at the interface between the
deposited silicon and the ridge. Optical lithography was used to open contact windows in
photoresist to the poly-silicon on either side of the waveguide and to the p** silicon on
either side of the trench oxide. A CHF3/Ar plasma was used to etch this pattern through
the cap oxide, resulting in the device shown in Figure 4.6g. A 200 nm thick aluminum
layer was deposited, and contacted the silicon in the regions where the oxide was etched.
Photoresist was used to masked to define the contact pads, which were etched into the
aluminum with standard aluminum wet etch (a commercial product having phosphoric

acid as its main constituent), forming the final device structure of Figures 4.6h and 4.6i.
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For the introduction of lattice defects, an implant of 4 MeV Si* was used with a
dose of 10" cm™, masked by 4 pum thick photoresist.

4.4  Optical and Electrical Characterization

The devices were characterized in the method shown in the block diagram of
Figure 4.7a. An ILX Lightwave laser (FOM system) operating at 1550 nm was end-fire
coupled into the waveguide via a tapered fibre. The signal exiting the opposite waveguide
facet was collected by a 40x objective and focused onto a Newport Fibre-optic detector,
which provides a measure of the optical power.
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Figure 4.7: a) Schematic of set-up used to measure devices: 1550 nm CW source (FOM) is end-fire
coupled into the reverse biased photodiode using a tapered fibre, the output is collected by an
objective lens and focused on a fibre optic detector or (if the mirror is present) an IR camera, b) A
typical plot of current vs. on-chip optical power, the slope of which is 8.1 mA/W (responsivity) and

the intercept is 10.7 pA (the dark current).
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From an analysis of the Fabry-Perot fringes of an un-implanted waveguide using a
tuneable laser source, the transmission loss was extracted using Eq. (2.63)tobe 2.9 +1.1
dB/cm (for the 2 pum waveguide width and TE polarization). The propagation loss was
found to be largely dependent on polarization, consistent with previous work [21]. In this

case, the propagation loss was 10.2 dB/cm larger for TM polarization.

By measuring the transmitted power from several undoped waveguides and
subtracting the transmission loss, the total coupling loss was measured to be 20.4 + 7.0
dB. Assuming symmetrical loss is sustained for in-coupling and out-coupling of light, the
insertion loss was estimated to be 10.2 £ 3.5 dB. Thus, the on-chip optical power is

approximated as being the laser output power less the insertion loss.

Tungsten probes of 1 um tip radius probed the aluminum pads on the device, and
were connected to a voltage supply and ammeter in series. The injected laser power and
device bias were varied and the device current was measured on the ammeter. From a
linear fit of measured current to injected optical power, the responsivity is obtained, as
shown in Figure 4.7b.
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Figure 4.8: Simulated and measured IV curve of LOCOS device prior to Si* implantation [20].
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The measured and simulated (by ATLAS) current-voltage (I-V) curve of the
fabricated device is shown in Figure 4.8. The reverse saturation current is markedly larger

in the fabricated device, and the forward bias characteristic is softened.

45 Results and Discussion

4.5.1 Post-implantation annealing

The responsivity and excess optical absorption were measured using the set-up of
Figure 4.7a following isochronous anneals at temperatures between 200 and 450 C. The
measured responsivity is plotted as a function of measured absorption in Figure 4.9 (data
points) for a 6 mm long device, with a 1.5 um wide waveguide, 10 um separation
between the edges of the boron implant, and 5 pm wide Si* implant window. As
described in chapter 3, the excess optical absorption «; was determined via Eg. (3.7) to
estimate the defect concentration N; at each annealing stage. This in turn was used to
simulate the responsivity for this device geometry in ATLAS, which is also plotted as the
solid curve in Figure 4.9. The characteristic curve described in chapter 3 is evident, and
there is a general agreement on its shape between measurement and simulation. The peak
responsivity is calculated to be approximately 47 mA/W, and occurs for an excess loss of
20 dB/cm (or 12 dB), or equivalently N, = 3.5 x 10" cm™.

Despite the reasonable prediction of the defect concentration that provides
maximum response, the simulated photocurrent exceeds the measured values by nearly an
order of magnitude. This is likely caused by the complexities associated with the poly-
silicon contact. For instance, the defect states present in the grain boundaries and the
interface with the silicon ridge have associated capture properties that were not taken into
account in the simulation model. As a result, the measured diode characteristic of Figure
4.8 is much less ideal than the simulated curve. The defects in the poly-silicon both serve
to capture carriers in forward bias and to generate carriers in reverse bias, as evidenced
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by the low forward current and high reverse saturation current respectively. In addition,

these centers inhibit the extraction of optically generated carriers and therefore reduce

photocurrent.
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Figure 4.9: Measured (data points) photocurrent (left axis) and responsivity (right axis) vs. excess
absorption (top axis) and N, (bottom axis) for a device with W, = 1.5 pm, p* separation =10 pm, L = 6
mm and 5 pm wide Si* implant window; simulated result using methods of chapter 2 is shown as a

curve [20].

A measurement of the influence of dark current on the noise properties of the
photodiode is the noise equivalent power (NEP) defined by Eq. (2.56), which represents
the minimum optical power that can be detected in 1 Hz of receiver bandwidth. From the
simulated responsivity and reverse saturation (dark) current, an NEP of 2.3 + 0.6 x 10™
W/HZzY2 is calculated at -20 V bias following the 300 C anneal stage. In the fabricated
device, the calculated NEP increases to 1.7 + 0.5 x 10™° W/Hz2, for the same conditions.
The combination of increased reverse saturation (dark) current and weakened carrier
extraction limits therefore significantly degrades the noise performance of the
photodetector.
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4.5.2 Position of boron doped regions

The influence of the proximity of the doped regions to the optical mode was
discussed in chapter 3 (Figure 3.7). Figure 4.10 plots the measured photocurrent as a
function of p* region separation for waveguide widths of W, = 1.5 and 2 pum, as well as a
simulated responsivity assuming N;= 10" cm™. For this device structure, there is a more
modest increase in photocurrent as the p* region separation is reduced. The modeling
predicts that the strongest electric field components are in the region of the poly-
silicon/silicon interface, and therefore an enhanced depletion surrounding the p* regions
is not strongly beneficial to the device performance. For separations below 5 pum, a
decrease in photocurrent is observed, caused by the enhanced free-carrier absorption of

the optical mode overlapping with the doped region.
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Figure 4.10: Measured photocurrent for several devices of similar geometry and annealing
temperature and varying p* region separation (data points, left axis), and simulated responsivity for a
device with W, =1.5 pm and N, = 10" cm™ (right axis) [20].

4.5.3 Width of the Si" implant window

The predicted enhancement in photocurrent through the narrowing of the inert Si”

implantation region described in chapter 3 (Figure 3.7) was also observed for the LOCOS
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structure. The width of the implant, determined by the width of the window in the
photoresist used to mask the implantation, was varied from 3 to 10 um. Figure 4.11 plots
the simulated responsivity curves for three implant widths. As the implant window is
narrowed, the peak responsivity is shifted towards larger defect concentrations. This is
caused by the removal of the recombination centers lying outside of the modal region that
do not generate carriers but do limit their extraction. This causes the total photocurrent to
increase, and allows for a larger concentration of generating centers to be present. The
inset of Figure 4.11 plots the photocurrent for three nominally identical photodiodes at a
single annealing stage, with three Si* implant window widths. There is an evident
enhancement in the performance of the device with a 3 um wide implant window, which

is comparable to the 3.4 um FWHM of the optical mode distribution.
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Figure 4.11: Simulated responsivity vs. defect concentration for implant window widths of 3 pm, 5
pm and > 50 pm; inset: measured photocurrent vs. implant window width for devices with L =6 mm,

10 pm p* region separation, bias = -10 V [20].

4.5.4 Influence of amorphous silicon deposition method

The excessive dark current (>1 pA) of the photodetectors, due mainly to the
defects present in the poly-silicon, place a severe limit on the minimum detectable power.

The effort to maximize the grain size in the design of the poly-silicon deposition process
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was done with this in mind. To further study the importance of poly-silicon quality, a set
of devices were fabricated using PECVD amorphous silicon rather than LPCVD
amorphous silicon. The phosphorus dose required to dope the film to a uniform
concentration of 3 x 10" cm™ was found to be a factor of 10 larger for the PECVD
devices than it was for the LPCVD devices. The PECVD devices were observed to
produce similar responsivities to the LPCVD devices of the previous sections. However,
the dark current of the PECVD devices was much larger, as indicated in Figure 4.12.
Here the dark current at -5 V bias is plotted as a function of annealing temperature for
LPCVD and PECVD devices of the same geometry. The deposition conditions strongly
affect the defect content, which is the principle cause of dark current from thermal carrier
generation, as well as the density of grain boundaries. In particular, a PECVD film is
known to have higher hydrogen content than LPCVD, which is retained in the
crystallized film [22]. In both devices, the dark current is reduced by the Si* ion

implantation, and approaches its pre-implanted value with annealing.
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Figure 4.12: Dark current measured at -5 V bias for nominally identical samples (W, = 2.5 pm, p*
region separation = 10 pm, L = 3 mm, final Si* implant at 4 MeV and 10" cm?dose in a 10 pm wide
window), but having amorphous silicon deposited using different deposition techniques, measured

following anneals at increasing temperature [20].
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4.5.5 Influence of the Si* implantation dose

The reduction of dark current with ion implantation is incentive for the use of
higher Si* implantation doses in the final processing stage. The presence of agglomerated
interstitial defects that remain after anneals approaching 500 C has been shown to
facilitate efficient photodetection, as described in section 1.4 [23]. Increasing the Si* dose
leads to an increase in the concentration of such defects, leading to the anticipated

decrease in dark current as well as a new mechanism for carrier generation.
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Figure 4.13: Photocurrent and Dark current at -20 V bias following anneals from 400 C to 500 C, for

a waveguide with Wy = 1.5 pm, 10 pm p* separation, and a Si* implant window width of 10 pm [20].

The dose of the 4 MeV Si* implantation was increased to 5 x 10* cm™ for a
LPCVD device, which was subsequently annealed at 400 — 500 C. Figure 4.13 plots the
photocurrent, dark current and excess absorption for each annealing stage. The dark
current was found to be greatly reduced over the values in Figure 4.12. However, the
photocurrent was found to be much smaller, and a larger bias was required to achieve
responsivities larger than 10 mA/W. It is significant, however, that the excess loss is also

greatly reduced, which lends this design to power monitoring applications. For example,
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the peak responsivity is 18 mA/W after the 450 C anneal, while the excess loss is 2.3 £
1.5 dB. Thus, while the photocurrent has been sacrificed, the effective quantum
efficiency of 3.5% is comparable with the previous devices, and has been achieved with a
dark current of 400 nA.

46 Summary

This chapter described the application of the model of the chapter 3 to the design
of a novel defect-enhanced photodetector structure. The photodiode was integrated onto a
LOCOS-type waveguide, using a self-aligned thin polysilicon film to electrically contact
the top of the waveguide. Consequently, this structure provides a geometry for photo-
generated charge carrier extraction that is more efficient than the alternative designs

described in chapter 3.

The formation of the device design and fabrication process using commercial
software was described. The final device produced characteristic results that agreed well
with the model, although it suffered from a large dark current and a low absolute
responsivity. Several methods are suggested to improve the responsivity, including

geometry modifications and larger Si* implant dose.
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Chapter 5: Sub-micron Photodetector Structures

5.1 Overview

The efficient extraction of photo-generated charge carriers is best achieved by
utilizing small waveguide structures, such as the design of Geis et al. described in chapter
3. That structure, shown in Figure 5.1a, features lightly doped regions along the
waveguide sidewall, which ensure that the electric field formed in reverse bias is
confined to the waveguide [1]. This is illustrated in the ATLAS model, pictured in Figure
5.1b, where the potential drop from a 5 V reverse bias occurs entirely over the intrinsic
region of the waveguide. A simplified structure, shown in Figure 5.2a, does not include
doping along the sidewall. The consequence of this is that moderate reverse bias
primarily generates an electric field in the 50 nm thick slab region on either side of the
waveguide, and much higher biases are required to generate a large electric field within
the waveguide channel. This is again illustrated in Figure 5.2b using the ATLAS model,
where of the 5 V reverse bias applied, only approximately 2 V of that potential is dropped
across the waveguide. Using the photodetector model of chapter 3, it is predicted that the
structure of Figure 5.1 has a peak responsivity® that is 2.75 times larger than the structure

of Figure 5.2, at 5 V reverse bias and 1 mm length.

® Peak responsivity refers to that at the optimum defect concentration, which in this case is 10'® cm™ for the
device in Figure 5.1 and 5 x 10*” cm for the device in Figure 5.2.
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Figure 5.1: a) Cross-section of the sub-micron photodetector fabricated by Geis et al. [1], featuring a
520 nm wide waveguide with doped sidewalls, b) ATLAS model output illustrating the device
structure layout (above) and the potential distribution upon the application of a 5 V reverse bias
(below).
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Figure 5.2: a) Cross-section of sub-micron photodetector whose fabrication is described within this
chapter, b) ATLAS model output illustrating the device structure layout (above) and the potential
distribution upon the application of a 5 V reverse bias (below).
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Due to the complexities inherent to the fabrication the structure of Figure 5.1, it
was decided that the first attempts at developing a sub-micron photodetector would
follow the design of Figure 5.2. This chapter details the fabrication of this device
structure using the tools at the James Watt Nanofabrication Centre and discusses its

measured characteristics.

5.2 Details of Device Fabrication

The sub-micron feature sizes and alignment required by the structures in Figures
5.1 and 5.2 cannot be obtained using the optical lithography tools available in CEDT
facilities at McMaster University. These requirements can be met using electron-beam (e-
beam) lithography, which is a serial process where a focused electron beam scans the
sample surface to expose a pattern into polymer resist. In the current case, this device
fabrication was carried out at the James Watt Nanofabrication Centre at the University of
Glasgow [2], using the Vistec VB6 E-beam lithography tool to define the waveguides and

the dopant windows.

Electron-beam lithography provides pattern definition with much better resolution
than traditional optical lithography, for which the minimum feature size is limited by
diffraction effects [3]. On the other hand, the serial nature of the e-beam writing process
makes it much more time-consuming than optical lithography, and therefore only feasible

for low wafer throughput.

An input data file specifies the pattern layout as well as the beam spot size, the
beam step size, and the dose. The VBG6 tool has several calibrated beam diameters, the
smallest of which is 4 nm [2]. The step size is selected to be slightly smaller than the
beam spot size, so that as the beam is stepped in a line, the patterns overlap sufficiently to
form smooth edges, as shown in Figure 5.3a. Similar to optical lithography, the exposure

is controlled by a ‘dose’, which is a measure of the electrons arriving at the sample per
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unit area. Being a serial process, as the beam size is reduced or the dose is increased, the

time required for writing increases.
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Figure 5.3: a) lllustration of serial process of stepping the electron beam along a line, where reducing

the step size produces less rippled edges; b) Diagram of the electron scattering within electron beam
resist during exposure, illustrating the primary electron scattering (black arrows) and secondary

electrons (grey arrows) [4].

When an electron is incident on the resist, it deflects and causes the emission of
secondary electrons which scatter within the resist as shown in Figure 5.3b. It is
beneficial to use a high energy beam (the VBG6 uses an electron beam energy of 100 keV)
and thin resist layer, as this minimizes the lateral scattering of electrons. This lateral
scattering of secondary electrons within the resist is the main determinant of resolution,
as the exposed region is the convolution of the electron beam profile and the point spread
function [4]. As a result, closely spaced features will be overexposed (and therefore larger
or smaller than designed), a phenomenon known as the Proximity Effect. The dose may
be adjusted to vary across the pattern to compensate for the expected overlap in exposure

using methods called Proximity Corrections [4]. The beam writes one square ‘field’ of
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the sample at a time before the stage must be moved, and it is typically at the edge of a
field that discontinuities in patterns can occur. These resulting ‘stitching errors’ are
limited to approximately 20 nm in the VVB6 [2]. It is therefore important to design the
layout such that the critical features are contained within fields. In the present case, field

sizes were 1.25 x 1.25 mm.

Similar to optical lithography, several different process layers of e-beam
exposures can be aligned to one another using alignment markers defined in the first
process stage. To provide high contrast in an electron beam image, these markers can be
formed of deeply etched structures or with deposited material that has a large atomic
number contrast with silicon. In this case, the markers were a series of deeply etched 50 x
50 pwm squares located in four corners of the sample. The VB6 e-beam writer is
automated to locate these markers and register the sample’s position and orientation

accordingly, a process that has demonstrated an alignment of features to 0.46 nm [2].

The waveguides were written in HSQ negative e-beam resist. The resist, formed
of FOX 16 (Flowable Oxide) diluted with MIBK (Methyl Isobutyl Ketone) in a 1:1
mixture, was spun on at 3000 rpm for 30 seconds. It was then baked at 90 C for 2
minutes, forming a thickness of approximately 320 nm. The 550 nm wide waveguide
pattern was then written by the VB6 using a beam spot size of 6 nm and a beam step size
of 5 nm. The pattern was then developed in neat TMAH (Tetramethylammonium
Hydroxide) held at 22 C for 30 seconds, followed by a rinse in DI water for 60 seconds,
and Isopropanol for 30 seconds. The structure is then etched in an SF¢/C4Fg ICP-RIE
plasma for approximately 90 seconds, to remove approximately 150 nm of the 220 nm
Silicon overlayer thickness. The resulting structure is shown in both schematic and SEM

form in Figure 5.4.
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a) 550 nm
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Figure 5.4: a) Schematic of etched waveguide cross-section; b) SEM of waveguide cross-section

following the dry etch step.

To ensure the correct etch depth, an interferometer was used to monitor the silicon
overlayer thickness throughout the etch process. This device consists of a camera and a
HeNe (Helium-Neon) laser, which were directed downwards into the etch chamber and
focused onto the sample surface. The reflected intensity of the laser was measured as a
function of time, and the intensity varied due to interference from the silicon film etalon,
as in Figure 5.5a. The reflection from the silicon film oscillates with a period which

corresponds to a silicon layer thickness reduction of:

A
At = — 5.1),
on (5.1)
where 4 is the wavelength of the HeNe laser (633 nm) and n is the refractive index of

silicon at this wavelength (approximately 3.9) [5].

As the silicon is etched, the thickness t decreases, and the reflected intensity forms
the interference pattern of Figure 5.5b. One can terminate the etch process at the
appropriate point on this pattern, in this case indicated as 150 nm, and be certain of a
controlled etch depth. This is a crucial tool, since in practice the etch rate is not consistent

between runs, and has been observed to vary by up to 15%.
138



Ph.D. Thesis Dylan Logan McMaster University — Engineering Physics

O
~

50

150 nm
40+

30

20t
Si

10r

i

Reflected Intensity (a. u.)

0 50 100
Etch Time (s)

Figure 5.5: a) Diagram of masked SOI during the ICP-RIE etch process, with HeNe laser reflected
off of thin film surface, b) The resulting fringe pattern measured throughout the etch process,
indicating the point of etch termination required to leave a t = 70 nm slab region, and the point where

the 220 nm overlayer is completely etched.

Following the etch process, the sample underwent a dry thermal oxidation at 1000
C for one hour to grow 50 nm of SiO,, consuming roughly 22 nm of the Silicon slab
region. The HSQ above the waveguide is baked in the process, forming the thick oxide

cap shown in the cross-section of Figure 5.6.

| |
S$4700 20.0kV 12.5mm x130k SE(U) 9/8/09 400nm

Figure 5.6: SEM image of the waveguide cross-section following oxidation.
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The devices were then masked with a dual layer of PMMA (Poly(methyl
methacrylate)) positive e-beam resist to form the boron implant window. The first layer
of 535 nm thickness was formed by spinning 12% PMMA at 5000 rpm for 1 minute and
baking for 20 minutes at 180 C. An additional 125 nm layer was formed by spinning 4%
PMMA at 5000 rpm for 1 minute and baking for 40 minutes at 180 C. The VVB6 was then
used to write the boron implant window adjacent to the waveguide edge, with a beam size
of 19 nm and a beam step size of 12.5 nm. The sample was then developed in MIBK
(diluted with isopropanol in a 1:1 ratio) for 30 seconds, followed by an isopropanol rinse.
The resulting implant window, aligned 500 nm from the waveguide edge, is shown in the

optical microscope image of Figure 5.7a.
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Figure 5.7: a) Optical microscope image of silicon waveguide after being masked for the boron
implant; PMMA covers the entire sample save for the rectangular box labelled ‘Boron Implant
Window’, b) ATHENA simulation of one half of the waveguide following the 10 keV boron

implantation of 6 x 10 cm™ dose and removal of the PMMA.

The commercial simulation tool, ATHENA [6], was used to select the boron
implant energy of 10 keV and dose of 6 x 10 cm™, required to achieve a final

concentration of 5 x 10*° cm™ in the slab region, as pictured in Figure 5.7b. The 660 nm
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thick PMMA layer is sufficient to block the ions in the other regions. Following

implantation, the PMMA layer is removed in acetone.

Similarly, the phosphorus implant window was formed using the dual layer of
PMMA, and was written and developed identically to the previous boron step. The
resulting mask image is shown in Figure 5.8a, where the preceding boron implant has
caused some visible discolouration on the other side of the waveguide, likely due to
damage of the thin oxide. ATHENA was again used to select the phosphorus energy of
40 keV and dose of 3 x 10** cm™ required to achieve a final concentration of 5x 10™° cm™,
The resulting modeled structure is shown in Figure 5.8b.
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Figure 5.8: a) Optical microscope image the silicon waveguide after being masked for the phosphorus
implant in PMMA, with some visible discolouration due to the previous boron implant visible on the
opposite side of the waveguide, b) ATHENA simulation of one half of the waveguide following the 40

keV phosphorus implantation of 3 x 10™ cm™ dose.

The devices were then covered with a 400 nm deposited oxide layer using
Plasma-Enhanced Chemical Vapour Deposition (PECVD) and subjected to a 1000 C
anneal in an N, ambient for 1 minute to activate the dopants. The ohmic contacts were
then formed using optical lithography. Shipley S1818 photoresist was spun on at 4000
rpm for 30 seconds and baked at 100 C for 1 minute. The contact via pattern was exposed

in a SUSS MA6 Mask Aligner at 30 mJ/cm? and developed in Microposit MF-319
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developer for 70 seconds. This pattern was then etched through the oxide layer using a
CHF3 RIE process. The photoresist was then removed in acetone and the device was
cleaned in isopropanol. A second layer of S1818 photoresist was spun on and baked
identically to the first. The aluminum contact pattern was exposed and developed,
forming the pattern indicated on the left of Figure 5.9. A 300 nm aluminum layer was
evaporated onto the sample using a Plassys system, contacting the sample only in the
regions where the photoresist was removed, as shown in the middle diagram of Figure
5.9. The sample was put into acetone held at 50 C for 3 hours to remove the S1818
photoresist, consequently causing the aluminum above it to ‘lift-off”. This leaves the
structure on the right of Figure 5.9, with a patterned aluminum contact formed without

requiring an etch processing step.
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Figure 5.9: ‘Lift-off> process of forming patterned Aluminum contact on doped region adjacent to

waveguide edge (half of the waveguide cross-section is shown here for illustration): Photoresist
development of pattern (left), aluminum deposition (middle), and ‘lift-off> of photoresist and

Aluminum coating in warm acetone (right).

The aluminum contacts were then sintered with a 450 C anneal for 1 minute. The
final via and aluminum pad position surrounding the waveguide is shown in Figure 5.10a.
Photodiodes were fabricated in lengths of 0.2, 0.6, 1, 2, 3, 5, and 8 mm. The current-

voltage (I-V) curves for all device lengths are shown in Figure 5.10b, indicating a forward
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resistance of 6.5 £ 1.7 Qcm (at a 1 V operating point) and a reverse saturation current of
27 + 6 nAlcm (at -2 V).
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Figure 5.10: a) SEM of silicon waveguide at the end of a fabricated p-i-n junction, with vias patterned
along each side and wide Al contacts on each side; b) Measured I-V curves of seven different p-i-n

junction lengths following anneal at 450 C.

A final optical lithography stage was used to open windows in Shipley S1818
photoresist for a 200 keV Si* implant of 10" cm™ dose. These windows were 50 pm wide
and had a length equal to that of the p-i-n diode.

5.3 Electrical and Optical Characterization

The 1-V curve was measured for each device following the Si* implantation, and
following 5 minute anneals at temperatures between 200 and 375 C. Figure 5.11a plots
the I-V curve of a 3 mm device before and immediately after the 10 cm? Si'
implantation, and following 5 minute anneals at 275 C and 350 C. Following the implant
but prior to annealing, both the forward bias resistance and the reverse saturation current
are increased. This is largely improved as the device is annealed at temperatures

approaching 375 C. Figure 5.11b plots the current at -2 V and 2 V following each
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annealing stage. For temperatures in the range of 325-375 C, a significant recovery of the

pre-implanted electrical characteristics is observed.
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Figure 5.11: a) I-V curve of a 3 mm long p-i-n diode before implantation, following implantation, and
following 5 minute anneals in N, at 275 C and 350 C; b) Evolution of current at -2 V (left axis) and +2

V (right axis) bias with annealing temperature.

In addition to the I-V curve, the capacitance was also measured. From
measurements of capacitance from p-i-n diodes of length 0.6, 3, and 8 mm, the

capacitance per unit length was measured to be 123 + 29 pF/cm.

The waveguide facets were formed by thinning the substrate and cleaving as
described in section 2.1.2. Light was coupled into the waveguide from an Anritsu
Photonetics Tunable laser source using a single mode tapered fibre. The transmitted light
was focused by an objective lens onto an Infra-Red (IR) camera or an InGaAs amplified
photodiode. This focused light was modulated in free space at 300 Hz using a mechanical
chopper wheel. The photodiode output was connected to a lock-in amplifier, using the
chopper frequency as a reference. The lock-in signal therefore was a measure of the
transmitted intensity, and was acquired by a LabVIEW program as a function of the input

wavelength. In this way, the optical transmission spectra were measured, and featured the
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Fabry-Perot effect described in section 2.4.1. From an analysis of the fringes, the

propagation loss was estimated by Eq. (2.63) to be 2.6 + 0.8 dB/cm.

To overcome the difficulties in coupling light into a 500 x 220 nm waveguide, 5
um wide waveguides were fabricated between each device for testing purposes. The
coupling procedure involves first aligning the tapered fibre to the wide waveguide, which
produces a much more intense and easily visible optical mode, allowing for the fibre’s
height to be set. The fibre is then translated along the device edge to couple into the
smaller 500 nm wide waveguide. Also, due to the inherent losses in butt-coupling to such
a small waveguide cross-section, the coupling loss was estimated to be 14.8 + 3.2 dB per
facet. This was estimated by measuring the output optical power from several passive
waveguides with an input of 1 mW, and halving the extracted loss (i.e. assuming each
facet sustains equal 10ss).

5.4 Photodetector Characterization

5.4.1 Photodetector response vs. annealing

The photocurrent was measured for various applied reverse biases following 5
minute anneals at temperatures ranging from 200 C to 375 C. The unannealed sample was
subjected to a 150 C ambient during the cleaving process, and so is associated with that
temperature in the following data. A plot of photocurrent vs. annealing temperature for a
600 um long device is shown in Figure 5.12, measured with an on-chip optical power of
115 + 25 uW. The corresponding responsivity is plotted on the right axis, which has a
peak value at 20 V reverse bias of approximately 490 mA/W. There is a clear
enhancement of photocurrent with increasing reverse bias, as expected. Also observed is
a shift of optimum response with increasing bias: the unbiased device has an optimum
response in the region of a 300 C anneal, while under a -15 V bias the optimum response

is around a 250-275 C anneal. This indicates that the application of large electric fields
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enhances the extraction efficiency, and so a larger defect concentration can be tolerated
by a device that is fully depleted. This result is consistent with and assists in the

validation of the theoretical framework presented in chapter 3.
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Figure 5.12: Measured photocurrent (left axis) and approximate responsivity (right axis) of a 600 pm
long photodetector following 5 minute anneals at various temperatures ranging from 200 to 375 C,

under the application of reverse biases of 0, 5, 10, 15 and 20 V.

The optical power transmitted through each waveguide was recorded following
each annealing stage. A plot of the transmission loss vs. device length, shown in Figure
5.13a, was used to extract the excess loss (in dB/cm) as the slope of a linear fit. In the
example shown, a loss of 165 dB/cm is measured following the 250 C annealing stage;
and a loss of 35 dB/cm is measured following the 325 C annealing stage. Note, however,
that the error in the slope is determined by the R? of the linear fit and the number of
points used’. In the case of the 325 C anneal, the R? is 0.39 and 7 data points are used,
which gives an error that overwhelms the measurement entirely. The error stems from
facet quality variation between waveguides, and moreover the lack of precision in end-

fire coupling alignment into such a small waveguide. It is therefore difficult to extract

7 In a least-squares linear regression, the R? is a number calculated to determine the correlation between two
sets of quantities, where the probability of a linear relationship between the two variables is indicated by
how near R? is to unity [7].
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accurate measures of absorption coefficient using this method, particularly after higher
annealing temperatures.
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Figure 5.13: a) Measured transmission loss vs. Device length following 5 minute anneals at 250 C and
325 C, with the excess absorption loss extracted from the slope of a linear fit; b) Summary plot of
extracted excess absorption as a function of annealing stage (black squares represent extracted
values from method in a), while grey circles represent values extracted in chapter 6), with right axis
indicating the estimated defect concentration using the method in Eq. (3.7).

The excess absorption calculated in this way is plotted as black square points in
Figure 5.13b. The defect concentration is approximated using the optical cross-section of
the divacancy using Eq. (3.7), and plotted on the right vertical axis of Figure 5.13b. In
chapter 6, an alternative method of extracting excess absorption using implanted micro-
rings is presented, the results of which are plotted as grey open circles in Figure 5.13b.
The two methods are (for the most part) in agreement within uncertainty. As the data
points obtained from the method described in chapter 6 have a much smaller uncertainty

value, they are utilized instead throughout the remainder of this chapter.
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5.4.2 Dependence of length on photodiode response

Figure 5.14a plots the extracted photocurrent vs. annealing temperature at 5 V
reverse bias for four device lengths. As the device length is increased, the annealing
temperature that produces the maximum photocurrent increases as well. This is a result of
the loss in light intensity along the length of the device, where the total loss is
proportional to the product of defect concentration and device length. For shorter devices,
a larger defect concentration is needed to absorb the majority of light, and so lower
annealing temperatures are favoured. This is illustrated for the 600 pm long device,
whose response rolls off following the anneal at 350 C. The longer devices, on the other
hand, can tolerate smaller defect concentrations, and so their response continues to

increase with higher temperature anneals.
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Figure 5.14: a) Measured photocurrent and approximate responsivity at 5 V reverse bias vs.

annealing temperature for device lengths of 600 pm, 1 mm, 5 mm, and 8 mm; b) Measured

photocurrent data points plotted as a function of defect concentration (bottom axis) and the

measured excess loss (top axis) for 600 pm and 8 mm long devices. Solid curves corresponding to the

photocurrent predicted by the ATLAS model described in chapter 3 are also included.

Figure 5.14b plots the photocurrent of the 600 um and 8 mm device lengths as a

function of estimated defect concentration and excess loss. The simulated responses,
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obtained from the model described in chapter 3, are plotted also. The excess loss and
defect concentration required to maximize photocurrent is larger in simulation than it is in
measurement, for reasons outlined in section 3.5. The 600 um long device is optimized
for an excess loss of approximately 14.4 + 7.0 dB/cm, corresponding to a defect
concentration 2.6 + 1.2 x 10*" cm™ and an annealing temperature of 350 C. The 8 mm
long device, on the other hand, is optimized for an excess loss of approximately 9.6 + 2.4
dB/cm, corresponding to a defect concentration of 1.7 + 0.4 x 10*" cm™ and an annealing

temperature of 375 C.

In Figure 5.15, the photocurrent is plotted as a function of device length following
the 325 C anneal stage, for three applied biases. For comparison, the corresponding
simulated photocurrents are plotted as curves. The saturation of photocurrent with device
length is clearly observed in both simulation and measurement. Due to the exponential
loss of the light intensity along the device, the benefit of increasing device length L
becomes smaller as the L exceeds the 1/a depth. Since at this stage the excess loss is
approximately 23 dB/cm, this length is 2 mm, which is indeed where the response begins

to saturate in the curve below.

10F
z 7
2, L
“— 3 o
C >
o 23
3 =
o . <
2 oqlf 113
o 0.1} 3
“- A s
0 4 6 10
Length (mm)

Figure 5.15: Measured photocurrent/responsivity (data points) following the 325 C annealing stage,
plotted as a function of device length under reverse biases of 0, 5, and 20 V; the solid curves indicate

the modeled performance using ATLAS.
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The measured points agree reasonably well with the simulation results in Figure
5.15 under the larger reverse biases, although the model appears to overestimate the
unbiased response. This is likely due to the built-in field not penetrating as far into the
waveguide of the fabricated device as was modeled. When a bias is applied, the built-in
field is a small component of the total electric field in the waveguide, and its

miscalculation does not strongly affect the simulation results.

5.4.3 Characterization of the noise properties

In Figure 5.16a, the reverse saturation current of the 600 um device is plotted both
under dark conditions (dashed line) and with an on-chip optical power of 115 + 25 uW
(solid line). The grey curve provides the measurement following the 275 C anneal, and
the black curve provides the measurement following the 325 C anneal.

a) 10* b)
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~ & gA
<10 n
5 =
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Oy o 9F —T=300C
4 —A-T=325C
~._~ —=-T=375C
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Bias (V) Photodiode Bias (V)

Figure 5.16: a) Reverse diode characteristic for a 600 pm long device, with the dashed curve
indicating a measurement of dark current and the solid curve indicating a measurement under the
insertion of 115 £ 25 pW of optical power (Grey curve: 275 C anneal, black curve: 350 C anneal); b)

NEP measured following anneals at 250, 300, 325, and 375 C and plotted as a function of reverse bias.
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Following the 275 C anneal, the shunt resistance Ry, is 4.0 £ 0.7 MQ at -20 V. For
the shot noise to be the dominant contribution to the total noise power, the average
current in the photodiode must be larger than 10 nA. Since the dark current at -20 V bias
is 10.2 pA, this condition is automatically satisfied. The shunt resistance Ry, IS increased
to 195 + 33 MQ following the 325 C anneal (at -20 V bias), and therefore the shot noise
is the dominant contribution for average photodiode current larger than 0.3 nA. Similarly,
the dark current at this bias is 283 nA, and so the shot noise remains the principle

limitation on performance.

The information contained in Figure 5.16a was used to calculate the NEP (or
Noise Equivalent Power, defined by Eq. (2.56)), which is plotted as Figure 5.16b for four
annealing stages. An increase in NEP with increasing bias is observed, due to the increase
in dark current. While the T = 275 C annealing stage has the largest responsivity, the
T = 325 C stage offers the lowest NEP for several values of reverse bias as a result of the
lowered dark current. Since the dark current increases with device length, the NEP is
minimized by selecting a device length that is in the region of the 1/a in Figure 5.15, so

the dark current is minimized for the saturated (maximum) value of responsivity.

5.5 Summary

This section has described the process of fabricating sub-micron waveguide
photodiodes using electron-beam lithography, and has discussed the properties of these
photodiodes. In particular, the influence of defect concentration, applied bias and device
length on responsivity and noise properties was explored. Moreover, the experimental

results serve to validate the physical model provided in chapter 3.
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Chapter 6: Resonant Photodiode Enhancement

6.1 Overview

The improvement in speed with the reduction of the p-i-n junction area is a strong
motivation towards structure lengths on the order of 10 um. When the length of a
photodiode is reduced below a critical point, the bandwidth is no longer limited by
capacitance, but by the transit time of optically generated charge carriers. Using the
ATLAS model described in chapter 3, this limit was found to be approximately 63 GHz,
presuming the carrier lifetime is larger than 10 ps (or equivalently the defect
concentration is less than 3 x 10*" cm™). From the measured capacitance of 123 + 29
pF/cm quoted in section 5.3, it can be shown that the photodetector bandwidth is

capacitance-limited for lengths greater than 5 pm®

. In addition, since the reverse
saturation current is proportional to the p-i-n junction area, the NEP (ignoring thermal
circuit components) will be reduced as the device length is decreased. While the response
does suffer somewhat as the length is reduced, this can be partially offset by increasing
the defect concentration at which the device operates, as shown in Figure 5.14b.
However, for lengths below 100 um, the defect concentration required exceeds the levels

practically introduced by high energy Si* ion implantation.

A way to reap the benefits associated with reducing photodiode length while
avoiding the degradation in responsivity is to incorporate the photodetector into an
optical resonator. These structures, which were described in detail in section 2.4, are
generally composed of a feedback loop for select ‘resonant’ frequencies. Some possible
waveguide resonator configurations are depicted in Figure 6.1: a ‘slot’ or ‘hole’ photonic

crystal micro-cavity, and an add-drop or all-pass micro-ring resonator. The micro-cavities

& improved contact design may reduce this capacitance significantly [1], raising the cut-off length for
capacitance-limited behaviour.
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are simply Fabry-Perot etalons integrated onto a section of waveguide, with reflectors
formed of either periodic slots or holes etched into the silicon. The slots have the benefit
of electrical isolation (meaning that carriers are confined to the cavity) [2], while the
holes cause minimal scattering loss and thus exhibit higher Q factors [3]. If the cavity is
symmetric, as shown in the upper left, the device is simply a lossy transmission filter,
which will partially absorb and partially transmit on resonance. If the cavity is made
asymmetric as in the upper right, by adding several periods on the output side to make
that mirror 100% reflecting, the transmission will be zero on resonance, and the cavity is
100% absorbing. This means that complete end-line detection is possible for an arbitrarily

small cavity size.

Symmetric ‘Slot’ Micro-cavity

> >
EIIIIII-

Asymmetric ‘Hole’ Micro-cavity

Add-Drop Micro-ring
€

M

All-Pass Micro-ring

ﬁ

Figure 6.1: Potential implementations of resonant enhanced waveguide photodiodes (PD): Integrated
onto a symmetric or asymmetric micro-cavity formed of periodically etched slots or holes to function

as cavity mirrors, or integrated onto an add-drop or all-pass micro-ring.

Similarly, a photodiode integrated onto an add-drop micro-ring will have an
enhanced but not total absorption on resonance, as the resonant light is partially

transmitted to the drop-port and partially absorbed by the photodiode. On the other hand,
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if the photodiode is integrated onto an all-pass micro-ring, all resonant light is absorbed
or scattered. The photodiode thus absorbs a fraction of the input light equal to the ratio of

the defect-enhanced absorption to the total ring loss.

The build-up factor (or BUF) given by Egns. (2.89) and (2.91) provides the
degree to which the aL product of the photodiode is effectively increased on resonance
over a non-resonant device. As this factor is proportional to the finesse of the resonator, it
may therefore be maximized by designing a resonator with narrow linewidth and large
free-spectral range. The enhancement of other sources of absorption in silicon (namely
those of surface states and two-photon absorption processes) has previously been reported
in SOl micro-rings with integrated p-i-n junctions, although the low cross-sections of

these absorption mechanisms limited the peak responsivity to 0.25 mA/W [4].

The design and fabrication of the above devices were attempted for this thesis and
the micro-rings were found to be the only devices to yield successful p-i-n junction
integration. This chapter will describe the design, fabrication and experimental results
obtained from these devices.

6.2 Design and Fabrication

6.2.1 Micro-ring design

The first step in the micro-ring design is the selection of waveguide dimensions.
Here, the same dimensions as chapter 5 were used, both for the bus waveguide and within
the ring. The fundamental waveguide mode profile obtained from BeamPROP [5] is
shown in Figure 6.2a, which has an effective index of ng = 2.59 at 4 = 1550 nm (in good
agreement with the approximation in section 2.1.2). For comparison, the mode spot-size
from the bus waveguide at off-resonant wavelengths is shown in Figure 6.2b. In order to

find the group index ng, the effective index was solved for a series of input wavelengths
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ranging from 1540 to 1560 nm. The waveguide dispersion was measured to be

n
T —2.7x10"Hz*, which from section 2.4.2 corresponds to a group index of ng =

dv
3.42 at A = 1550 nm. This process was repeated for bent waveguides using the simulation
feature in BeamPROP, and the overall nes and ng is plotted as a function of bend radius R
in Figure 6.2c. For R > 10 pm, the ne and ng are saturated at their values for a straight

waveguide.
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Figure 6.2: a) Calculated fundamental mode using BeamPROP; b) Mode spot size captured by the
Infrared camera at the output of the waveguide; c) Plot of calculated ne; and ng as a function of

waveguide bend radius R, measured at a 4 =1550 nm operating point.

From the theory presented in section 2.4, the Q-Factor of an all-pass ring
resonator becomes larger as the cross-coupling coefficient « is decreased. Therefore, in
order to achieve a narrow resonant linewidth, the « is designed to be as small as possible.
To simultaneously obtain a large extinction ratio, the ring must be critically coupled,
which, as described in section 2.4.3, occurs when the coupled power equals the loss
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incurred in one round trip of the ring. Therefore, the two design criteria are that the loss

be minimized and the cross-coupling coefficient matches the loss (x* = 1 — A?).

The loss in the ring is dominated by two factors: the propagation loss and the
bending loss. The propagation loss includes scattering loss due to sidewall roughness, and
was extracted from passive waveguides to be 2.6 + 0.8 dB/cm (see chapter 5). As the
circumference of the ring is decreased, the total propagation loss decreases while the total
bending loss increases. There exists then an ideal region in which the sum of the two
contributions is minimized. A selected starting point was to ensure the bending loss does
not exceed the propagation loss. From previously fabricated rings of similar waveguide
dimensions, the bending loss was estimated to be < 2.5 dB/cm for R > 10 um [6, 7]. On
the other hand, a large free spectral range is desired for the resonant enhancement,
meaning that the round-trip optical path length 27R should not be made too large. Based
upon these desires (and with the difficulties of p-i-n incorporation in mind), the ring

radius was conservatively chosen to be R =20 pm.

The coupler was modeled using a two-dimensional FUllWAVE [8] simulation,
using R = 20 um and a variable coupling gap width. Power monitors were used on both
the bus waveguide and ring to measure the cross-coupling coefficient «°, as shown in
Figure 6.3a. The resulting values of «° are plotted against coupling gap width in Figure
a(27R)

6.3b. Presuming a loss in the region of 2-5 dB/cm, the absorbance A* =g~ is

0.985-0.995. Therefore, the coupling strength |/<|2 to the bus waveguide must be in the

range 0.005-0.015 for the device to be critically coupled. From Figure 6.3b, this
corresponds to a coupling gap in the region of 185 - 230 nm.
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Figure 6.3: a) Capture of simulation window in FUllWAVE, illustrating the coupling process between
the bus waveguide and the ring, and the power monitors used to characterize it; b) Extracted cross-

coupling coefficient x* between a straight waveguide and a waveguide with radius R =20 pm.

One additional practical consideration must be made when selecting gap size: the
effects of RIE etch lag, which is the dependence of etch rate on the geometry of sub-
micron features. In this case, the etch rate of silicon in the coupling region between
waveguides will be smaller than other relatively open areas on the chip. This is not
normally a concern when the silicon is fully etched to the buried oxide, as over-etching
may mediate this problem. When a 50 nm slab must be left for electrical integration, this

effect can lead to significant etch depth non-uniformity.

A test structure containing gratings of varying gap sizes was written by e-beam
and etched to notionally leave a 50 nm slab of silicon. The etch depth within the gap was
measured using SEM, as shown in Figure 6.4. There is a clear reduction of etch rate for
gap sizes less than 190 nm, leading to the constraint that the designed gap should be

larger than this value.
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Figure 6.4: SEM images of test structure having varied gap sizes, illustrating a marked difference in
etch depth between gap widths of 180 nm and 190 nm; The etch depth is plotted for each gap size on
the right, indicating minimal etch lag about 190 nm gaps.

The e-beam process of chapter 5 was used in the fabrication of these waveguides,
using the selected radius of 20 pm and designed gaps of 190-230 nm as a starting point.
The e-beam writer dose was varied for several structures, resulting in a variation in
waveguide width and consequently the coupler gap size — typically this variation is on the
order of 10% around the designed nominal values. Passive, optical evaluation of the
transmission spectrum of each structure indicated that a 200 nm gap produced the best
combination of resonance extinction ratio and linewidth. SEM images of the

corresponding etched micro-ring and coupler gap are provided in Figure 6.5.

In addition to this all-pass micro-ring resonator, several symmetric add-drop
structure geometries were fabricated with varying radius and coupling gap width. The

characterization of these devices will be described in section 6.3.4.

159



Ph.D. Thesis Dylan Logan McMaster University — Engineering Physics

1 I 1 U I 1 1 | 1 1 |
S4700 10.0kV 12.9mm x1.80k SE(U) 8/3/08 30.0um 54700 10.0kV 13.0mm x45.0k SE(U) 8/3/09 1.00um

Figure 6.5: SEM image of full all-pass micro-ring resonator of R = 20 pm radius (left), and magnified

image of the point coupler containing a 200 nm gap to the bus waveguide (right).

6.2.2 Micro-ring p-i-n diode integration

The integration of doped regions onto the micro-rings was also achieved in a
similar way to the devices of chapter 5, and is illustrated schematically in Figure 6.6.
Using PMMA positive e-beam resist, a circular concentric window was exposed for
masking of a boron implant, extending up to 500 nm from the waveguide edge. Similarly,
an arc-shaped window was opened in PMMA for the phosphorus implant mask. For the
all-pass configuration of Figure 6.6a, the arc was 140° long and opposite the bus
waveguide. For the add-drop configuration in Figure 6.6b, two 140° arcs extended at the
top and bottom of the ring. The waveguide photodiode cross-sections are therefore
identical to that shown in Figure 5.2a. The effective diode length for the 20 um radius is
therefore 50 um for the all-pass configuration and ranges from 100 to 145 pum for the add-
drop configuration.

The boron and phosphorus implantation conditions were likewise identical to the
devices of chapter 5. A microscope image of a device following the e-beam lithography
step to open the phosphorus implantation window is shown in Figure 6.7a. The center of

the ring is discoloured due to the preceding boron implant, similar to Figure 5.8. An SEM
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image of the same device is shown in Figure 6.7b following the lift-off of the aluminum

contacts, where the contact pads and the oxide vias are clearly visible.

Figure 6.6: Schematic of p* and n* incorporation region onto a) all-pass and b) add-drop micro-ring

resonators, both having a distance of 500 nm from the waveguide edge.
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Figure 6.7: a) Optical Microscope image of the micro-ring following development of the phosphorus
implant mask in PMMA, showing the arc-shaped window and a slight discolouration due to the
previous boron implantation; b) SEM image of the micro-ring following aluminum lift-off, showing

the large contact pads and the smaller contact vias to the boron and phosphorus doped regions.
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The 200 keV Si* implantation of 10* cm™ dose was masked using photoresist
such that the entire ring was implanted, including a small portion of the bus waveguide in

the coupler region.

6.3 Measured Resonant Enhancement of Photocurrent

6.3.1 Optical and electrical characterization of all-pass resonant

photodiodes
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Figure 6.8: a) Transmission spectrum of bus waveguide, with periodic resonances of Free-spectral
range Arsg = 4.83 £ 0.03 nm; b) Magnified view of single resonance, with linewidth A4 = 0.060 £
0.006 nm and extinction ratio ER = 13 dB.

As in the characterization of the non-resonant devices of chapter 5, light from a
Photonetics wavelength tunable laser was butt-coupled into the bus waveguide. The
transmitted light was measured using an InGaAs amplified detector and lock-in amplifier
as the tunable laser was scanned through wavelength with a step size of 0.005 nm. The
transmission spectrum, measured prior to the Si* implantation, is presented in Figure 6.8a

and exhibits resonance dips with a free-spectral range of Agsg = 4.83 + 0.03 nm. From
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Eqg. (2.64), this corresponds to a group index of ny = 3.93 + 0.02, which is larger than the
simulated value of ng = 3.42.

In the magnified resonance at 1 = 1542.69 nm shown in Figure 6.8b, a linewidth
of A4 = 0.060 + 0.006 nm is observed, which corresponds to a Q-Factor of 26 000.
Similarly, the Finesse is calculated from Eq. (2.66) to be 80.5 + 8.1, and the extinction

ratio has a value of approximately ER = 13 dB.

Following the Si* implantation, the resonance was altered significantly both in AJ
and ER, indicating a change in absorption coefficient a. The free-spectral range did not
vary from the value quoted above, and the resonant location varied randomly
(presumably due to fluctuations in room temperature). A plot of the optical resonance
following annealing is shown in Figure 6.9a, where the resonances have been aligned for
illustrative purposes. Figure 6.9b plots the average extracted AA and ER for each

annealing stage, obtained through a Lorentzian fit to the measured data.
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Figure 6.9: a) Plot of a single optical resonance following 5 minute anneals at T = 275 C, 300 C and
375 C; b) Extracted values of linewidth A4 and Extinction Ratio ER following each annealing stage
(the unannealed stage is associated with a temperature of 150 C, as the device was subjected to this

ambient during processing).
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The extracted A4 and ER values may be used with Eqgns. (2.83) and (2.84) to
obtain the values of A and [t} = (1 - |«|?) [9]. Due to the format of these coupled
equations, there is no way to distinguish between these two roots. It is reasonable to
assume, however, that the annealing affects the excess absorption (i.e. A% much more
than it does the coupling coefficient ([t[%), and use that to guide the selection of roots. The
two roots are plotted in Figure 6.10a against the annealing temperature of the stage at
which they were extracted. It is clear that one root significantly increases with annealing,
while another has only a modest increase; the first root is assumed to be A? using the
justification stated above, while the second is taken to be t>. The T = 300 C annealing
stage was ambiguous, as the roots were close in value, and so A? and t* were both equated
to the average of the two values. The slight variation in coupling strength throughout
annealing is expected, as the coupling region was implanted with Si* ions. Both roots

therefore contain elements of coupling loss, which cannot be factored away using the

present data [9].
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Figure 6.10: a) Extracted roots (A? and t°) from the values of ER and A4 plotted in Figure 6.9b; b)
Informed disentangling of the absorption coefficient a and cross-coupling coefficient & using the

roots in a).
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This method has thus independently calculated the absorption coefficient « due to
defect introduction, with a smaller uncertainty than the cut-back method used for the non-
resonant devices in chapter 5. The key values of Figure 6.9 and 6.10 are summarized in
Table 6.1, and the defect concentration is approximated using Eq. (3.7), presuming that «
is a result of defects. Note that for high temperature annealing stages (> 300 C), the
absorption becomes comparable to the expected intrinsic micro-ring loss, and so the
defect concentration is overestimated. It was these extracted values of absorption and
defect concentration that were used in chapter 5 to compare to simulated results.

TABLE 6.1: Summary of optical properties of micro-ring resonator throughout

thermal annealing treatment

Annealing Extinction Linewidth Coupling Absorption Defect
Temperature | Ratio (dB) AL (nm) Coefficient ¥* | Coefficient Concentration
(C) o (dB/cm) (cm™®)

150 2.58 +£0.28 0.74 +0.09 0.123+0.041 | 298.6+28.6 | 5.29+0.51x10"
250 4.55+0.20 0.28 + 0.06 0.073+0.018 | 101.2+222 | 1.79+0.39 x 10"
275 8.24 +0.38 0.196 £ 0.023 | 0.075+ 0.007 61.1+8.0 1.08 + 0.14 x 10%®
300 12.79+0.92 | 0.120+0.008 | 0.074+0.004 26.9 6.9 4.75+0.12 x 10"
325 23.19+0.42 | 0.096+0.034 | 0.030+0.043 | 18.1+10.4 3.21+0.18 x 10"
350 9.77+0.41 | 0.095+0.015 | 0.079+0.040 14.4+7.0 2.55+0.12 x 10"
375 9.04+0.89 | 0.066+0.013 | 0.056 + 0.009 9.6+24 1.70 £ 0.43 x 10"

At annealing temperatures T > 250 C, the extracted values of x* were 0.030-0.079,
significantly larger than the designed range of 0.005-0.015 quoted above. This is may be
caused by a change in waveguide width during the resist development or the dry
oxidation, or due to a variation in the etch depth of the waveguide. As a result, the micro-
rings were not critically coupled prior to the incorporation of defects by the Si*
implantation. However, they were critically coupled when the ring loss had a value of
A? = 0.92-0.97 (or equivalently & = 10-29 dB/cm), provided by the Si* implantation and
subsequent annealing at T = 300-325 C. It is for this reason that the extinction ratio at the

T =325 C stage in Table 6.1 and Figure 6.9b is markedly increased over adjacent values;
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it is at this stage that the ring loss is closest to matching the through-coupling coefficient
(A* = t%). This is beneficial in that the build-up factor is consequently maximized in a

high efficiency photodetection regime.

The 1-V characteristic of the integrated diode was measured following the 5
minute anneals at various elevated temperatures. The curves measured following 225,
275 and 375 C anneals are reproduced in Figure 6.11. Following low temperature
anneals, the reverse-saturation current was in excess of 1 pA for reverse biases of 20 V.
This was significantly reduced beyond the 275 C anneal, and following the 375 C anneal

was below 3 nA at 20 V reverse bias.

10

Current (A)

Bias (V)

Figure 6.11: 1-V curve of micro-ring p-i-n diode following Si* implantation and 5 minute anneals at
225 C, 275 C and 375 C in nitrogen.

6.3.2 Measured photodetection of all-pass resonant photodiode

The data acquisition was configured to measure current as well as the output of
the lock-in amplifier as the laser wavelength was tuned. The current of the reverse biased
micro-ring p-i-n diode featured marked increases on resonance, as illustrated in Figure
6.12a. This data was obtained following the 5 minute anneal at 325 C, and has resonances

of free-spectral range equal to the optical resonances in Figure 6.8. In Figure 6.12b, the
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photocurrent is plotted along with the bus waveguide transmission for a single resonance.
The photocurrent is enhanced on resonance by more than 15 dB over the non-resonant
photocurrent. Note that the off-resonance photocurrent is approximately 100 times larger
than the dark current, which is believed to be due to both photodetection in the implanted
coupler region and coupling of off-resonant light. Assuming an on-chip optical power of
115 uW, the highest measured resonant photocurrent of 7.65 pA (at -20 V bias)
corresponds to a peak responsivity of 67 mA/W.
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Figure 6.12: a) P-i-n diode current at 5, 10 and 20 V reverse bias vs. tunable laser wavelength,
illustrating resonant enhancements matching the optical resonances of the micro-ring (following a 5
minute anneal at 325 C); b) magnification of the 1542.69 nm resonance, with the current and

waveguide transmission plotted together on separate axes.

Similar to the non-resonant devices, the response of the resonant photodiodes
demonstrates a variation with annealing. The electrical resonance measured following
anneals at 250, 300 and 375 C is shown in Figure 6.13a, and the extracted peak
photocurrent (which is the difference between the resonant current and the average off-
resonance current) and resonant current linewidth are plotted in Figure 6.13b. The resonant
linewidth becomes narrower as the device is annealed, as expected from the optical

measurements of Figure 6.9b. However, the linewidth of the electrical resonance is larger
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than the optical linewidth for all annealing stages, which is also attributed to the detection

of light in the implanted coupler region.
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Figure 6.13: a) Wavelength variation in photocurrent following 5 minute anneals at 250 C, 300 C, and 375 C; b)
Extracted values of maximum (resonant) photocurrent and linewidth of photocurrent resonance for each
annealing stage.

6.3.3 Discussion of resonant enhancement in all-pass resonant

photodiodes

The resonant enhancement in photocurrent may be quantified from the results of
the previous section and Eg. (2.89). The photocurrent of the straight non-resonant
photodiodes presented in chapter 5 is plotted in Figure 6.14a, following a 325 C anneal
and biased at -20 V. As a comparison, the simulated results are plotted as a black curve,
and the simulated responsivity of a 50 um long (non-resonant) photodiode is emphasized
by a grey dashed line. The measured photocurrent from the 50 pum resonant photodiode is
plotted as a grey dotted line, indicating a photocurrent enhancement of 12 dB. Assuming
the approximate form of the build-up factor in Eq. (2.89) and the non-implanted

properties of the ring, the enhancement in aZ would be expected to be:
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BUF :3@:51:17d8 (6.1)
T AL

This predicts that the 50 pm resonant photodiode would have a photocurrent equal
toa 51 x 50 um = 2.55 mm non-resonant photodiode at the same annealing stage. From
Figure 6.14a, the measured resonant photocurrent intersects with the non-resonant curve
at a length of approximately 4 mm, illustrating agreement (at least in order of magnitude)
between expected and measured enhancement.

The NEP of this device is then reduced by a factor of 30 over the 4 mm long non-
resonant device presented in chapter 5, as its dark current is reduced by a factor of 1000

while the responsivity is identical.
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Figure 6.14: a) The measured (square points) and simulated (solid curve) photocurrent/responsivity
of non-resonant photodiodes of different lengths presented in chapter 5, along with the simulated
response of a non-resonant 50 pum photodiode (grey dashed line) and the measured response of the 50
pm resonant photodiode (grey dotted line) following a 325 C anneal, illustrating the resonant
photocurrent enhancement of 12 dB; b) Measured peak photocurrent plotted against approximate
defect concentration and excess loss, along with modeled results of non-resonant and resonant 50 pm

photodiodes.
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While using the Finesse as an order-of-magnitude approximation of the
enhancement, note that it is only approximate for low loss conditions (A = 1) and critical
coupling (t = A). In all but the highest annealing stages, this condition is not met.
Therefore, the exact form of Eq. (2.89) must be used to calculate the resonant
enhancement, using the extracted values of A and t of section 6.3.1. The simulated
photocurrent of a 50 pum diode is plotted in Figure 6.14b as a function of defect
concentration, both with and without the resonant enhancement expected from the
parameters in Table 6.1. For comparison, the data points of Figure 6.13b are plotted as
well. It is observed that the resonant enhancement in photocurrent shifts the peak
response to lower defect concentrations in both the measurements and in simulation. The
good agreement between the two curves provides evidence that the resonant build-up of
intensity described in Eq. (2.89) is responsible for the enhanced photocurrent throughout

annealing.

In addition to thermal annealing, the geometry of the micro-ring itself has a

marked influence of the overall performance, as will presently be discussed.

6.3.4 Resonant enhancement in an add-drop configuration

As described in section 2.4.3, resonant enhancement may also be obtained in an
add-drop configuration, characterized by a build-up in intensity described by Eq. (2.91).
Such photodetectors would be needed in PICs to detect a wavelength channel that must
also be simultaneously routed elsewhere. Several such micro-ring geometries were
fabricated, with varying coupler geometries and ring radii. In particular, both circular ring
structures (i.e. similar to the previous sections) and racetrack structures were fabricated
with designs indicated in Figure 6.6b. They were subjected to a masked implant of Si* at
300 keV and 7 x 10" cm™ dose and annealed at T = 300 C for 5 minutes.
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Figure 6.15a plots the sample optical transmission of a racetrack with 30 pm
radius and a 10 um length and 200 nm gap coupler section to the bus waveguide. The
grey curve is a fit of Eq. (2.79) to this data, from which the values A = 0.847 + 0.045 and
t = 0.691 + 0.005 are extracted. From this data, the BUF is calculated using Eq. (2.90),
and is plotted as a function of wavelength on the right axis. Figure 6.15b plots the same
information for a device with identical geometry but a 300 nm gap width. In this case, the
self-coupling coefficient is increased to t = 0.945 + 0.002, which improves the BUF for
reasons that will be described below. The extracted results from all of the fabricated

devices are presented in Table 6.2.
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Figure 6.15: a) Waveguide transmission spectrum for symmetric add-drop racetrack resonators of 30

pm radius and 10 pm long coupling section (black curve, left axis) along with a fit of Eq. (2.79) (grey

curve, left axis), and the corresponding variation in BUF described by Eq. (2.90) (black curve, right
axis) for a) 200 nm coupling gap and b) 300 nm coupling gap.
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TABLE 6.2: Extracted build-up factor of symmetric add-drop micro-rings of

varying geometry following an anneal at T = 300 C.

_Gap Radius Coupling BUF (on- | BUF ratio
Distance Length A t
(um) resonance) (dB)

(nm) (pm)
200 20 10 0.890+0.018 | 0.841+0.005 | 1.19+0.14 | 12.85+5.11
250 20 10 0.890+0.018 | 0.875+0.006 | 1.40+0.19 | 14.43+6.81
300 20 10 0.890+0.018 | 0.951+0.004 | 1.81+0.43 | 19.33+13.33
200 25 10 0.868 +0.023 | 0.697 +0.021 | 0.56+0.04 | 7.81+1.61
250 25 10 0.868 +0.023 | 0.856+0.009 | 1.11+0.14 | 13.04+5.38
300 25 10 0.868 +0.023 | 0.950+0.010 | 1.42+0.31 | 18.33+12.00
200 30 10 0.847 £0.045 | 0.691+0.040 | 0.51+0.04 | 7.46+150
250 30 10 0.847 £0.045 | 0.870+0.015 | 1.02+0.13 | 13.20 +5.62
300 30 10 0.847+0.045 | 0.945+0.005 | 1.15+0.23 | 17.16 +10.48
200 20 0 0.905+0.016 | 0.975+0.002 | 1.95+0.35 | 22.47 +7.30
250 20 0 0.905+0.016 | 0.958+0.002 | 2.14+0.31 | 20.68+8.11
300 20 0 0.905+0.016 | 0.969+0.002 | 2.07+0.34 | 21.75+7.64
200 25 0 0.882+0.029 | 0.956+0.003 | 1.63+0.21 | 19.38 +8.55

The results of Table 6.2 pertaining to the racetrack device elucidate two
geometrical influences on the build-up factor. First, as the coupling gap is increased, the
coupling coefficient t is increased (or « is decreased), and the BUF is enhanced. Since the
coupling is symmetric, the ring is over-coupled for any value A <1, and increasing either
t or A brings it closer to a critically coupled state. This is indicated specifically in Figure
6.15, where increasing the gap width from 200 nm to 300 nm improves the BUF by a
factor of two. Second, there is particular evidence that the build-up factor improves in
proportion with the Finesse. As the ring radius is increased, the Finesse is reduced and
consequently so is the BUF. Equivalently, for a given excess absorption coefficient a, the

value of A will be smaller for a larger circumference ring, which decreases the BUF.

Also of interest is the device with similar geometry to the all-pass device
discussed above (200 nm gap width, 20 um radius, and 0 pm coupling length), save for
the presence of a second waveguide bus. This device has a BUF of approximately 2,
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which is more than an order of magnitude less than the corresponding all-pass device.
Also, compared to the racetrack structures that feature a 10 um long coupling region, the

resonance of these devices is much less sensitive to variations in gap width.

Of note is the fact that the BUF falls below unity for several of these over-coupled
devices, and they consequently perform poorer than a non-resonant device of similar
geometry. The optimum symmetric all-pass devices are therefore those having a large
coupling gap, small radius and large annealing temperature. Alternatively, designs
featuring an asymmetric add-drop configuration could achieve critical coupling for a
finite absorption strength A, similarly to the all-pass configuration.

In addition to the resonant BUF value, its ratio to the off-resonance BUF value is
also of interest. This metric, indicated on Figure 6.16 and on the far right column of Table
6.2, provides a measure of the strength of the wavelength-selection of the photodetector.
When used in de-multiplexing wavelength channels on a PIC, this is of critical

importance.

The photodiode current spectra of the circular-type micro-ring resonators are
plotted in Figure 6.16a. Due to variation in facet quality, it is difficult to make
quantitative comparisons between the responsivity of these devices, as the on-chip optical
power is not the same. It is, however, possible to compare the change in resonant current
enhancement to that predicted by Table 6.2. The resonant current enhancement is
measured from Figure 16.6a to range from 8.8 to 11.9 dB. The minimal variation is
expected from the (almost) constant BUF ratio of these devices (19.4-22.5 dB).
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Figure 6.16: a) Photodetector current spectrum for circular-type add-drop micro-rings, measured at
-20 V bias; b) plot of the measured (points) and simulated (curves) resonant enhancement of the

racetrack type devices as a function of BUF ratio.

The resonant current enhancement is plotted against the BUF ratio in Figure 6.16b
for racetracks of 20 pm and 30 pm radius. The simulated response is plotted as curves.
There is a general increase in measured resonant photocurrent as the BUF is increased
that is in relative agreement with the simulation, which is evidence of the role of resonant
enhancement in the photodetection for the add-drop devices also. The 20 um radius
devices, having a smaller ring circumference, contain a smaller photodiode length than
those of 30 um radius. However, the 20 um radius device also has a larger Finesse, and
therefore a larger BUF. In the ATLAS simulation, this superior BUF was sufficient to
provide the 20 pm radius device with a slightly larger photocurrent, as shown by the grey
line. However, due to the poor performance of the two extreme 20 um radius devices, the

measured photocurrent of the 30 um radius devices were found to be generally larger.
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6.4 Summary

This chapter has described the design and fabrication of photodiodes integrated
onto micro-rings to achieve a resonant-enhanced responsivity. In an all-pass
configuration, a resonant enhancement of 12 dB was observed, producing a responsivity
of 67 mA/W. A 50 um long resonant photodiode was equal in responsivity to a 4 mm
long non-resonant photodiode, while having a NEP that was smaller by a factor of 30.
The nature of the photocurrent enhancement though the build-up factor was discussed, as
well as the performance of the micro-rings when introduced with defects. The selection
of device geometry and defect content to maximize resonant enhancement was described
and shown to agree with theory. This demonstrates a method towards effecting reduction
in photodiode size for end-line and in-line photodetection without sacrificing

responsivity.
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Chapter 7 Demonstration of Integrated Power
Monitor on Micro-ring Ports

7.1 Overview

One of the greatest advantages of defect-enhanced photodetection is the facility
for power monitoring. This involves the absorption of small fractions of the waveguide’s
optical power for detection while allowing the remainder to continue unperturbed. The
variation in responsivity and excess absorption provided through either the implantation
dose or post-implantation annealing permits precise engineering of the properties of such
monitors, as devices annealed at higher temperatures (> 350 C), or with a relatively small
dose (< 1 x 10" cm™) have limited absorption levels. In the extreme case where
monitoring is required for diagnostic purposes only (i.e. for wafer-scale testing), the
absorption can be removed (almost) entirely by a post-implantation anneal at

temperatures above 450 C.

This chapter describes a power monitoring application for the photodetector
whose design is described in chapter 5, and whose operation is demonstrated through
integration with the (un-implanted) micro-rings of chapter 6. Specifically, 250 um long
p-i-n photodiodes are integrated onto the bus waveguides of an add-drop micro-ring
resonator as shown in Figure 7.1a. These devices, labeled as through-port photodetector
and drop-port photodetector, reproduce the propagating optical power spectra of the
signals in these respective bus waveguides. This provides the means to characterize the
optical properties of the micro-ring without compromising the function of it, or the other
elements on the chip. These monitor levels may be used to provide feedback to an ohmic

heater on the ring, which tunes its resonance properties.
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Figure 7.1: a) Schematic representation of integrated power monitors on the bus waveguides of an
add-drop micro-ring, labelled ‘through-port photodetector’ and ‘drop-port photodetector’; b)
Optical microscope image of a chip during characterization, featuring a micro-ring (with an

integrated p-i-n junction) and a power monitor integrated onto its left bus waveguide.

The power monitors have a cross-sectional geometry identical to those presented
in chapter 5, and the micro-rings are similar to those presented in chapter 6. One type of
micro-ring was a racetrack resonator with 25 pm semi-circular radius and 10 um long
coupling region with a 250 nm coupling gap. The second structure was a circular micro-

ring with 20 pm radius and 200 nm evanescent point coupler gap.

7.2 Characterization of Ring Resonant Power Monitors

The 250 um long power monitors induce excess optical absorption which was

quantified and as shown in Figure 5.13b and tabulated in Table 6.1. The concentration of
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defects is reduced following post-implantation annealing and consequently 30% of the
incident power is absorbed as the signal passes through the 250 um detector following a
275 C anneal; 14% is absorbed following the 300 C anneal; 8% is absorbed following the
350 C anneal; and 5% is absorbed following the 400 C anneal. These losses result in a
peak detector responsivity (in mA/W) at 300 C; although the effective quantum
efficiency (see Eq. (3.10)) is maximized at 350 C. There is thus some latitude in the
necessary power absorbed by the monitor, depending on the electrical signal level

required.
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Figure 7.2: The optical resonance drop in the bus waveguide transmission (top), and current
measured at -20 V bias from power monitors (bottom) integrated onto the drop-port (grey curve)
and through-port (black curve) for a) the racetrack resonator design and b) the ring resonator

design.
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The bus waveguide transmission for each of the add-drop rings is plotted as the
top portion of Figure 7.2a and b. The optical response of the racetrack type resonator,
plotted in Figure 7.2a, features an extinction ratio of 15 dB, a free-spectral range of
Arsr = 3.28 + 0.03 nm, and a linewidth of AZ = 0.16 + 0.03 nm. The optical response of
the circular micro-ring resonator, plotted in Figure 7.2b, features an extinction ratio of
5.5 dB, a free spectral range of Agsg = 4.68 £ 0.03 nm, and a linewidth of AA =0.12 = 0.04

nm.

The lower portion of Figure 7.2 plots the monitor current response as a function of
wavelength, following a 5 minute 350 C anneal. The drop-port photodetector provides a
clear low-noise signal of the resonance, with dark current conditions at off-resonance and
an 8 dB and 5 dB resonant signal increase for the racetrack and circular rings,
respectively. The through-port photodetector reproduces both the resonant transmission
drop and other interference effects on the bus waveguide, similarly featuring a 6 dB and
3.4 dB signal decrease on resonance. The linewidth extracted from the through-port
monitor current is in good agreement with that extracted from the optical transmission

spectra.

The direct measurement of the monitor photocurrent (i.e. coupling directly onto
the drop port) provides a measured monitor responsivity of 9.5 mA/W, or negs = 9.5% at
20 V reverse bias. It is noted that there should be loss in the optical coupling process,
particularly since these add-drop micro-rings, being symmetric, are not critically coupled.
The presence of loss is indicated clearly in Figure 7.2 through comparison of the off-
resonance signal of the through-port monitor to the on-resonance signal of the drop-port
monitor. The ‘racetrack type’ micro-ring is evidently the closer of the two to being
critically coupled, as the drop-port and through-port signals are closest to mirror images

at resonance.
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The implementation of a power monitor that consumes 8% of the mode power to
provide measurements of power levels, as well as linewidths and extinction ratios of

micro-rings in the circuit, is thus demonstrated.

7.3 Applications of Integrated Functionality
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Figure 7.3: a) The Drop-port monitor current (left axis) and bus waveguide transmission (right axis)
for applied ohmic heater power of 0 mW, 2.3 mW and 4.9 mW for the ‘circular-type’ micro-ring
resonator; b) Wavelength shift observed in resonance vs. applied power to the p-i-n junction for each

resonator type.

The advantage of these devices becomes greatest when the optical properties of
the micro-ring resonators are able to be tuned, for example via ohmic heating. Integrated
with these micro-rings were p-i-n junctions, as described in chapter 6, which when
forward biased injected current, and thus heat into the device. For instance, Figure 7.3a
plots the drop-port signal on the left axis and optical transmission on the right axis for the
circular-type micro-ring, as the diode is forward biased at 0, 3, and 4 V. The dissipated
power, calculated as the product of the bias and the current, causes the local temperature
of the silicon waveguide to increase and consequently its refractive index to increase in a

concomitant manner through the thermo-optic effect [1]. This modification in refractive
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index causes a shift in resonance towards longer wavelengths, which is clearly detectable

by the power monitors.

The wavelength shift of the circular-type and racetrack-type micro-rings is plotted
against dissipated power in Figure 7.3b. As the p-i-n junction on the racetrack-type
micro-ring is of a larger area, it has a larger dissipated power than the circular-type, when
an equal bias is applied. Expressing the shift as a fraction of the free-spectral range (or a
2w phase shift), both devices provide similar shifts per unit dissipated power. Commonly,
the power to shift by one-half free-spectral range (or a = phase shift) is provided as a

figure of merit [2], which in this case is extrapolated to be P, = 35.4 + 0.3 mW.

This is similar in efficiency ohmic resistor-type heaters formed of a thin high-
resistance film deposited on top of the waveguide, which are more commonly used to
thermally tune silicon photonic devices [2, 3]. It is, however, much less efficient than
other designs that supply heat to silicon waveguides by passing current directly through
it, which have reported efficiencies of P, = 6 mW [4]. The weaker efficiency here is
believed to be a result of both the low resistance and limited power range of a forward
biased p-i-n junction, which is not an ideal device to provide local heating. These devices
were in fact designed to provide a more efficient resonance shift to shorter wavelengths
by the plasma dispersion effect (i.e. through a change in carrier concentration alone; see
section 2.2). No such shift was observed, possibly due to a short carrier lifetime caused
by surface states existing at the etched silicon/SiO, interface.

A stable wavelength was coupled into the bus waveguide, and the drop-port
monitor signal was measured as the micro-ring p-i-n junction was swept in bias. The
drop-port current for the ‘circular-type’ device is plotted in Figure 7.4a for two such input
wavelengths, and the drop-port current for the ‘racetrack-type’ device is plotted in Figure
7.4b for another set of input wavelengths. Sweeping the bias on the p-i-n junction is
equivalent to sweeping the injected wavelength, in that it provides a measure of the

resonant width of the ring. In this case, however, this measurement is provided without
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the requirement of a tunable laser, and can conceivably be made using the on-chip lasers

available on the chip during wafer-scale testing.

For each wavelength in Figure 7.4, the monitor signal reaches a maximum level
for a specific dissipated power level. On PICs, micro-rings designed to operate at (for
example) 1551.1 nm will suffer variation due to fabrication non-uniformities or
fluctuations in ambient temperature. The feedback from the drop-port monitor may be
used to control the ohmic heater to tune these micro-rings to within specification, as

shown in Figure 7.4.
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Figure 7.4: Drop-port monitor current plotted against micro-ring tuning power, using a constant
wavelength input; a) on the racetrack-type device with 1551 and 1551.1 nm input, and b) on the
circular-type device with 1553.79 and 1553.91 nm input.

7.4 Summary

This chapter served to provide a demonstration of the function of a defect-
enhanced photodetector on a PIC. There are many suitable applications of power
monitoring both during wafer-level testing and during the course of device operation. As
has been shown here, these include measuring power levels and the optical characteristics

of micro-rings, and these monitor signals can then be used to guide the adaptive tuning of
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these elements throughout operation. Indeed, defect-enhanced photodetection provides

the most straight-forward method of serving these functions in future silicon PICs.
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Chapter 8 Summary, Conclusions and

Suggested Future Work

8.1 Summary of Accomplished Work

This thesis serves as an exploration of the capabilities of defect-enhanced
photodetectors for use in photonic integrated circuits. The operating principles, design
methods, fabrication, characterization, and application of these devices have been

thoroughly reported herein.

The physics governing the operation of these devices was described in Chapter 3,
where the use of a single-level model of the detection process was justified and
implemented using the single negatively-charged level of the divacancy. This model was
incorporated into an ATLAS simulation, and was utilized throughout the remainder of the
thesis to design device structures with either improved responsivity for end-line detection
or improved quantum efficiency for power monitoring. The later sections of chapter 3
proposed some improvements on current device structures, including the revised location

of doped regions and tailoring the profile of the defect-forming implant window.

A novel device design was presented in Chapter 4, which featured a junction
formed on the top of an SOI waveguide formed using the LOCOS method and a
polysilicon film deposition. The details of the fabrication process were provided, which
was carried out primarily by the author in the CEDT facilities at McMaster University,
with selected process steps performed at Carleton University and the University of
Western Ontario. The characterization of the photodetectors was also described in detail,
and the results were compared to the values obtained from simulation. While there were

some unresolved issues with the junction behaviour between the polysilicon and the
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silicon ridge, there was a correlation between modeled and measured trends in

photocurrent with changes in device geometry and defect content.

The design and fabrication of sub-micron waveguide photodetectors was
described in Chapter 5. The fabrication was carried out by the author in the James Watt
Nanofabrication Centre at the University of Glasgow, predominantly using the electron-
beam lithography system. The measurement of the devices yielded excellent
performance, with very strong agreement with modeled behaviour. A discussion of the
main limitation of defect-enhancement was also included, being that the low absorption
coefficient leads to the consumption of large lengths of waveguide by the photodiode.

The integration of defect-enhanced photodiodes with resonator structures was put
forward in Chapter 6 as a means of reducing the size of photodiodes. The design of an
appropriate all-pass ring resonator structure was described, selected to maximize the
resonant enhancement of absorption. This structure was fully characterized optically and
electrically, and produced a responsivity which was enhanced by 12 dB on resonance.
Moreover, the optical resonance properties were used to predict the enhancement factor
for several annealing stages, and this was incorporated back into the model to predict the
photocurrent with a high degree of accuracy. Also, the use of add-drop resonant
structures was demonstrated, and results produced further agreement with the model’s

predictions.

Finally, the application of a sub-micron photodiode as a monitor of micro-ring
performance was discussed in Chapter 7. These monitors, placed on both ports of an
add-drop micro-ring, absorbed 8% of the waveguide power and produced a signal which
was proportional to the micro-ring resonance. These are very useful in characterizing
devices during wafer-scale testing and in monitoring ring performance during PIC
operation. For the latter instance, it was shown that the monitor signal can be used as

feedback to tune the micro-ring’s resonance wavelength, to compensate thermal drift.
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While this thesis effectively explored several aspects of defect-enhanced
photodetectors, there remains a substantial amount of work to be undertaken with this
relatively new device structure. The remainder of this chapter will suggest some areas

ripe for investigation.

8.2 Suggested Future Work

8.2.1 Modeling defect-enhanced photodetection

The defect-enhanced photodiode is in position to become a key component of
silicon PICs. Not only does it currently offer advantages over other more established
technologies, the physical process governing its operation is general in that it can be
extended to other defect types. Since the absorption provided by the divacancy is
relatively modest, an exploration of other defect types may yield more strongly absorbing
centers. This will permit the shortening of photodiode lengths to the point where they are
competitive with integrated germanium photodiodes in end-line detection. Alternatively,
a more efficient device center may be found, in that it provides strong optical generation
with lower electrical capture cross-sections. The increase in device efficiency will be
beneficial to power monitor applications, to produce a large signal per fraction of
absorbed power. The simulation model is crucial in determining what the optimum defect

parameters are for a given application.

To further increase the accuracy of the model for the current implantation-induced
defects, it will become necessary to incorporate the influence of multiple defects. Before
this can be started, it is first necessary to identify which defects are present in the device,

and their concentration as a function of ion dose and annealing temperature.
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8.2.2 LOCOS-based photodetectors

For the LOCOS-based design to be of use in applications, some investigation of
alternative fabrication techniques is required. Particularly, the deposition and doping of
the polysilicon film needs to be optimized by exploring a wider range of processes. In
particular, the method of in situ doping of phosphorus in polysilicon deposition processes
should be explored as a means to improve phosphorus dopant activation [1]. As well, a
passivation of the dangling bonds in the grain boundaries in a hydrogen plasma would
remove a large quantity of defects, thereby reducing the dark current [2].

Should these issues be adequately addressed, further development of these devices
would involve scaling down to sub-micron dimensions. By forming symmetric p*
contacts and a top n-type polysilicon contact onto a sub-micron waveguide design, the
improved carrier extraction will become more pronounced. Additionally, forming a
micro-ring photodiode from a low-loss LOCOS waveguide would enable a large Q-factor

and therefore large photocurrent enhancement.

8.2.3 Resonant enhanced photodiodes

As the build-up factor generally scales with the Finesse, structures with a larger
Aesr Will exhibit a stronger resonant enhanced photocurrent. In a micro-ring architecture,
this would be realized by decreasing the radius of the ring. A much more substantial
improvement would be obtained by using the micro-cavity architecture illustrated in
Figure 6.1. Since the cavity size is on the order of ~ 400 nm, the Arsg is on the order of
1 pum, so typically only one resonance is observed in the 350 nm wide reflection band [3].
Consequently, a resonant linewidth of 0.1 nm will have a corresponding ideal build-up
factor of a microcavity on the order of 2500, two orders of magnitude larger than that

achieved from a micro-ring configuration.
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8.2.4 Measurement of photodiode bandwidth

This thesis has mentioned bandwidth as a motivation for reduction of photodiode
length, as the capacitance currently limits their speed. The measurement of speeds above
>200 MHz is outside of the capabilities of McMaster University, and therefore concrete
evaluations of bandwidth have not been performed. The most necessary future work is
the design of proper contact structures on the devices to allow for such measurements to
be made. A characterization of the dependence of bandwidth on defect concentration is
important at this stage, as it will guide the design of future devices.

As well, the bandwidth of the micro-ring resonant photodiodes must be
determined. While they are expected from their capacitance to operate at higher speeds,
they may become limited by the photon lifetime (see Eq. (2.69)). For the Q-factor of
26 000 measured in chapter 6, the expected photon lifetime is approximately 21 ps, and
therefore the bandwidth is approximately 7.5 GHz. Direct quantification of this effect
will also influence future designs, as a large Finesse is required for high responsivity but
a modest Q-factor is required for high bandwidth. These requirements would be obtained

by a resonator with a large /rsg but moderate linewidth.

8.2.5 Integration of defect-enhanced photodiodes onto PICs

As stated in chapter 7, the largest current application of defect-enhanced
photodiodes is in-line power monitoring. These devices may be fabricated with low
insertion loss and with short lengths, such that a small amount of optical power is
removed from the optical mode. These are a valuable diagnostic tool, as they can be used
throughout the circuit to ensure correct operation. It is reasonable to expect further
demonstration of increasingly complex integrated functionality of power monitors in the

near future.
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In addition, the resonant photodetectors may be applied as compact de-
multiplexers within receivers. This structure would consist of a bus waveguide that
contains multiple ring resonators, each having a resonance tuned to a different channel
wavelength. When a WDM signal is transmitted along the bus waveguide, it is
decomposed in a serial fashion as each micro-ring couples a channel and converts it to an
electrical signal using the integrated photodiode. If the complete optical-to-electrical
conversion is required, the all-pass micro-ring architecture should be utilized. If,
however, some optical signal is required to stay on the chip, the add-drop architecture
should be used. Such a de-multiplexing architecture can potentially reduce the footprint

of receivers, as no arrayed waveguide grating is required.
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Appendices

A ATLAS Source Code Example for Photodetector
Simulation

Below the ATLAS script defines the structure of the device described in Chapter 5.

go atlas
#Below, the mesh is formed for the simulation

mesh space.mult = 1

x.mesh location=0 spacing=0.01
.mesh location=3.64 spacing=0.01
.mesh location=-0.3 spacing=0.01
.mesh location=0 spacing=0.01
.mesh location=0.2 spacing=0.2

KKK X

#The structure is built in ATLAS in this simulation. Alternatively, it
#could be fabricated in ATHENA and imported.

region number=1 material=oxide x.min=0 x.max=3.64 y.min=-0.3 y.max=0
region number=2 material=oxide x.min=0 x.max=3.64 y.min=0 y.max=0.2
region number=3 material=silicon x.min=0 x.max=1.07 y.min=-0.05 y.max=0
region number=4 material=silicon x.min=1.07 x.max=1.57 y.min=-0.05 y.max=0
region number=5 material=silicon x.min=1.57 x.max=2.07 y.min=-0.22 y.max=0
region number=6 material=silicon x.min=2.07 x.max=2.57 y.min=-0.05 y.max=0
region number=7 material=silicon x.min=2.57 x.max=3.64 y.min=-0.05 y.max=0
#The electrodes are now defined: the cathode (the n type region) and

#the anode (the p type region)

electrode number=1 name=cathode x.min=3.07 x.max=3.64 y.min=-0.25 y.max=-0.05
electrode number=2 name=anode x.min=0 x.max=0.57 y.min=-0.25 y.max=-0.05
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Figure A.1: ATLAS output of built silicon waveguide structure embedded in SiO, and contacted with
aluminum.

The script next attributes doping levels and defect properties to the different regions of the device.

#The doping level for each region is now

doping uniform
doping uniform
doping uniform
doping uniform
doping uniform

#An intrinsic c
#of surface rec

concentration=5el19
concentration=5el5
concentration=5el5
concentration=5el5
concentration=5el9

arrier lifetime is
ombination

.type
.type
.type
.type
.type

5 'O 'O T T

defined

region=3
region=4
region=5
region=6
region=7

given for silicon, based on limits

material material=silicon taun=le-8 taup=le-8

#The carrier lifetime limitations provided by defects are handled by the
#following statements, which provide a trap level 0.4 eV below the conduction
#band with capture cross-section of electrons and holes of sign and sigp,
#respectively. The concentration of the defects in this case is set to be 2el7.
#They are introduced into several regions of the structure, which correspond

#to the implant

ed regions
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trap e.level=0.4 acceptor density=2el7 degen=1 sign=3.65e-15 sigp=3.6e-14
region=4
trap e.level=0.4 acceptor density=2el7 degen=1 sign=3.65e-15 sigp=3.6e-14
region=5
trap e.level=0.4 acceptor density=2el7 degen=1 sign=3.65e-15 sigp=3.6e-14
region=6

ATLAS

Data from pin_1.str

03

-0.2

-0

Microns

o1

0z

Microns

Figure A.2: ATLAS output of doping levels present in the device.

With the structure defined, the code goes on to solve the structure for a reverse bias of 5 V.

#Specify models to be used in ATLAS calculation: concentration and field
#dependent mobility, concentration dependent Shockley-Read-Hall recombination,
#Auger recombination, and Band-gap narrowing

model conmob fldmob consrh auger bgn

#specify contact to be used in calculation

contact name=cathode

#solve unbiased structure
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solve init outf=pin O.str master
#call c¢ file containing mode shape (see below) of optical generation rate
beam num=1 F.RADIATE=submicron mode.c

#specify solution method to be used, and ramp up positive bias on cathode

method newton trap
solve init

solve vcathode=0.01
solve vcathode=0.05
solve vcathode=0.1
solve vcathode=1.0
solve vcathode=2
solve vcathode=5

ATLAS

Data from pin_1.str

03

-0.2

-0

Microns

k]

0z

Microns

Figure A.3: ATLAS output of potential distribution in the device upon application of a 5 V reverse
bias.

Lastly, the optical generation rate is applied, to reflect an injected power of 0.115 mW.
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#ramp up intensity to optical generation rate, and save final structure as
pin l.str

solve bl=le2
solve bl=le3
solve bl=5e3
solve bl=2e4
solve bl=3e4
solve bl=6e4
solve bl=le5 outf=pin l.str master

ATLAS

Data from pin_1.str

03

-0.2

-0

Microns

o1

0z

hicrons

Figure A.4: ATLAS output of photogeneration rate in the device, upon launch of 0.115 mW optical
power.
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Figure A.5: ATLAS output of recombination rate in the device upon application of a 5 V reverse bias

and launch of 0.115 mW optical power.

Below is the ‘submicron_mode.c’ file used in the ATLAS script:

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

/

T T R T

/

Generation
Statement:
Parameter:
Arguments:
X

Y

t

*rat

rate as a function of position
BEAM
F.RADIATE

location x (microns)

location y (microns)

time (seconds )

generation rate per cc per sec.

int radiate (double x,double y,double t,double *rat)

{

double
double
double

power;
xX2;
v2;
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double sx;

double sy;

sx = 0.1571;

sy = 0.11466;

x2 = (x-1.82)/sx;
y2 = (y + 0.11)/sy;

power = exp (-pow(x2,2))*exp (-pow(y2,2))/(3.14*sx*sy);
*rat = power*7.21el8;

return(0) ;

When called, this file returns an electron-hole pair generation rate for each (x, y) point in the
mesh. It assumes a Gaussian mode shape, approximated from the shape produced in a
BeamPROP simulation. The rate ‘*rat’ is calculated based on Eq. (3.9), taking into account the
device length L and the defect concentration N,. When varying N, in a simulation, it therefore
must be adjusted both in the ‘submicron_mode.c’ file and the trap statements of the ATLAS
script.

The ATLAS script weights “*rat’ by a value bl representing the intensity in Wem™ (b1 = 1
represents an intensity of 1 mw/cm?).

Expressing the intensity launched into the waveguide as:

1(x,y)= Aexp(— zxzzjexp[— zyzzj
o, o,
(A1)

The launched power in the waveguide is:

P= ﬂ I(x, y)dxdy = 27A0, 0,
oy (A2)

Therefore, the generation rate is multiplied by the following weight (i.e. b1):

A= ZL
70O, (A3)

The statement in the script specifies b1 = 1e5 (i.e. 10° Wem™@), which is equivalent to a total
launched power of P = 0.115 mW. Due to the integration of Eq. (3.7), the final generation rate
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introduced into the device (plotted above) is in units of cm™s™, not cm™s™ as indicated in Figure
A4

Since the ATLAS simulation by default assumes a thickness of 1 um, the current output is in
units of A/um. However, due to the altered units of the input generation rate, the integrated
current results (in units of A). However, since the integration was done over units of cm, the
resulting current needs to be weighted by a factor of 10°. Alternatively, the simulation may be
adjusted to assume a thickness of 1 cm, so no weighting of the results is required.
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B.1  D. F. Logan, P. E. Jessop, A. P. Knights, “Modeling Defect Enhanced
Detection at 1550 nm in Integrated Silicon Waveguide Photodetectors,” Journal of
Lightwave Technology, vol. 27, p. 930, 20009.

This journal article describes the work completed within the first year of my Ph. D. research. A
significant portion of the contained material has been represented within chapter 3. It provides a
summary of the operating physics of defect-enhanced photodetectors, reviews existing
demonstrations, and proposes a model using ATLAS to simulate them. It is presented in full in
the following pages.
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Lightwave Technology, April 2009.

This material is posted here with permission of the IEEE. Such permission of the IEEE does not in
any way imply IEEE endorsement of any of McMaster University's products or services. Internal or
personal use of this material is permitted. However, permission to reprint/republish this material for
advertising or promotional purposes or for creating new collective works for resale or redistribution must
be obtained from the IEEE by writing to pubs-permissions@ieee.org .By choosing to view this material,
you agree to all provisions of the copyright laws protecting it.
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Modeling Defect Enhanced Detection at 1550 nm in
Integrated Silicon Waveguide Photodetectors

Dylan F. Logan, Paul E. Jessop, and Andrew P. Knights

Abstraci—Recent attention has been attracted by photo-de-
tectors integrated onto silicon-on-insulator (SOI) waveguides
that exploit the enhanced sensitivity to subbandgap wavelengths
resulting from absorption via point defects introduced by ion
implantation. In this paper, we present the first model to describe
the carrier generation process of such detectors, based upon
modified Shockley-Read-Hall generation/recombination, and,
thus, determine the influence of the device design on detection ef-
ficiency. We further describe how the model may be incorporated
into commercial software, which then simulates the performance
of previously reported devices by assuming a single midgap defect
level (with properties commensurate with the single negatively
charged divacancy). We describe the ability of the model to
highlight the major limitations to responsivity, and thus suggest
improvements which diminish the impact of such limitations,

Index Terms—lon implantation, integrated optics, p-i-n photo-
diodes, photodetectors, ridge waveguides, semiconductor defects,
semiconductor device, silicon-on-insulator (SOI) technology.

I. INTRODUCTION

A. The Requirement for Optical Detection in Silicon Photonics

HE detection of the optical signal via optical to electrical

T conversion is one of the essential functions required in any
integrated optical circuit (I0C) [1]. In the case of silicon pho-
tonics this presents a contradiction in the specification of homo-
geneous waveguides where virtual transparency is demanded of
the waveguide itself (hence, the suitability of subbandgap wave-
lengths in silicon photonics), thus, preventing the straightfor-
ward integration of efficient detectors. Because the most con-
venient carrier wavelengths in silicon-based optical devices re-
side close to 1550 nm, any solution to this detection paradox
should thus be capable of fast and efficient detection of photons
of no greater than ~(.78 eV in energy. Although hybrid solu-
tions are available [2], [3]. a monolithic complimentary-metal-
oxide-semiconductor (CMOS) compatible process is preferred.
One successfully developed approach to the CMOS compat-
ible integration of detectors is the incorporation of germanium
via direct growth onto the silicon substrate [4]-[6]. Although
high performance devices have been demonstrated it is recog-
nized that careful process control must be maintained during Ge
growth on Si to prevent the introduction of an unacceptable con-
centration of lattice defects which are known to create excess
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Science and Engineering Research Council of Canada and by the Canadian In-
stitute for Photonic Innovation.
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optical loss and unacceptable dark current. Further, where po-
larization insensitive monitoring of signals is required the asym-
metric nature of the Ge/Si waveguide detector is often unsuit-
able. A wholly silicon-based approach to sub-band detection
was introduced by Knights er al. [7]. In their report, they de-
scribed the use of midgap levels, which were deliberately in-
troduced in a straightforward manner via ion implantation, to
detect an optical signal of 1550 nm while confined in a sil-
icon-on-insulator (SOI) waveguide. The rather modest perfor-
mance of this device (responsivity of ~3 mA/W and bandwidth
of 2 MHz [8]) restricted its potential use to power monitoring.
Indeed. the ability to control the fraction of signal “tapped”
through the variation of the concentration of the midgap levels
suggested this device might be ideally suited to this role. The
idea of defect mediated detection has since been explored by
other groups. notably Liu et al. [9] and Geis et al. [10], [11].
The results reported in [10] and [11] are of particular signif-
icance as they show that with suitable engineering of the de-
vice dimension and control of the defect morphology through
postimplantation annealing, integrated detectors can be fabri-
cated with performance comparable with those based on ITI-V
materials. Specifically, the speed and responsivity of such de-
vices may be > 200 GHz and ~1 A/W, respectively.

Despite the experimental demonstration of fast and efficient,
defect-mediated detection, to date there has been no attempt to
model the detection process in such devices. Indeed, only cur-
sory attempts have been made by the three groups that have
demonstrated these detectors to explain the physical process
underpinning the detection process. In view of the impact of
varying the device dimensions on detector performance it would
appear important to develop such a model that might predict
with confidence the responsivity and bandwidth of defect medi-
ated waveguide detectors. In this paper, we present such a model
and demonstrate its integration into the commercial simulation
software “ATLAS.”

The paper is divided into three sections. The introduction is
first completed with a detailed description of the differences be-
tween the devices reported to date by the groups at McMaster
University, The Chinese University of Hong Kong, and MIT
Lincoln Laboratories. This is justified by the subsequent use
of the reported results as a test of the presented model. The
second section describes in detail the model itself, beginning
with our simplest description of the physical basis of the detec-
tion process and concluding with an explanation of its incor-
poration into the ATLAS platform. The final section compares
the previously reported experimental results with values for re-
sponsivity, effective quantum efficiency and device capacitance
(the present limit to speed of operation). The model is found
to reproduce the experimental trend for each device type (i.e.,

0733-8724/$25.00 © 2009 IEEE
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TABLE 1

SUMMARY OF FEATURES OF REPORTED IMPLANTED INTEGRATED PHOTODETECTORS
Device origin MM [8] HK [9] LL[10]
Waveguide width (w) 3um* 3.8um 0.52um
Waveguide height (/) Sum 4.3um 0.22um
Waveguide eich depth (/) 1.7um 1.5um 0.17um
Doping separation (x) 5-50umt >8um 0.42pum
Device length (L) 6mm 17mm 0.25-3mmT
Substrate doping type ", o } . P,
and concentration <1x10%em?® -~ 1x10' em”f ~1x10" em?
Defect implantation species Sit He" Sit
Defect implantation energy 1.2MeV 800keV 190keV
Defect implantation dose 1x10"%em? 1x10"  em 3 1x10%em?
Post-implantation anneal range RT-350 °Ct RT-350 °Ct RT-450°C¥
Maximum responsivity around1550nm 59 mA/W (5V) 38 mA/W (20V) 800 mA/W (20V)
(device bias given in brackets)
Excess optical loss at maximum  3.33 dB/em 0.16 dB/em 80-100 dB/fem
responsivity

*The MM device was fabricated using a KOH wet etch process, producing non-vertical walls and thus
W is measured at the top of the waveguide.

A quoted range of values represents the experimental matrix emplayed by the authors

{For the HK device, the background doping type and concentration were not provided. We have
assumed common values used in the fabrication of silicon waveguides.

Defect
implanration

Fig. 1. Schematic representation of the generic defect mediated photodetector.
The most relevant dimensions are labeled and described in Table I. The hashed
area indicates the approximate position of the fundamental mode.

that there exists an optimum concentration of defects at which
the highest responsivity is obtained). It also correctly describes
trends in device performance as a function of device dimension.
Deficiencies in the model are discussed and the need for funda-
mental measurements with regard to defect type, concentration,
position in the bandgap, and response to thermal and optical ag-
itation are highlighted.

B. Defect Mediated Waveguide Detectors for Silicon Photonics

Three research groups have thus far reported the fabrication
of defect mediated detectors suitable for integration with SOI
waveguides. These groups are based at McMaster University,
The Chinese University of Hong Kong, and the MIT Lincoln
Laboratories [7]-[10]. Hereafter, these groups will be referred
to as MM, HK, and LL, respectively. Although using the same
principle of operation, the devices from the groups were fab-
ricated in substantially different processes with a variation in
waveguide dimension, defect implantation and postimplantation
thermal treatment in particular. The nature of the devices is how-
ever, the same, based upon the p — ¢ — n diode previously used
in silicon photonic circuits for carrier injection into the wave-
guide. A schematic layout of the design is provided in Fig. 1
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Fig. 2. Illustration of extrinsic transitions involving defect state at energy £,
partway between the conduction band energy F. and the valence band energy
Eu (G r U, G, and £, defined in text).

with the most important device parameters labeled. Table I pro-
vides the specific dimensions and critical processing conditions
for the devices reported by the groups at MM, HK, and LL.

II. MODELING DEFECT ENHANCED DETECTION

A. Physical Basis of Defect Enhanced Detection

Carrier generation and recombination mediated by crystal
defects are well described by the Shockley-Read-Hall (SRH)
process [13]. Its extension to optical generation by subbandgap
photons has been described also, for example by Keevers
and Green [14]. Despite the comprehensive literature on this
subject, we believe it is instructive to review these genera-
tion/recombination processes with a view to elucidate the
defect mediated detection process.

From SRH theory, in steady state with no optical generation

+
n

G =U,—G, 0

where

—E;)/kT (2)

E,
Gy =Cynyn’ = cnmnve( !
represents the rate of promotion of electrons from the defect to
the conduction band

Uy =

Ny —ng)n 3)
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represents the rate of capture of electrons from the conduction
band to the defect
Gp = Cp(Ny = my)p' = Cp(Ny — mu e "= FOT (@)
represents the rate of promotion of electrons from the valence
band to the defect, and
Up = Cymp &)
represents the rate of capture of electrons from the defect to
the valence band, as shown in Fig. 2 [15]. In this formulation
we consider a single, deep defect state which lies closer to the
conduction band than the valence band. This is the case for the
silicon divacancy which has been identified to play a dominant
role in optical absorption at wavelengths around 1550 nm [16].

The values n and p represent the concentration of electrons
and holes, respectively. The intrinsic carrier concentration is
given by 7;: E; is the intrinsic position of the Fermi level; k is
the Boltzmann constant, and 7" is the temperature; [V, is the total
density of defects and 7, is the density of defects that are occu-
pied by an electron; (%, and Cj, are the coefficients of electron
and hole thermal recombination, and are related to the capture
cross section of electrons ¢, and holes o, by

Cn = OnpUth Cp = Oplth (6)
where vth is the thermal velocity of electrons (approximately
107 em/s) [15].

Since the defect level is closer to the conduction band, it is
expected from (2) and (4) that n be much larger than p/. In fact,
we can calculate that o’ = 7.75 x 1013 fem? and p/ = 3.30 x
108/011.13. Solving (1), the occupancy of the traps in thermal
equilibrium (72} ) is

=N (Com + Cppf)
C(Culn )+ Cylp+ )

Also, for charge neutrality and assuming a device lightly doped
with Np donors (concentration < 1 x 102 cm™3)

)]

Np+p=n+nx* (8)

and under bias

np = nFe?V/H, (9

Solving (7)~(9) yields that for Ny =1 % 104 —1 % 10% cm—3

ngk = Np (10)
with virtually all of the electrons trapped at defect sites.

This result illustrates the effects of background doping on the
amount of depletion in the device and, therefore, its capacitance.
For a lightly nn-doped material, the negative charge of the occu-
pied defects balances the positive charge of the ionized donors.
Therefore, the presence of the defects enhances the depletion
and lowers the capacitance. For the case of the divacancy de-
fect in lightly p-doped material, the analysis is more straight-
forward—provided the Fermi-level stays above that needed to
activate the single positively charged divacancy state, the defect
will accept virtually no carriers, and therefore have a very small
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occupancy. In this case, there is no mechanism to balance the
charge of ionized acceptors, so depletion is smaller (and capac-
itance is larger) than in n-type material.

Sincen’ 3 p (and C', and C}, are similar in magnitude) [16],
it follows that

Con' 3 Cpp... and hence Gy, 3 U, (11).

An occupied defect is therefore more likely to promote its elec-
tron to the conduction band than have it fall to the valence band.
Similarly, we can compare the relative values of Cyn and Cppf
to assess the dominant of the two processes (G, and [/;,. This is
more complex than for (11) though and is dependent on whether
the semiconductor region is depleted, the doping type of the ma-
terial, and the defect concentration ;.

The defect mediated detectors under consideration here func-
tion through an additional hole generation term G;p‘, a direct
result of optical excitation of electrons from the valence band to
the trap level. The cut-off wavelength associated with this mech-
anism is then determined by the level of the trap, i.e., F;-F,. In
order to ensure the defect levels behave as generating centers it is
necessary to induce a total hole generation rate G’;, = G;’,p‘+Gp
which is larger than the electron recombination rate Uy, . There-
fore, we require

G;_’,pt + Cp(Ny — ) > C(Ny —mydn
G > (N — g (O — Cppf). (12)
From (12), it is seen that the minimum G;’,P‘ required may be
positive or negative. If it is negative, the defect center (diva-
cancy) acts as a weak generating center in equilibrium, and any
nonzero optical excitation will enhance this generation. If G’gpt
is positive, the divacancy acts as a weak electron trap in equilib-
rium and a minimum optical excitation is required to generate
electron hole pairs.
The form of G';’,P‘ is taken to be [17]
A
GoPt = [(z, y) e 13

> (@y)5. (13
where I(:z, i) is the intensity of the optical mode, A is the wave-
length of light, / is Planck’s constant, ¢ is the speed of light, z is
the distance along the length of the device, and «v for the silicon
divacancy can be approximated as [18]

N

o= .
g’

where 7= 7.7 x 10%6 ¢cm™2, (14)

The upper limit to the detecting ability of such a device is the
point where the optical generation rate becomes comparable to
G When G5P" exceeds Gy, carrier generation is no longer
proportional to the incident light intensity.

B. Implementation of the Model

The model is implemented using the commercial semicon-
ductor simulation platform ATLAS by Silvaco [12]. The various
detector structures outlined in Section I-B are constructed in the
Deckbuild environment, and acceptor traps are introduced in a
uniform concentration throughout the volume of the device. The
trap energy level E; and thermal electron capture cross section
ay, are selected to correspond to the singly, negative charged
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state of the divacancy defect such that E.-F; = 0.4 eV [16],
[19]. whereas a7, is taken to be 3,6 x 10~ cm? [16]. and 7y, is
given by the average of the two most commonly reported values,
5.3% 10715 emZ [16], 2x 10~ cm? [19], such that in our model
o = 365 x 1071% em?,

The additional generation term is simulated by adding a spa-
tially dependent electron-hole pair (efip) generation rate to the
device, in the form ofG'f,’,ﬂ’t, The model then assumes the process
of promoting the electron from the valence band to the defect
level, and instantaneously promoting it to the conduction band
(since (,, is much larger than G,). This also implies that the
optical generation term has a minimal effect on the occupancy,
and the change in occupancy with incident light intensity is neg-
ligible. This is justified by the calculation of nj for low-doped
(carrier concentration ~1 % 10X cm—) samples with N; in the
range 1 x 1015 — 1018 cm~—3, in which case the majority of de-
fects are unoccupied, and the electrons promoted from the va-
lence band to the defect level via G";il’t are too small in number
to cause a significant increase in occupation fraction (for the op-
tical power under consideration here).

The spatial dependence of G“;;l’t, determined by the mode pro-
file, is calculated using the commercial software BeamPROP by
RSoft [20]. In order to extend the use of the model to account
for the variation in optical generation along the device length,
the optical generation rate was integrated over the length L of
the device, taking into account the exponential decay of the ab-
sorbed power, such that

L .
0

1 ,_—[ud—f-u;)L)
he ong + o (l ‘

(15

where vy is the loss corresponding to hole generation via the
defect level, and cy; is waveguide loss that does not contribute
to photocurrent (such as the free carrier loss caused by overlap
between the mode and heavily doped regions). The v; term was
determined using BeamPROP simulations and experimental re-
sults for unimplanted devices. As expected, for large defect con-
centrations, the vy term becomes very large and the integrated
generation saturates.

The program ATLAS is then used to determine the photo-
generated electron and hole concentrations, taking into account
the input power, defect profile, and depletion width. The pho-
tocurrent is measured as the bias and light intensity are varied.
Its magnitude changes according to the overlap integral of the
electric field distribution, optical mode, and defect profile. This
permits the quantification of the change in device response with
respect to a variation in properties such as the p and n™ doped
region separation (). defect implant depth, and waveguide
geometry.

C. The Silicon Divacancy

It is appropriate, at this point, to consider briefly the deter-
mination of the nature and concentration of the optically active
defects present following ion implantation of silicon. The in-
troduction of deep-levels associated with defects in silicon has
been studied extensively and many different optically active de-
fect types have been identified [21]. The model presented here,
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however, assumes a single optical defect center- in Section [I-A,
we state our choice of defect with the characteristics closest to
those used in the model as the silicon divacancy. The divacancy
is a primary defect induced by the irradiation of silicon and
forms from the mobile vacancies caused by the nuclear inter-
action of implanted 1ons, primary atoms and target knock-ons.
More complex damage. and ultimately amorphous silicon, is
formed for high implantation doses (typically > 101 ¢m—2
for implanted Sit ions) [22]. however for the doses used in the
fabrication of defect mediated detectors (typically equivalent to
~102 — 108 cm=2 implanted Si" ions) it seems reasonable
to assume that the damage is dominated by primary point de-
fects such as the divacancy. We note that other types of point
defect may be introduced such as vacancy-impurity complexes
and interstitials, and each defect type will have properties spe-
cific to the model described here. For instance, although va-
cancy-oxygen (V-O) pairs are often present following ion im-
plantation, they will not contribute to carrier generation using
1550 nm wavelengths, as the negative charge state lays only
0.16 eV below the conduction band (photons of energy 0.96 eV
or greater are required for the excitation from the valence band
to this state) [23]. This defect does however have a larger capture
cross-section than the divacancy, and therefore may dominate
carrier recombination in a detector containing both V-0 and di-
vacancy defects. Concomitant with vacancy production during
ion implantation is the generation of silicon interstitials, how-
ever these would seem to have less impact on the SRH processes
important to these detectors. Hence, although conceding that
damage production (and thermal evolution) is far more complex
than implied by the current model (for example see [11] for a de-
scription of the complex thermal evolution of defect mediated
detectors for annealing temperatures > 3007 C), the value of the
properties associated with the divacancy (such as carrier recom-
bination) should provide results relevant for comparison with
those reported in [7]-[10]. Future development of the model will
endeavor to account for a range of defect types.

The determination of the concentration of defects in ion
implanted silicon is far from straightforward for such small
irradiation doses. Deep-level-transient spectroscopy (DLTS)
is a powerful method which provides information on defect
concentration for a limited range of implantation conditions
while accurately determining the energy level of carrier traps
[24]. Specifically sensitive to silicon vacancy defects is Positron
Annihilations Spectroscopy (PAS). An extremely useful em-
pirical model for the determination of vacancy concentration,
based upon PAS measurements, which may be applied to
a wide range of implantation conditions, was proposed by
Coleman et al. [25]. Further, this model, when combined with
infrared loss data, was shown by Foster et al. to be able to
predict the excess optical loss at 1550 nm induced in SOI
waveguides by ion implantation [17]. That work thus provided
experimental evidence for the assumption that the divacancy
was the dominant implantation induced defect with regard to
subbandgap optical loss in silicon. Further, it demonstrated that
defect concentration in SOl waveguides could be inferred from
excess optical loss using (14). In the present work then, we
have deduced defect concentration from [7], [8] and [10] in this
way using the loss data reported together with the photocurrent.
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Fig. 3. Simulated and measured photocurrent versus divacancy concentration for the: (a) MM (2 V bias, | mW input, v = 15 pm, this specific experimental data

1s from unpublished results); (b) HK (20 V bias, 25 mW input) [9]: and (c) LL (5 V bias, | mW input, L. = .25 mm, where the 5 V data is obtained by converting
data for 20 V reverse bias presented in [10] using the bias dependence of responsivity reported in the same devices described in Section 1-A). Note that the defect
observed after high temperature { > 400 ©C) anneals, reported in [11], is not considered here.

It was found that all defect concentrations providing useful
photocurrent were in the range N; = 106 — 108 cm—3,

II. RESULTS FROM THE ATLAS MODEL

A. Influence of Defect Concentration (Ny) on Photocurrent

The absolute photocurrent generated in the three devices de-
scribed in Section I-A was simulated as a function of defect con-
centration (V; ). and plotted, along with the previously reported
results, in Fig. 3. The defect concentration for the experimental
data was calculated with (14), using the reported loss values.

In all of the devices, the photocurrent initially increases with
defect concentration Ny, due to the increase in the generation
rate Gg}". The response then peaks at a defect concentration
which is characteristic of the device, and begins to decrease with
further addition of defects. Two factors are responsible for this
decrease.

1) The recombination rate provided by the defects increases
linearly with N;. while the generation rate becomes satu-
rated over the device length [, (as absorption ¢y becomes
large) as described by (15).

2) The depletion region at a given bias is reduced at larger
defect concentrations. For lightly n doped material (such
as MM), a negative charge from defect occupation nearly

balances the positive charge from the ionized donors. The
occupation fraction is perturbed when electrons are gener-
ated by optical excitation, causing the net static charge to
become negative. The magnitude of this net charge will in-
crease as defect concentration increases, reducing the de-
pletion region and consequently providing less photocur-
rent. For a lightly p-doped device, the electron occupation
of defects adds to the static charge of the ionized acceptors,
so less depletion (and smaller responsivity) is typically ob-
served for p-doped devices. For the LL device, because the
contact separation is so small, this effect is not observed
until the introduction of very large defect concentrations.
Therefore, the peak response of the LL device is observed
for defect concentrations much greater than the MM or HK
devices.

The disparity between experiment and simulation in Fig. 3
has several potential sources. First, the assumption that the sole,
optically active defect present is the silicon divacancy is likely
a simplified description of the devices following implantation.
Thus there must be some error in the values of assumed cap-
ture cross-sections and lifetime due to surface recombination.
Second, the assumption that all optical absorption contributes
to the generation of carriers is an upper-most estimate, in turn
fixing the carrier generation rate used in the simulation to a max-
imum. Finally, the calculation of defect concentration from the
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Fig. 4. Effective external quantum efficiency ( e ) versus Defect concentra-
tion for MM (n/p* separation { 1) = G jrm).

experimental absorption results does not reflect any measure-
ment error (systematic or random) and is reliant on the use of the
scaling value provided in [17]. However, this model correctly
predicts the general trend of device responsivity as a function of
varying defect concentration, and closely reproduces the abso-
lute photocurrents observed for each device without recourse to
parameter fitting. Therefore, it is extremely useful in evaluating
changes in performance due to device structure in terms of pho-
tocurrent, and, thus, quantum efficiency.

B. Influence of Defect Concentration on Effective External
Quantum Efficiency

In addition to the absolute photocurrent, it is also useful to
observe the change in effective external quantum efficiency
(1) with respect to defect concentration. The 7p.g is defined
as follows:

. _@ !
= Aq Paps

(16)

where I is the photocurrent, Pay, is the optical power absorbed
in the waveguide and g = 1.6 x 10~1? C. Fig. 4 shows such
a plot for MM, indicating that the peak 7 and the peak pho-
tocurrent do not occur for the same defect concentration. The
overall decrease in 7). with increasing defect concentration is
a result of the increased recombination rate, i.e.. the fraction of
the electron-hole pairs generated that contribute to photocurrent
is reduced when more defects are present.

Fig. 5 shows a similar plot of the simulated 7j.¢ for all three
devices, illustrating that although much higher absolute pho-
tocurrent may be achieved in the relatively smaller devices, the
large absorption of the device limits the achievable effective
quantum efficiency.

C. Influence of Reverse Bias on Responsivity

In addition to the work described in Section III-A, the de-
vices were also simulated assuming operation in an unbiased
condition with results showing that considerable photocurrent
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is still generated (typically 60%—80% of that found witha 5V
reverse bias). The major influence on the photocurrent reduction
between these two bias conditions is the overlap of the depleted
volume and the optical mode. This overlap is enhanced when
the reverse bias is increased. The effect of increasing the reverse
bias becomes negligible when the overlap is very large, for in-
stance the simulation for the LL device showed relatively small
(< 1 %/V) change in photocurrent when the bias was increased
beyond 5 V. In that specific case we note that the experimental
results did yield an increase in photocurrent for large reverse
bias (>> 10 V), which were attributed to a carrier multiplication
process [10] not simulated here.

D. Capacitance Limited Bandwidth

‘We have determined that carrier transit time limits the theoret-
ical maximum speed of operation of the MM device to approx-
imately 1 GHz and the LL device to approximately 500 GHz.
Since these values are significantly larger than the experimen-
tally determined bandwidths, we conclude the RC product is the
actual limiting factor with regard to speed of operation in both
cases. The model described here is capable of solving for the
capacitance of the device during operation. The MM device had
an experimentally observed bandwidth of 2-3 MHz, and a sim-
ulated capacitance of 10-20 pF (at a measurement frequency of
1 MHz and 0.5 V reverse bias). which is consistent with mea-
sured values. The experimental speed of LL is vastly superior to
the larger devices (MM and HK), due to its significantly reduced
capacitance. By combining the value of simulated capacitance
for LL of 0.1-1.5 pF (which is close to that reported by the au-
thors) with the value for the load resistor of 50 £} used during the
measurement of bandwidth in [10], we calculate an upper limit
of device bandwidth in excess of 30 GHz. We have already de-
scribed the impact of defect concentration on depletion width
and thus capacitance. In general we find that for very low de-
fect concentrations, n-type devices offer the highest bandwidth,
however for defect concentrations in excess of § x 1016 cm™3,
p-type devices are found to be superior.
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E. Effect on Responsivity of n [pt Contact Separation (x)
and Defect Volume

The importance of the overlap of the depletion width with
the optical mode in achieving high responsivity suggests that
one method for optimizing this property in the relatively large
devices (MM and HK) is to narrow the distance between the
nt and pt regions (labeled x in Fig. 1). However, the exact
nature of the relationship between responsivity and z is com-
plicated—although reducing x will indeed increase the overlap
between the depleted region and the optical mode, it will also
increase optical loss caused by overlap of the mode with the
heavily doped pt and nt regions as - approaches zero. Fur-
ther, it is reasonable to assume that responsivity for all devices
may be improved by restricting the introduction of defects via
restricting the area of the inert ion implantation to a narrow sec-
tion centered on the ridge. If the minimum implantation window
width is made commensurate with the p and nt separation,
this masked defect implantation should not strongly affect the
overlap between the optical mode and implantation induced de-
fects, but will reduce the carrier recombination in regions where
the optical mode profile approaches zero. Fig. 6 shows the ef-
fects of varying nt and pt separation and the implantation
window width during the introduction of the defects, for the MM
device.

Fig. 6 illustrates the enhanced performance achieved by re-
ducing x, both in the experimental case for the MM device
and the simulated case. Further, for the n-type devices, the re-
sponse is improved when the defect implantation window width
is larger than x. This is due to the effects on depletion partic-
ular to n-type material addressed above: an area can be better
depleted if it contains defects. Therefore, the edges of the p*
and n™T regions must contain defects in order to cause large
overlap between the depletion region and the optical mode. For
the p-type devices, narrowing the defect implantation window
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improves the responsivity regardless of ., as the defects do not
affect the depletion in this case.

IV. SUMMARY AND CONCLUSIONS

‘We have presented a model which simulates the response to
sub-bandgap photons of defected mediated silicon waveguide
detectors. It is assumed that deliberately introduced, inert ion
implantation damage causes the creation of a single defect level
(the single negatively charged divacancy) which interacts with
carriers as predicted by SRH theory. The nature of this interac-
tion is perturbed when sub-bandgap light is guided within the
waveguide, such that net carrier generation is achieved. This is
modeled using an intensity dependent carrier generation term.
‘We have compared the results of this model with experimental
data published previously (in [8]-[10]) and found that the ab-
solute photocurrent and its dependence on defect density and
structure geometry were in reasonable agreement.

The model is capable of assessing potential device designs
in terms of responsivity, effective external quantum efficiency,
and capacitance limited bandwidth. Increasing the defect con-
centration will initially improve the detector responsivity by in-
creasing carrier generation, but excessive defect concentration
degrades responsivity due to the simultaneous increase in carrier
trapping and recombination. The value of the optimum defect
concentration is determined by the device structure. Those de-
tectors facilitating strong overlap between the depletion widths
(associated with the nt and p™ contacts), optical mode and de-
fect profile (while minimizing the effects of recombination) will
have an optimum value at larger defect concentrations, and thus
have superior responsivity. This does not, however, imply that
the effective external quantum efficiency is greatest in such de-
vices, where optical absorption is significantly greater than for
waveguides with fewer defects. For these capacitance limited
bandwidth devices it is possible also to predict the speed of op-
eration using the present model, which may be many GHz for
waveguide cross-sections < 1 pm 2.

It is suggested that models such as that described here will be
invaluable in designing integrated silicon waveguide detectors
with properties suitable for a variety of applications such as ter-
minal detection and power monitoring.
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Abstract— The influence of the charge state of ion implantation
induced defects in SOI waveguides on the absorption of sub-
bandgap wavelengths is described. It is found that waveguides
pre-doped with boron absorb with significantly greater efficiency
than those pre-doped with phosphorus. Following annealing at
300°C this difference is approximately 8dBem™, while the
intrinsic loss of the waveguides is limited to 2dBem™. These
results have significant ramifications for a number of integrated
optical devices fabricated in silicon.

Keywords-  silicon;
implantation; absorption.

waveguides; integrated optics; ion

L INTRODUCTION

Silicon photonics continues to receive a great deal of
attention as a route to the monolithic integration of the
performance of silicon microelectronics with optoelectronic
functionality [1]. A range of devices has been demonstrated
including sub-micron waveguides, optical detectors and those
with complex diffractive elements [2]. Of some significance,
optical source integration using hybridization [3] is well-
advanced, although a monolithic, electrically pumped silicon
optical source remains elusive.

Defect engineering is playing an increasingly important
role in silicon photonic device development and has been
shown to be useful in the fabrication of sub-bandgap detectors
[4] and for the control of carrier lifetime [5]. In a recent work.
Foster et al. looked in particular at the influence of vacancy-
type defects on absorption in waveguide structures [6]. They
showed that significant absorption exceeding 1000dBem™
could be induced using modest silicon ion implantation doses,
thus demonstrating the potential of ‘defect isolation’ for
passive optical attenuation and reducing optical cross-talk in
integrated circuits. In this paper we describe the effects of
doping type and concentration of the waveguide on the optical
absorption of sub-bandgap wavelengths around 1550nm. We
show that there 1s a significant difference between p-type
doped waveguides containing vacancy defects and those doped
n-type. We ascribe this difference primarily to the charge state
of the defects, and thus the occupancy which either denies or

permits optical transitions between the defect level. the
conduction band or the valence band.

II. EXPERIMENTAL

A.  Sample Fabrication

Silicon waveguides were formed in four separate chips of
Spm  thick silicon-on-insulator. The fabrication followed
standard photolithography and plasma-etch protocols with up
to twenty-two waveguides being formed on each chip. The
dimensions of the waveguides were such that only the
fundamental mode could propagate for a coupled wavelength
of 1550nm. The chips were subsequently doped either - or p-
type via phosphorus or boron implantation respectively, with
the implantation energy being 80keV in all cases and the dose
being either 5x10%cm™? (low-doped) or 5x10™em™ (high
doped). Following implantation the dopant was driven in at
1100°C for 5 hours in dry oxygen ambient. Doping levels for
all chips were in excess of the background. p-type
concentration of 1x10%em™ to depths >2pm. accounting for
=50% of the volume of the waveguide. Optical quality end-
facets were prepared using a chip thinning and edge cleaving
process. Fabry-Perot cavity determination of the loss
introduced to the waveguides via free carrier absorption was
determined to be ~2dBem™ for both the low-doped p and »-
samples, in line with expectation [7].

The chips were masked to reveal differing lengths (this
window length is subsequently labeled L) of the waveguide ag}d
then implanted using 1.5MeV Si ions to a dose of 1x1 0%em™.

B.  Measurement of Optical Loss

Measurement of optical loss proceeded in a manner
similar to that described by Foster et al. [6]. There are two
sources of propagation loss in these structures: free-carrier
absorption due to the dopants and enhanced absorption due to
the defects introduced by Si” implantation. The total loss may
then be written as:

a,L+aW+e (1)
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Figure 1 — Example of measured loss data analysis for the n-doped sample
annealed at 250°C. The solid line 15 a fit of the form given by equation 1. The
excess loss due to the defects is determined to be 60dBem ™.

where ¢, is the absorption coefficient due to defects. L is the
length of the implant window. ¢; is the intrinsic absorption
coefficient (which includes enhanced free carrier absorption
consequent from doping). W is the entire length of the
waveguide, and ¢ is the coupling loss.

Laser output at a wavelength close to 1550 nm was butt-
coupled into each waveguide via a tapered fiber. The output
was collected by a lens and measured using a free-space
detector and power meter. Measurements were repeated after
annealing the chip for various temperatures up to 325°C.

Fig. 1 shows a typical plot (here for the low-doped n-type
chip annealed at 250°C) of measured total loss as a function of
L for a single chip (i.e. constant 7). The slope extracted from a
linear fit to this data provides the value o4 in this case =
60dBem™.

40
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Figure 2 — Modeled optical loss for differently doped silicon waveguides
following equation (2). The solid line 1s a guide to the eye only.

III. RESULTS
A. Modeling of Optical Loss

It is established that nradiation of silicon introduces a
1.8um absorption band. attributed to optical transitions related
to the divacancy point defect [8]. The mechanism for this
absorption is the ionization of a neutral divacancy (causing it to
acquire a single negative charge) through the excitation of an
electron from the valence band to the singly negative charge
state. This charge state is located approximately 0.4eV below
the conduction band [9]. Therefore, in samples with Fermi
levels below this energy level, the divacancy will be neutral.
and thus be capable of absorption through this mechanism. As
the Fermi level is raised higher, more divacancies become
negatively charged in equilibrium. and therefore less are
available to be ionized via optical absorption. This is supported
by previous absorption studies of irradiated silicon. where it
was shown that n-doped silicon has a lower absorption
coefficient at 1.8um than does p-doped material [8, 10].
Assuming the tail of the 1.8pum absorption band is primarily
responsible for the enhanced absorption at 1550nm, this effect
can be reasonably expected to dominate the propagation loss
measured in this experiment.

The absorption via the 1.8um band can be summarized as:

a, =0, j‘fb(.\'.)')(N, (x.3) = n,(x. ¥))dxdy @)
xy
where. g, "is the cross-section for optical absorption:
@(x.v) is the normalized optical mode profile:
N{x.y) is the profile of the divacancy concentration:
ndxy) is the profile of the ionized (negatively
charged) divacancy.

The profile of divacancy concentration (Ny(x. v)) and the
profile of dopant concentration (Np(x. v) or Nai(x. v)) were
extracted from the commercial modeler ATHENA. The
divacancy concentration and its evolution during high
temperature anneals were approximated using the results of
Foster ef al. [6]. From both profiles. the ionized divacancy
profile ndx. v) was calculated using Fermi statistics. The mode
profile @(x.y) was approximated using a beam propagation
algorithm. Using equation (2) to consider the influence of the
1.8um absorption band alone. the modeled propagation loss is
shown in Fig. 2.

B. Experimental Results

Measurements of optical loss were carried out on the
implanted material for the low-doped samples. and for all
samples following several isochronal (10 minute) anneals
between 175 °C and 325°C. The values from a,; were extracted
for all chips following each annealing stage as in Fig. 1. and
are summarized in Fig. 3.

The results reported here are consistent with the annealing
behavior of the divacancy observed previously for silicon
waveguides [6]. Of particular interest to this study. the results
indicate a significant dependence of divacancy mediated.
optical absorption on dopant type and concentration.
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Figure 3 — Measured optical loss in the varously doped waveguides. For the
upper panel. the solid lines are a guide to the eye only.

For all annealing temperatures. the lightly p-doped sample
has stronger divacancy mediated absorption than the lightly »-
doped sample. Following a 10 minute anneal at 300°C. for
example, this excess loss mechanism was measured to be 2
£1.5 dBem™ for the n-doped sample, while it was 10 £1.6
dBem™ for the p-doped sample.

C. Comparison of Experiinental and Modeled Results

Comparison of the modeled data of Fig. 2 to the
experimental results of Fig. 3 shows agreement for the general
trend of a stronger absorption in p-doped samples than for n-
doped samples. Also. the Fermi statistics predicts that n,(x, v)
= 0 for both high and low-doped p-samples regardless of
concentration, since the Fermi level is very far below the
single negative charge level of the divacancy. As a result. the
absorption is maximized for p-doped samples, independent of
dopant concentration. This is confirmed by the results shown
in Fig. 3.

We note a significant discrepancy between the modeled
and measured highly n-doped sample. From a consideration of
the 1.8um absorption band alone. it would be expected that
this sample would have complete ionization of divacancies,
and thus have very low absorption (as predicted by equation
2). However, in Fig. 3 the absorption for this sample is larger
than that from the lightly n-doped sample. This disparity exists
because the 1.8um band is not the only means of mediating
optical absorption by the divacancy. For example the 3.3um
absorption band permits excitation of an electron from a single
negatively charged divacancy into the conduction band. This
band also has tails which extend into the 1550nm region of the

optical absorption spectrum [8]. This absorption is weaker,
and does not become comparable to that of the 1.8um band
until high donor concentrations are present. as in the case for
highly-doped. n-type silicon.

A second discrepancy between modeled and experimental
data is found in the absolute wvalues of o; which were
underestimated by the model in Fig. 2. This may be explained
through the presence of additional loss via modal radiation
which is not accounted for in the model [6]. This is a direct
result of the perturbation of refractive index introduced by the
silicon irradiation damage. which is not uniform throughout
the volume of the waveguide. Complete irradiation of the
whole waveguide via higher energy silicon implantation
should negate this loss mechanism in further planned studies.
This effect is independent of doping type and thus the
conclusions regarding the difference in absorption between 7-
and p-doped samples remains intact.

IV. SUMMARY AND CONCLUSIONS

This report describes the effect of doping type and
concentration on the attenuation of optical propagation in
silicon  waveguides  at  wavelengths  within  the
telecommunications window. Following modeling of optical
absorption which assigns the 1.8um band as that which
mediates the dominant transition (and hence provides the
strongest absorption effect) it was shown that absorption in p-
type silicon waveguides should be significantly enhanced when
compared to those doped n-type. This behavior was confirmed
by experimental measurement. For example. following
annealing at 300°C of Si” implanted waveguides. attenuation in
n-type samples was almost 10dBem™ less than that for p-doped
waveguides. However, for heavily doped n-type material.
absorption is comparable with p-doped waveguides- a result of
the availability of additional absorption bands in #~ silicon. A
discrepancy between absolute attenuation predicted by the
model and that measured is thought to be due to modal
radiation. In addition to the importance of these results for
those wishing to predict optical absorption in silicon
waveguides we suggest that the variation in attenuation
measured here may allow the design and realization of novel
modulator devices suitable for silicon phonic applications.
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Abstract: The control of defect mediated optical absorption at a wavelength
of 1550nm via charge state manipulation is demonstrated using optical
absorption measurements of indium doped Silicon-On-Insulator (SOI) rib
waveguides. These measurements introduce the potential for modulation of
waveguide transmission by using the local depletion and injection of free-
carriers to change deep-level occupancy. The extinction ratio and
modulating speed are simulated for a proposed device structure. A
‘normally-oft’ depletion modulator is described with an extinction
coefficient limited to 5 dB/cm and switching speeds in excess of 1 GHz. For
a carrier injection modulator a fourfold enhancement in extinction ratio is
provided relative to free carrier absorption alone. This significant
improvement in performance is achieved with negligible increase in driving
power but slightly degraded switching speed.

©2009 Optical Society of America
OCIS codes: (230.2090) Electro-optical devices: (250.4110) Modulators.
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1. Introduction

Optical detection via defect-enhanced carrier generation in SOI ridge waveguides is now
established as a viable method for sub-bandgap optical to electrical conversion [1-3]. In the
previously reported work defects are introduced into the waveguide through ion implantation
(with or without a post-implantation thermal anneal), which increases the optical absorption
for wavelengths around 1550 nm through the (essentially) mid-gap divacancy or interstitial
cluster level [4]. Integrated p-i-n diode structures are used to extract the optically generated
carriers from the device volume supporting the optical mode, thus allowing for signal
detection directly from the waveguide. The degree of absorption may be changed by varying
the concentration of defects, and thus the amount of signal that is sampled may be varied from
a few per cent to virtually the entire signal. As a result, defect-enhanced photodetectors may
be implemented as both in-line power monitors and as end-of-line signal detectors. Their
potential advantages over competing technologies rely on the fact that they are fabricated
entirely using standard silicon processing methods and do not involve hybrid integration or
the hetero-growth of germanium.

The photodetectors reported to date are fabricated in the intrinsic (or low-doped) silicon
overlayer of a silicon-on-insulator (SOI) structure, and therefore the influence of background
dopant concentration on device performance has not been studied. In the case of carrier
generation via the divacancy defect, the background dopant concentration will affect the
charge state of the divacancies, which in turn will influence the defect mediated absorption.
Evidence consistent with this postulate has been reported previously [5], and has recently
been demonstrated using a waveguide geometry [6].

The divacancy has a deep-level situated in the band gap 0.4 eV below the conduction band
and as such, light at a wavelength of 1550 nm may cause charge excitation from the valence
band or from the deep-level to the conduction band, albeit at significantly different rates [7].
The variation in cross-section for these two processes results in a measurable difference in
absorption coefficient as background doping type and concentration is changed, but there is
no doping concentration at which the absorption coefficient related to the defect is reduced to
zero [6]. In contrast, a deep level which is positioned in the bandgap such that either the
valence band to deep-level, or the deep-level to the conduction band transition is greater than
0.8 eV provides an absorption mechanism which may be reduced to a negligible amount via
variation of the deep-level charge state. Doping silicon with indium provides just such a deep-
level because indium is well known to have a single acceptor level at 157 meV above the
valence band [8]. Strong absorption may be expected when in the neutral charge state
(through hole generation), but not when the associated level is in the negative charge state
(the threshold wavelength equivalent for such a transition is approximately 1320 nm). Of
significance, a large shift in absorption in response to a change in defect charge state is
potentially relevant to active devices, where the occupancy may be altered by injecting or
removing carriers. In this work we present results which confirm the strong variation in
absorption of 1550 nm light via indium doping in SOI waveguides through the variation of
background n-type doping. We suggest device structures in which such a mechanism may be
used to provide broadband, polarization independent variable attenuation and demonstrate that
such devices are significantly more efficient than those of equivalent dimension which rely on
free carrier absorption effects alone.
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2. Background to charge state mediated absorption

A 4 pum optical absorption resonance exists in indium doped silicon [9]. This absorption
results from the excitation of an electron from the valence band onto a neutral indium center
where it occupies the single negatively charged state lying 157 meV above the valence band.
The cross-section for this optically excited transition is approximately 1.7x107™"7 cm? for
photons with an energy equivalent 1550 nm wavelengths [8]. The excitation of an electron
from the indium into the conduction band requires a photon energy of 0.94 eV, and therefore
has a negligible optical cross-section for 1550 nm photons. The absorption strength for this
wavelength is then proportional to the concentration of neutral (unoccupied) indium, which is
dependent on the position of the Fermi level. The absorption coefficient of the 4 pm resonant
band for 1550nm can be described as follows:

@, =0,™ [ ©@ YN, @ y)=n,x, y)dxdy M

xy

where g, % is the cross-section for optical absorption at 1.55 pm wavelength; &(x,y) is the
normalized (unit power) optical mode profile of the waveguide; N,(x,y) is the profile of the
indium concentration; n,(x,y) is the profile of the ionized (negatively charged) indium.

For indium doping alone, the device is p-type and the indium acceptors are partially
occupied (n, is a fraction of N;) and the optical absorption for 1550 nm is maximized, as
depicted in the left of Fig. 1. Whereas, for background doping which is n-type the indium
acceptors are compensated and thus have an occupation n, which approaches N,, which
reduces the absorption coefficient.

N;=0 0<Nz<N; Ni=N;
©
Shallow donor i + + + s+ + o+ g4
level ) Bk
Trappmg
e 0068 e'e 0 @ Q' ee'e e'e'e
P optical > 3
be /NG e i N\
. s o e o e o
ng =nmn nMn <n, <N, n— N,
ag=0g "= 0<o0g<oq™ ag—0

Fig. 1. The band diagram of silicon containing a constant concentration of deep acceptors N,
and varying concentrations of shallow donor levels N, Without the presence of shallow donors
(left), many deep acceptors are unoccupied (n, takes its minimum value »,"") and therefore
electrons are capable of being optically excited from the valence band. Moving to the right,
shallow donors are added in increasing concentrations. These donors supply free electrons that
are trapped by the vacant deep level acceptors, thus decreasing the number of sites available
for electrons to be optically excited into. On the far right, the shallow donor concentration is
large enough to completely compensate the deep levels, making the optical excitation process
impossible.

3. Experimental and modelled absorption

Rib waveguides of 4 pm width were fabricated on eleven samples cleaved from 2.5 pm thick
silicon overlayer SOI, using a KOH wet etching technique described elsewhere [10]. The etch
depth was chosen to ensure the resulting waveguide supported single-mode propagation for
1550 nm light. Windows of varying length L (up to a maximum length of 4 mm), centered on
each rib, were defined using 4 pum thick photoresist, and used as a mask during ion
implantation of indium at 500 keV for doses varying from 10" to 6x10'*cm™. The samples
were then cleaned of the resist mask and annealed at 1000 C in dry O, for 50 minutes. Eight
of the unmasked samples were subsequently ion implanted with phosphorus at an energy of
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175 keV at doses ranging from 6x10" to 2x10"em™, and annealed at 1000 C in dry O, fora
further 150 minutes. These implantation and thermal processes were designed to position the
resulting indium and phosphorus concentration profiles coincidently, with a peak
concentration at ~1 um. The concentration of the indium and phosphorus doping at their peak
of the profiles are provided in Table 1.

The unmasked phosphorus implantation contributes to free-carrier absorption over the
entire waveguide length W, while the masked indium implant contributes to absorption over
the window length L, only. Therefore, the total loss measured for each waveguide has the
following form:

Total Loss (dB) = a,L+aW +c¢ 2)

where @, is the absorption coefficient of the indium center from Eg. (1); L is the length of the
indium implantation window; @ is the intrinsic absorption coefficient, which includes the
effects of enhanced free carrier absorption consequent from phosphorus doping; W is the
entire length of the waveguide; and ¢ is the coupling loss.

Laser light close to 1550 nm in wavelength was coupled into each waveguide through a
tapered optical fibre, and the transmitted light collected by an objective lens and focused onto
a free-space InGaAs photodetector.

The measured variation in the total loss between waveguides on a single sample is due to
the variation in L (the waveguides have constant length W). The value of a, can be extracted
from a fit to the total loss vs. L, examples of which are shown in Fig. 2. The summary of
variation in indium and phosphorus doping for each sample and the measured a, is provided
in Table 1 and plotted as Fig. 3.

Table 1: Summary of Measured and Simulated Loss for Fabricated Waveguide Chips

Indium Phosphorus Measured Modelled

Implanted Peak Implanted Peak E‘:;e];l:?s E‘Efﬁ;‘:chg%

Dose (cm™) Concentration Dose (cm™) Concentration
(cm™) (em™)

104 1.7x 107 6x 107 1.3x10"% | —0.17 /- 3.87 —0.38

10" 1.7 x 107 6x 10" 1.4x107 | 1.86 +/-0.93 0.45

10" 1.7 x 107 - S| 258 +/-0.62 1.09

6x10" 10" 2x 10" 37x10% | 118 +/-0.33 —4.84

6x 107 10" 6x 107 13x10% | 528 +/-2.03 247

6x10" 10"% 6x 10" 1.4x 107 | 13.09 +/- 1.03 9.16

6x10" 10" - - | 11.56 +/— 1.06 9.91

6x10" 1.5x 10" 2x 10" 3.7 x 10" | 10.37 +/-3.18 1.04

6x10" 1.5x 10" 6x 10" 1.3x10% | 2477 +/-3.67 22.16

6x10" 1.5x 10" 6x 10" 1.4 x107 | 29.41 +/—4.11 32.26

6x10" 1.5x 10" - - | 33.51 +/—4.07 33.04

#114991 - $15.00 USD  Received 29 Jul 2009: revised 23 Sep 2009; accepted 25 Sep 2009: published 30 Sep 2009
(C) 2009 OSA 12 October 2009 / Vol. 17, No. 21/ OPTICS EXPRESS 18574

216



Ph.D. Thesis Dylan Logan McMaster University — Engineering Physics

BB

]

4  MoPimplant

#® Pdose=6x102cm?®
[0 Pdose=6x10"2cm?
A

T

Total Loss {dB)
5]

P dose =2x 10" cm2
T

0 0.1 0.2 03 o4
Window Length L (cm)

Fig. 2. Example plots of total loss measured for each waveguide for the chip with indium
implanted at a dose of 6x10'“cm™, while the various phosphorus doses are also indicated. A fit
to the data using Eq. (2) provides the excess loss due to the indium doping, ey (the slope of the
line, which is observed to decrease with increasing phosphorus dose).

40 |
35
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pr
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Fig. 3. Extracted values of g, vs. peak phosphorus concentration for all samples with indium
implanted to a dose of 6x10" cm™ (black squares) and 6x10" cm™ (white triangles),
illustrating the significant decrease of oy resulting from co-doping with phosphorus. The solid
lines are fils to the data derived from Egs. (1) and (3).

The modelled excess optical loss due to the presence of indium doping is shown in the far
right column of Table 1. Using the implantation conditions given above the dopant
concentration profiles were simulated using the software code ATHENA [11]. The optical
cross-section for excitation of an electron from the valence band to the unoccupied indium
level, g,”", was assumed to be 1.7x107"7 cm” [8]. The optical mode profile &(x.y) was
obtained from commercial Beam Propagation software [12].

The indium occupation n(x, y) was calculated by assuming 100% activation of
phosphorus (with a concentration N;), and numerically solving

2 '
etn="0N, Mo GETEP 3)
€ N, cﬂ(n'+e)+cp(p'+n‘/)

for n, and e at each point (x, y), where: e is electron concentration, ¢, and ¢, are capture rates
of electrons and holes for indium, n" and p’ are related to the indium level’s position in the
band gap) [13].

For example, the calculated n/N, is plotted in Fig. 4 for N, = 107 em™ and 10" cm™ for
varying values of N,
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Fig. 4. Occupation fraction of indium vs. donor coneentration N for N, = 10" em™ and 10"
cm™.

The results in Table 1 indicate that the variation in occupation of the indium dopant
caused by the presence of shallow donor atoms manifests as a variation in optical absorption.
We note that while the largest indium implantation dose would be expected to produce a peak
indium concentration of 6x10'® em™, and therefore an absorption in the region of 130 dB/cm,
the activated indium concentration is limited by the solid solubility of indium in silicon. This
solid solubility has been determined previously to be 1.4 — 1.5x10"™ em™, for an activation
temperature of 1000 C which limits the accessible absorption [14,15]. This effect has been
taken into account also in the modelling. Implicit is that indium which is not activated does
not support electronic excitation.

The modelling also takes into account the decrease of free-carrier absorption within the
implantation window as a consequence of electron trapping by indium centers. This is
manifest as an added component to Eq. (1) that in certain cases causes ¢, to take on apparent
negative values, as shown in the far-right column of Table 1. A revision to Eq. (1) accounting
for this effect yields:

@, =0, [ O, y)N,(x,y) - n, (x, V)dxdy - . f O(x, y)e (v, dedy  (4)

x,¥

where e’ is the electron density supplied by phosphorus atoms which has been trapped by
indium (i.e. the difference in indium occupation n, between a phosphorus doped sample and a
sample without phosphorus doping); g, ™ is the cross-section for free electron absorption in
silicon at 1550 nm, 6 x 107" cm™ .

4. Potential designs for a modulator structure

It is of interest to consider how the phenomenon described in sections Il and I1I (specifically
for the case of indium doping) might be used to produce a modulation effect in a silicon
waveguide. It is envisaged that a modulator may function by varying n, (the number of
occupied indium acceptors) over a large range to vary ¢4 as described in Eq. (1). For example,
if a concentration of indium centres, N,, is introduced into a waveguide with negligible
background doping, », will be a small fraction of N, (controlled by the electrical activation of
indium) and ¢; will be a maximum. Subsequent application of an electric field to the
waveguide would then cause a depletion effect with the result that holes would be emitted
from the indium centres, increasing n, and decreasing the absorption to a minimum level.
Alternatively, if N, indium centers are introduced into a waveguide which is co-doped with
shallow donors (such as phosphorus atoms) to a concentration of N, such that N, = N,, the
indium dopant will be fully compensated with the result that n, = N, (as in Fig. 3) so that
minimum absorption occurs. An application of a forward bias causes n, to decrease and
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thereby enhance absorption. Investigation of these two alternative device designs is the focus
of the remainder of this paper. Each design is subsequently referred to as the depletion or
injection methods.

Simulations were performed using the commercial software ATLAS [11]. A silicon
waveguide structure shown schematically in Fig. 5 was described in the Deckbuild
environment and electronic levels, having the characteristics of the indium center, were added
into the entire overlayer region of the SOIL. The structure was subsequently modelled for
electrical performance using ATLAS. For each bias condition, the two-dimensional profile of
the ionized acceptor trap density, nfx, y), was determined. The normalized optical mode
profile @(x,y), obtained from the waveguide propagation simulator BeamPROP, was used to
calculate the overlap integral of Eq. (1). As a result, it was possible to acquire a, as a function
of electrical bias applied to the device. In addition, free carrier concentration distributions
were simulated and used to calculate their absorption contribution. This was also incorporated
into a transient simulation, whereby the total absorption was computed at various time
intervals following bias application in order to determine the bandwidth of the device.

¢— 520nm —p

7
Z
Z
7
o
Z

oxide

Fig. 5. Cross-sectional view of the device modelled in this study, described previously by Geis
et al. The p + and n + regions correspond to doping levels of 10" cm™, and the p + +and n +
+ correspond to doping levels of 10 cm™ [2].

The device used for this study, shown in Fig. 5, utilises a sub-micron sized structure used
previously, for example, to form waveguide photodetectors as described by Geis er al. [2].
Both contact regions are in close proximity to the optical mode, which is beneficial in that any
carrier depleted volume or injected hole distribution overlaps strongly with the optical mode.

Depletion Method: A limitation of the depletion method when applied to the device
structure shown in Fig. 5 is that it is restricted to relatively small values of indium
concentration, N,. The use of high concentrations of indium severely limits the volume of the
waveguide that could be depleted. For instance, ¢, increases with N, at a rate given by Eq. (1),
but the bias required to achieve n, = N, increases also. To demonstrate this effect Fig. 6 plots
simulated optical absorption as a function of reverse bias for two values of N,. The achievable
modulation depth is limited to ~5 dB/cm for a relatively large bias of -20 V, while it is
difficult to achieve zero loss using the depletion method, even for N, = 2x10""em™. Although
the large insertion loss and limited modulation depth limits its applicability, this ‘normally
oft” device can provide substantially reduced power consumption over traditional optical
modulators, particularly in the case of multiple channel devices where the majority of the
channels are required to be in the ‘off” state for a given time interval.

A transient study was also performed using the depletion method. For the case of N, =
2%10" cm™ the results are shown in Fig. 7. The turn-on time is 0.6 ns, and becomes larger as
N, is increased. The turn-off time is 0.3 ns, and was found to be independent of the value of N,
(for the two values in Fig. 6). There is no significant impact of the magnitude of the reverse
bias on the turn-on and turn-off times.
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Fig. 6. Absorption coefficient oy plotted as a function of applied reverse bias, for two uniform
indium concentrations, N,
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Fig. 7. Simulated absorption coefficient following the application of a —20 V bias, and
following the removal of the bias after 10 ns.

Injection Method: Relative to the depletion method, the modulation achievable via carrier
injection is considerable. The ability of ionized acceptors to decrease n, via hole capture is
largely dependent on the difference between the capture rates for electrons and holes. For
indium the capture cross-section of holes (8x107'* cm?) is much larger than the capture cross-
section for electrons (2x107 c¢m?) [8]. As a result, the injected holes will be preferentially
captured over the injected electrons in a bipolar device. This disparity in carrier trapping rates
can be enhanced by placing the p-type contact in a closer proximity to the optical mode than
the n-type contact, allowing more holes in the modal volume than electrons. This injection
method then can be used as an enhancement to a variable optical attenuator (VOA) which
relies on free carrier absorption alone, achieving a significantly larger extinction ratio with a
negligible increase in dissipated power.

In the simulation results that follow the value of the n-type background doping Nj of the
waveguide were fixed such that Ny = N, The extinction ratio of the modulator will increase
with increasing N,. Figure 8 plots this increase as a function of N,, showing the seemingly
unbounded improvement over a modulator without indium and with a background doping
concentration of 10'%em™ (this is equivalent to a device using free-carrier injection alone to
achieve modulation). The limit on modulation improvement will in fact be determined by the
solid solubility of indium in the silicon waveguide. For larger devices (on the order of 10 pm®
cross-section), the large donor concentrations will limit the penetration of holes into the
device cross-section.

In practice, N, is unlikely to be matched to N,, which may lead to an excess insertion loss.
If Ny > N, the insertion loss will increase due to free carrier absorption; while if N, > Ny, the
insertion loss will increase due to absorption from uncompensated indium. Since the optical
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cross-section for indium absorption is approximately double that for absorption of free
electrons, it is preferred to overcompensate the background doping such that N; > N,, as is the
case in the passive loss data described in section IIL. For example, overcompensating such that
Ny=1.1x 10" em™ while N, = 10" em™, an insertion loss of 2.6 dB/cm will be present.

120

100
80

Extinction Ratio (dB/cm)

‘
10 1012
Ng=N. [:ms)

Fig. 8. Simulated ¢y following application of 1 V forward bias as a function of N, = N, (dotted
line: performance of free-carrier absorption alone).

The turn-on and turn-off times for the injection modulator are plotted as a function of N, =
N, in Fig. 9. The horizontal lines indicate the turn-on and turn-off times for a device
containing no indium and again represents the performance of a device relying on free-carrier
absorption alone. It is possible to improve the turn-on time (t,,) by applying a reverse bias
rather than a zero bias to switch to the non-absorbing state. However, this decreases the
modulation depth because the electric fields not only sweep out free-carriers but also decrease
the indium occupancy. Regardless, t,, cannot be reduced below t,y. which is related to the
capture and emission rate of free carriers at the indium centers and represents the fundamental
limit in the speed of these devices. Compared to the case of free carrier absorption alone then,
the modulation bandwidth is degraded by the introduction of indium. We note though that for
indium doping levels < 3x10"cm™ the speed of the device remains close to 1 GHz.

3

—%— tr(ns)
25| —m— t.ns)
2 — - = tyr(ns) - intrinsic
— = f,;(ns)- intrinsic

time (ns)
P

107" H;"B
N: = Na (em”)
Fig. 9. Tumn-off time (i) and turn-on time (tx) plotted as a function of N, = Ny, showing the
decrease in device speed concurrent with the increase in absorption.

The Extinction Ratio vs. Dissipated Power for two indium doping concentrations, one
having N, = Ny = 10™ cm™ and a second having N, = Ny = 10" em™, is plotted as Fig. 10,
together with that for a device without enhancement from indium absorption.

AtN, =N;= 10" ¢m™, the enhancement in modulation relative to the undoped device is
such that the addition of indium barely compensates for the degradation in absorption from
free holes. For N, = Ny = 10" em™, the increase in absorption is however significant. For
example, a device of 1 mm in length would require 40 mW of power to achieve an extinction
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ratio of 10 dB. Alternatively, a 1 mm VOA using only free-carrier absorption would require
approximately 400 mW to achieve a 10 dB extinction ratio.

160
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—#— intnnsic "//‘
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T T T T T
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Fig. 10. Extinction ratio vs. Power (both normalized to length) for the enhanced VOA for two
levels of indium doping, plotted with the performance of an undoped device operating solely
by free-carrier absorption.

Assuming the device is sufficiently small, the limiting factor on both extinction ratio and
speed is the deep level characteristics, specifically the optical cross-section for excitation of
electrons from the valence band to the defect level, o,”, and the relative capture cross-
sections of electrons and holes at the defect level. For instance, the larger the difference in
hole and electron cross-sections, the more effective the current injection for changing the
occupancy. The speed of the device could be increased by selecting a defect level with larger
capture cross-sections of both electrons and holes, while maintaining a significant superiority
of holes over electrons for the reasons outlined above.

5. Conclusion

We have investigated the effects of doping type and concentration on the absorption of deep
level defects in silicon waveguides using the indium center as an example. The dependence
has been shown to be correlated with the defect occupancy, which in turn depends on the
location of the Fermi level, and can be changed by depleting or injecting a device with charge
carriers. This presents a novel means for fabricating a “normally off” VOA device or
enhancing more traditional forms of carrier injection VOA operation. We have shown that
both the speed and modulation depth of a sub-micron cross-sectional device depends
primarily on the defect characteristics.
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Defect-Enhanced Silicon-on-Insulator Waveguide
Resonant Photodetector With High Sensitivity
at 1.55 pm

Dylan F. Logan, Philippe Velha, Marc Sorel, Richard. M. De La Rue. Andrew P. Knights, and Paul E. Jessop

Abstract—We describe the fabrication and characterization
of a silicon waveguide resonant photodetector compatible with
the optical-to-electrical conversion of wavelengths at, or around,
1550 nm. Sub-band responsivity is provided through the intro-
duction of defects via inert self-implantation and subsequent
ealing. The detector is located within a 20-pm radius silicon
microring resonator. An 18-dB resonant enhancement in absorp-
tion coefficient and 12-dB enhancement photocurrent were
measured, leading to a resonant responsivity of approximately
39 mA/W at 20-V reverse bias.

Index Terms—Integrated optics, optical resonators, p-i-n photo-
diodes, semiconductor defects.

I. INTRODUCTION

HE integration of electrical and photonic functionality in
T silicon continues to drive a large volume of research, with
the aim of realizing optoelectronic devices that are compatible
with a complementary metal-oxide—semiconductor (CMOS)
process flow and able to perform fundamental functions such
as emission, waveguiding, multiplexing, modulation, and
detection [1]. In the case of integration of a sub-bandgap
detector, there is the challenge of efficient optical-to-electrical
conversion of optical wavelengths for which silicon is normally
transparent. In addition to the hybrid integration of silicon and
I1I-V semiconductors [2] and/or Germanium [3], the technique
of selective ion-implantation to generate mid-gap defects has
been utilized in p-i-n waveguide photodiodes [4], [5]. The flexi-
bility of this process has been shown to produce devices suitable
for terminal detection and optical monitoring capability (so
that a small fraction of the light is sampled, while the majority
passes unmolested) [6], [7]. The carrier-trapping behavior of
defects leads to limited charge extraction, and thus limited
responsivity, with large cross-section (>1 pm?) waveguide
photodiodes [4]. However, large responsivity approaching
10 A/W has been reported in submicrometer channel waveg-
uides with doped sidewalls, where an applied electric field
may penetrate sufficiently far into the waveguide to efficiently
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extract charge [8], [9]. One disadvantage of this approach is
that the optical absorption is on the order of 100 dB/cm, and
therefore, the device size must be several hundred micrometers
in length to absorb the majority of the propagating light.

In order to reduce the length of these devices, while main-
taining high absorption, a resonant structure may be incorpo-
rated. The optical loss of such a device scales proportionally
with the accumulation of intensity in the resonator, thereby in-
creasing the effective absorption length. The absorption coeffi-
cient may be written as

2 Arsr
=g X BUF = aor )
where ¢ is the enhanced absorption in the resonator; ry is the
waveguide absorption (in this case dominated by the defects
introduced by the implantation process); BUF is the build-up
factor; Apsp is the free-spectral range of the resonance: and A
is the full-width at half-maximum of a single resonance [10].

This resonant enhancement of absorption and modest detec-
tion in monolithic silicon devices has been demonstrated re-
cently by Chen et al. [11], using a microring resonator archi-
tecture that did not receive a defect-inducing ion implantation
step. In their devices, the detection mechanism was assumed to
be mediated by an interface state and the two-photon absorp-
tion of the propagating sub-bandgap signal. They reported that
the photocurrent from a reverse-biased p-i-n junction integrated
with the ring increased by 20 times on resonance, leading to a
responsivity of 0.25 mA/W at —15-V bias. Also of relevance
to the current work is that recently reported by Doylend et al.
[12], in which a sub-bandgap ring resonant detector structure
was defined using the LETI CMOS fabrication facility. In the
current work, we show that, through the use of electron beam
lithography and the incorporation of defects by sit ion-implan-
tation, the absorption can be further significantly increased (sig-
nificantly) to achieve much higher resonant responsivity.

(1)

II. FABRICATION AND EXPERIMENT

A schematic of the devices fabricated in this experiment
is shown in Fig. 1(a). A Leica VB-6 electron-beam writer
was used to define 500-nm-wide waveguides in 300-nm-thick
HSQ resist on a lowly p-doped (~ 10'® cm=%) 220-nm-thick
Si-overlayer, silicon-on-insulator (SOI) substrate. The waveg-
uides were etched to a depth of 150 nm using an SFg—C4F5-O2
inductively coupled plasma. After a subsequent dry thermal
growth of a 50-nm oxide layer at 1000 °C, a 50-nm silicon
slab remained in the regions surrounding the waveguide. The
microrings were 20 gm in radius—and were coupled to the
drop waveguide by an evanescent point coupler with a gap
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Fig. 1. (a) Schematic of the device structure from above (top) and cross-sec-
tional view (below) (all dimensions in nanometers). (b) SEM image of final
device.

of 200 nm. Boron was implanted to a peak concentration of
5 % 1012 cm~3 to form a p-type region in the slab in the center
of the ring, at a distance of 500 nm from the inner edge of the
waveguide. Phosphorus was implanted to a peak concentration
of 5 x 101 em= to form an n-type region over a 140 ° (50 yim
long) arc—and also at a distance of 500 nm from the outer edge
of the ring. The device was then annealed at 1000 °C for one
minute, in order to activate the dopants. Subsequent deposition
of 400-nm silicon dioxide and dry etching in a CHF; plasma
was used to form contact vias to the doped regions—which
was followed by a patterned aluminum lift-off process, in
order to form electrical contacts to the p- and n-doped regions
of the slab. A scanning electron microscope (SEM) surface
image of the resulting device is shown as Fig. 1(b). Windows
were opened over the entire ring as well as a 50 pm of the
bus waveguide in 1.8-pim-thick photoresist, and implanted
with 190-keV Si ions to a dose of 1 X 10'% em™2, to form
sufficient damage to increase the optical absorption. In addition
to those located within the rings, p-i-n diodes were also formed
on straight waveguide sections with lengths varying from 0.2
to 8 mm. From measurement of the transmission loss of the
straight photodiode sections, the extracted excess loss was ap-
proximately 170 dB/em. A subsequent 5-min anneal, at 325 °C
in N2, removed/modified the implantation induced defects to
reduce the excess optical absorption to 10.8 £ 2.3 dB/cm.

Light was butt-coupled into the bus waveguide from a wave-
length tunable laser diode source via a tapered fiber and col-
lected by an objective lens and directed to a free-space InGaAs
amplified detector. The coupling loss for unimplanted waveg-
uides was measured to be 14.8+ /—3.2 dB. Fig. 2 plots the trans-
mission of the bus waveguide as a function of wavelength, fea-
turing resonant drops in transmission with a free spectral range
of 4,83 + / — 0,03 nm. The linewidth of the resonant peaks is
0.060 + / — 0,006 nm. Using (1), one may calculate an absorp-
tion enhancement by a factor of 51.

1II. RESULTS AND DISCUSSION

Previous modeling of defect-enhanced detection in silicon
waveguides predicts photodetector performance by assuming
that the implantation damage leads to the formation of a single
deep-level in the silicon bandgap [7]. The previously measured
optical [13] and electrical [14] characteristics of the silicon di-
vacancy were used to simulate the effect of this single level in
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Fig.2. Transmitted power measured on bus waveguide: resonant drops in trans-
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Fig. 3. Simulated (solid black curve) and measured (solid square points) per-
formance of straight photodiode sections of varying length. Also indicated is the
simulated response of a 50-pm-long straight photodiode section (bottom dark
dashed line), as well as the simulated (gray dashed—dotted line) and measured
(gray dotted line) resonant response of a 50~y m-long photodiode integrated with
a microring, showing a photocurrent enhancement of 12 dB. All measurements
and simulations use a 20-V reverse bias and an on-chip optical power of 115 W,

[7]. Using the following relationship between the excess optical
absorption cx (in units of em™1) and the concentration of diva-
cancies Npyy [13]:

Npiv = e % [7.7 % 10" e ™?] 2
a loss of @ = 10.8 dB/cm corresponds to the presence of
approximately Npgy = 2 X 104 em™3 mid-gap defects in

the waveguide. The detectors in the straight waveguide sections
(i.e., those not in a resonant structure) were modeled with the
assumption of this defect concentration, following the method
described in [7]. An on-chip optical power of 115 uW was as-
sumed, with an applied reverse bias of 20 V. The results are
presented as the solid curve in Fig. 3. For comparison, the pho-
tocurrent measurements of the straight devices are plotted as
data points, and suggest good agreement with the model. We
note that the simulated photocurrent for a 50-pum-long device
is 0.37 pA. The resonant photodiode current (for detectors in-
tegrated with the rings) may be approximated by assuming an
absorption enhancement factor of 51; giving a value of 4.53 A,
representing an enhancement in the photocurrent of 11 dB.
The measured resonant photocurrent is indicated as the light
dotted line on Fig. 3, and represents a 12-dB enhancement
over a straight (nonresonant) defect-enhanced photodiode
of the same dimensions. The resonant photodiode produces
a photocurrent that is larger than that measured for straight
devices of all lengths—and an equivalent simulated photodiode
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Fig. 4. Measured current versus wavelength of the tunable laser: (a) over a
large range of resonances, (b) on the 1542.65-nm resonance with the measured
waveguide transmission on the right axis (gray curve).

length of 3 mm. Therefore, the 50-pm microring integrated
detector has an absorption that is enhanced by a factor of 60 by
the resonant build-up of optical intensity. It should be stressed
that the enhancement produced is in the absorption coefficient,
rather than in the photocurrent, since the absorption coefficient
and photocurrent are nonlinearly related, as indicated by Fig. 3.
As a result, this 18-dB increase in the absorption leads to a
12-dB enhancement of the photocurrent.

Measured resonant photocurrent versus optical wavelength
for several applied bias voltages is shown in Fig. 4(a) for the
wavelength range of 1530-1560 nm—and in Fig. 4(b) for the
range 1542.2-1543 nm. A linear relationship between the mea-
sured photocurrent and the estimated on-chip optical power al-
lows calculation of the responsivity for the detectors of 1.04-/ —
0.3 mA/W at 0-V bias and 39 + / — 13 mA/W at 20-V reverse
bias. This performance represents a more than 100-fold im-
provement in responsivity over the ring-resonator devices fabri-
cated by Chen et al., which utilized optical-to-electrical conver-
sion that was not mediated by ion-implantation induced defects
[11]. The dark current of the detectors integrated with the mi-
croring is 1.1 nA at 20 V reverse bias, but increases to 175 nA
when off-resonant wavelength light is present, indicating some
detection of light propagating in the waveguide bus. This likely
accounts for the wider spectral response of the detectors com-
pared to the drop spectrum measured at the output of the bus
[shown in Fig. 4(b)]. Coupling of light at resonant wavelengths
causes the photocurrent to increase to measured values as high
as 5.9 pA, a 15-dB resonant enhancement that is measured con-
sistently for all reverse bias values.

IV. CoNcLUSION

We have demonstrated resonant detection of sub-bandgap
light in defect mediated photodiodes incorporated in a mi-
croring waveguide structure. In addition to suitability for

IEEE PHOTONICS TECHNOLOGY LETTERS. VOL. 22, NO. 20, OCTOBER 15, 2010

applications in wavelength-division multiplexing, they provide
a significant advantage in that the detector size may be reduced
by the enhancement factor, with equivalent performance to de-
tectors previously described in a straight waveguide geometry.
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Abstract

‘We present the integration of a defect-enhanced photodiode with high sensitivity at 1550 nm
with a silicon waveguide structure formed by the LOCOS (LOCal Oxidation of Silicon)
process. The defects are introduced through a 4 MeV Si* implantation followed by thermal
treatment at 200-500 “C to form a sub-bandgap photo-response. A 100 nm polycrystalline
silicon layer forms a self-aligned contact to the top of the ridge waveguide and provides
efficient extraction of generated carriers. Processing conditions and device structure design
have been varied to determine their influence on responsivity, insertion loss and leakage
current. A 6 mm long optical power monitor is presented with responsivity of approximately
47 mA W~ at —5 V bias for an absorption of 12 dB (~0.003 A W—! dB— ).

1. Introduction

1.1. Defect-enhanced photodetection

A necessary component for the continual development towards
silicon-based chip-level optical integration is the silicon
waveguide photodetector [1]. A complementary metal oxide
semiconductor (CMOS) compatible process that selectively
increases the sub-bandgap absorption in a silicon waveguide
is required in devices which use light at a wavelength at or
around 1550 nm. Ideally, that process technology should
provide control in the degree of optical mode absorption, so
that both power monitoring [2] and end-line detection [3] can
be achieved. For broad-band detection (for example across the
entire C and L bands), the photodetector should be integrated
onto the transmission waveguide itself.

One method to achieve sub-bandgap response is to
introduce defects into the silicon lattice by inert ion
implantation to facilitate carrier generation. By incorporating
a p-i-n junction laterally onto an implanted waveguide, an
integrated photodiode sensitive to wavelengths near 1550 nm
may be formed [4]. An attractive feature of this method is
that the implantation and subsequent annealing conditions can
be varied to engineer the optical absorption and therefore
the responsivity of the detector. This control over defect

0268-1242/11/045009+07533.00

concentration and distribution has been shown to produce
efficient power monitors [2, 5].

1.2. Modelling the photodetection process and device
structures

A model of the performance of photodiode structures using the
commercially available ATLAS software has been presented
in [6]. This model assumes that a single-defect level is
responsible for the enhanced sensitivity. The optical and
electronic properties of the silicon divacancy point defect
were utilized in this previous work.  This approach is
justified by close agreement between the observed variation of
ion implantation-induced excess waveguide absorption with
thermal treatment and the behaviour of the 1.8 pm divacancy
absorption band [7]. An electron hole generation rate is
introduced into the simulation, having the spatial dependence
of the waveguide mode. This generation rate includes a
dependence on the length of the photodiode, input power,
intrinsic loss, and the excess loss due to defects. The latter
is related to the defect concentration through the optical
cross-section for absorption of the divacancy. which has
been reported as 1.3 x 1077 em? [7]. The electronic trap
characteristics are introduced separately into ATLAS using
the capture cross-section of the silicon divacancy [8]. This

1 © 2011 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. Cross-section of photodiode at selected points in the process flow: (a) following patterning of 50 nm SiO;/80 nm SisNy; (b)
following wet oxidation at 1100 C: (¢) following masked boron implant at 110 keV and 30 keV: (d) following patterning and phosphorus
implantation of LPCVD amorphous silicon and (¢) final device with aluminum contacts.

provides a means of evaluating photodetector geometries and
optimizing the responsivity as a function of the introduced
defect concentration. This approach and single defect state
model were used in the design of the photodiode reported here.
The present experimental results serve to further validate the
general applicability of this model.

1.3. LOCOS waveguides

The LOCOS method (LOCal Oxidation of Silicon) is
a standard CMOS electrical isolation process, whereby
patterned silicon nitride prevents the thermal oxidation of
silicon beneath it, creating smooth trenches on the silicon
surface, filled with thermally grown SiO.. The utilization of
this process to form rib waveguides in silicon-on-insulator
(SOI) material is altractive in that sidewalls formed by
oxidation have low roughness and therefore provide low
propagation loss [9]. The process has been optimized
to produce losses of 0.36 dB cm~! (for TE modes) [10]
and modified to produce submicron isolated photonic wire
waveguides [11].

An additional benefit of the LOCOS structure is that it
forms a planarized surface ideal for electronic integration. In
this paper, we describe the integration of an optical power
monitor with a LOCOS waveguide through a self-aligned
polysilicon junction above the guiding ridge. as depicted in
figure 1. Forming a ‘through’ p-i-n junction in an etched
waveguide ridge would require a deposition step as well as
a critical photolithography alignment stage. Using a LOCOS
waveguide alleviates the alignment requirement, and the trench
oxide effectively isolates the contact metal ( Al) from the region
of the optical mode. This provides carrier depletion in the
region of the optical mode that is enhanced over devices where
depletion is provided by doped regions placed on either side
of the ridge, leading to improved generated carrier extraction

efficiency. Using the aforementioned model, it is anticipated
that this structure will produce a response approximately
40 times more sensitive than previous large area (=pm?)
devices [4], approaching that of recent sub-micron
photodetectors [3].

2. Experimental details

2.1. Design and fabrication

The waveguides were fabricated using 1.5 pum thick Si
overlayer SOI wafers with a buried oxide (BOX) thickness
of 1 pum, provided by SOITEC through the SmartCut process.
Individual samples of approximately 250 em® were oxidized
to form a 50 nm SiO; layer, followed by a deposition of 80 nm
Si3N, via low pressure chemical vapour deposition (LPCVD).
This dielectric stack was patterned into strips of 1.5, 2 and
2.5 pm width and etched back to the Si surface using a
combination of a CF,;/O; plasma and hydrofluoric acid (HF)
wel etch, forming the structure shown in figure 1(a). A wet
oxidation at 1100 “°C followed in which a 430 nm oxide layer
was grown, providing a ridge height of approximately 190 nm.
The patterned strip widths determined the bottom ridge width
as illustrated in figure 1(f), and the height was chosen such
that all widths exhibited single-mode behaviour. The SizNy
layer above the ridge was removed using hot phosphoric acid,
and the 50 nm oxide layer was removed using 10:1 buffered
HF acid etch.

The width of the thermal oxide surrounding the ridge
was required to be 15 pem to ensure negligible optical mode
leakage. The waveguides were then patterned with photoresist
to form windows for boron ion implantation, extending over
the thermal oxide into the regions on either side, as illustrated
in figure 1{c). A boron ion implantation at 110 keV and
4 % 10" cm™? dose was used to dope the silicon beneath
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Table 1. Summary of device structure variations within wafer
design.

5,2,

[

Wavegunide width (gm) 1 5
p-i-n junction length (mm) 3.6

p+ region separation (gm) 3,510
Si” defect implant window width (zm) 3,5, 10

.

the thermal oxide to a peak concentration of 10" cm™, and
another implantation at 30 keV and 10'® cm~” dose was used
to dope the sides of the trench to a peak concentration of
~10% em 2.

A 100 nm amorphous silicon layer was then deposited
using either LPCVD on selected devices or by plasma-
enhanced chemical vapour deposition (PECVD) as noted
explicitly in the following text. This was followed by a
phosphorus ion implantation at 25 keV and 3 x 10" em~?
dose. The deposited silicon was then selectively masked
with the photoresist and dry etched in an SFg plasma to form
14 pem wide strips centred on the waveguide. Another masked
phosphorus implant of 25 keV and 5 x 10 cm™? dose
provided a peak doping concentration of 5 x 10" cm~ on
the edges of the strips for electrical contact, as shown in
figure 1(d).

The devices were then capped with a 300 nm thick
PECVD Si0O; layer and annealed in nitrogen to crystallize
the amorphous silicon and to break down the native oxide
at the interface between the deposited silicon and the ridge.
The cap oxide prevents the out-diffusion of phosphorus during
annealing [12], and the annealing temperatures were selected
following reported work on the development of polysilicon-
emitter bipolar junction transistors [13]. It was found that
an anneal process at 900 °C for 30 min in an N> ambient
was sufficient to electrically activate the majority of the
implanted phosphorus. At higher temperatures, increased
segregation of phosphorus into the silicon limits the activated
concentration, and an increased reverse saturation current
(attributed to epitaxial re-alignment of polysilicon grains near
the polysilicon—silicon interface [ 14] and /or increased number
of grain boundaries) is observed.

The devices were then masked for contact formation and
the oxide cap was dry etched using a CHF;/Ar plasma. A
200 nm aluminum film was deposited and selectively etched
to form contacts, which were sintered at 450 °C for 1 min,
forming the final device structure shown in figure 1(e). A final
mask of 4 pm photoresist defined windows centred on the
waveguide for a 4 MeV Si* jon implantation with a dose of
10"°-5 % 10" ¢cm~2. This final implantation introduced the
defects necessary to mediate sub-bandgap detection.

2.2. Summary of fabricated device structures

The LOCOS waveguide photodetectors were fabricated
with a varied waveguide width, p-i-n junction length, p+
region separation, and Si* defect implant window width as
summarized in table 1.

In addition, the amorphous silicon deposition method for
the top contact and the Si* implant dose was varied between
fabrication runs. The three processed wafers are identified in
table 2.

Table 2. Summary of variations in the amorphous silicon deposition
method and the Si* implant dose between fabrication runs.

Wafer Amorphous silicon layer  Si* implant dose

no deposition method (incm™?), at 4 MeV
1 LPCVD 10" em™2

2 PECVD 10" em ™

3 LPCVD 5% 107 em™?

2.3. Characterization

The devices were characterized using an ILX Lightwave laser
(FOM system) operating at 1550 nm. end-fire coupled into
the waveguide via a tapered fibre. The transmitted power was
collected by a 40x objective and focused onto a Newport fibre-
optic detector. From an analysis of the Fabry—Perot fringes
of an un-implanted waveguide using a tunable laser source,
the transmission loss was measured to be 2.9 + 1.1 dB cm™"
(for the 2 pum waveguide width). Using measurements from
several undoped waveguides, the insertion loss was estimated
tobe 10.2+ 3.5dB. The 50 x 50 ;um Al pads were probed by 1
jem tip radius tungsten probes connected in series to a variable
voltage supply and ammeter, which were used to measure the
photocurrent as a function of device bias.

This characterization process was completed following
5 min anneals in N; at temperatures ranging from 200 to
450 °C. At each annealing stage. the defect concentration N,
is approximated using the measured excess optical absorption
@y (in units of cm=1) by [6]

O‘ex
N 1.3 % 107" cm?’

This facilitates a direct comparison between measured
photocurrent versus oo, curves and simulated photocurrent
versus N, curves.

(1)

3. Results and discussion

3.1. Behaviour of photocurrent and dark current with
post-implant annealing

Figure 2 compares the simulated and measured photocurrent
for wafer 1 under a 5 V reverse bias as a function of excess
absorption w, or, equivalently, estimated defect concentration
N,. The data points were obtained from measurements
following successive anneals at 200425 °C. Following the
final inert silicon ion implantation of 10'* em— dose, the
device is in a high optical absorption state, owing to the large
number of defects in the waveguide. This leads to both a
large recombination rate of carriers and a small optical
absorption length (1/aey) in the device relative to the total
device length. As a result, the responsivity is low for this
configuration, as shown in the right-most data point of figure 2
(corresponding to a post-implantation annealing temperature
of only 200 °C, the lowest used in this study). Following low-
temperature annealing, the defects are progressively removed
and ., is decreased, causing the photocurrent to increase.
Following anneals at temperatures beyond 350 °C, the lowered
wey leads to a lower carrier generation rate, and so the
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Figure 2. Measured (square points) and simulated (curve)
photocurrent (left axis) and responsivity (right axis) versus excess
absorption o, (top axis) and estimated defect concentration N
(bottom axis); plotted for 1.5 jm waveguide width, 10 gm p*
region separation, 5 pem (final silicon) implantation window width
and 6 mm length; the data points were measured following 5 min
anneals at (from right to left) 200, 250, 275, 300, 350, 375, 400 and
425 *C, with the two points corresponding to the extreme anneal
temperatures of 200 and 425 “C indicated on the plot: the defect
concentration was calculated from the excess loss using the optical
absorption cross-section as in equation (1).

photocurrent decreases once more. Using the approximate
coupling loss of 10.2 dB to calculate an on-chip optical power
of 95 W, the peak responsivity of the photodiode in figure 2 is
47 mA W, and occurs for an excess loss of o, = 20 dB
em~! (or 12 dB).

There is general agreement between the simulation and
the experiment on the location of maximum response as a
function of defect concentration. although the magnitude of
photocurrent is lower by nearly an order of magnitude. This
disparity is likely caused by the use of the polycrystalline
silicon top contact. There exist a large number of defect states
within the polysilicon grain boundaries and at its interface
with the guiding ridge [14]. These defects have carrier capture
properties that could not be simulated in a straightforward
manner using the model reported in [6]. Further evidence
for the impact of these additional defect states on the electrical
properties of the device is exhibited through a softened forward
bias characteristic and larger leakage current than expected for
a crystalline diode of the same dimensions. This is illustrated
in the measured and simulated current—voltage (IV) curves
shown in figure 3. The defects present in the polysilicon
are clearly detrimental and limit the dynamic range of the
photodetector by setting the minimum dark current to a value
of =1 pA.

Photodetectors utilizing implanted junctions do not suffer
from high dark current, as evidenced by recently reported
small-area enhanced photodetectors with dark currents of
1 nA at 20 V reverse bias [15]. Therefore, in order to
fully realize the advantages of LOCOS photodetectors, it is
necessary to further adjust processing conditions to reduce this
dark current. It should be noted that photodetectors formed
from silicon/germanium p-i-n heterojunctions exhibit similar

simulated
measured |

Current (A)

10" . : ,
-20 - 0

Bias (V)

Figure 3. Measured IV curve of the LOCOS device prior to damage
implantation, and the /V curve simulated by ATLAS.

magnitudes of dark current to those observed here, albeit with
a much higher responsivity [16]. In this case. the dark current
and the photocurrent are of the same order of magnitude for
on-chip optical powers of 10-100 W, In order to become
suitable for telecommunication applications, for example, it
would be necessary to decrease this value through either an
increase in sensitivity or a decrease in dark current. Different
fabrication approaches were utilized to achieve both. as will
presently be described.

3.2. Evaluation of PECVD versus LPCVD polysilicon

The variation in the silicon deposition method used for the top
contact layer is useful in determining its influence on the dark
current. Using Hall effect measurements, it was found that the
ion-implanted phosphorus dose in the PECVD devices needed
to be a factor of 10 greater over that used for the LPCVD
devices to activate the same concentration of dopant. All other
stages of the fabrication process were performed identically
to those of the LPCVD samples. Both final device sets
(PECVD and LPCVD) produced similar photo-responsivities
and had measured excess optical loss that was equal within
experimental error. The largest difference between the two
device types was the reverse saturation current, which was
much larger in the PECVD sample. This feature is illustrated
in figure 4, which plots the dark current (at —5 V bias) for
two identical device designs (3 mm length, 10 m p* region
separation, 2.5 pm waveguide width) after each annealing
stage. In all devices, the dark current was initially reduced
after Si* ion implantation and increased to its pre-implanted
value after anneals at temperatures approaching 450 “C. The
initial reduction observed in the PECVD device is stronger
than for the LPCVD device, likely due to a larger influence
of ion damage on the polysilicon structures. Above the
300 °C anneal, the observed trend in dark current with
annealing temperature is similar in the two devices. In the
LPCVD sample the pre-implanted value was 11.8 A, while
in the PECVD sample it was 900 pA. The polysilicon layer
formed using each deposition method differs in defect content.
In addition to the differences in grain boundary density, the
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Figure 4. Dark current measured at —5 V bias for samples prepared
using amorphous silicon deposited by PECVD and LPCVD
methods, plotted as a function of annealing temperature following
an implantation of 5i* at 4 MeV and 10" cm™? dose.

PECVD film will have a much higher hydrogen content.
which is retained in the crystallized film [17]. Deposition
techniques clearly have a significant impact on the resulting
diode properties, and further investigation is necessary in order
to achieve optimization. For instance, in sifu phosphorus
doping may provide a significant improvement in dopant
activation. and a hydrogenation step could help passivate a
significant fraction of the defects [18,19].

3.3. Evaluation of the impact of the Si* implantation dose

The limiting nature of the dark current on the dynamic range
provides incentive for the investigation of the impact of higher
inert implantation doses in order to reduce the dark current
to below its pre-implanted values. 1t is postulated here that a
relatively high implantation dose of 5 x 10" cm~? introduces
complex defects such as tetravacancies and agglomerated
interstitial-type defects, which remain after anneals at 400—
500 °C [20, 5].

Following a 4 MeV Si* implantation at a 5 > 10" cm™
dose and a subsequent anneal at 400 °C, the dark current in
the LPCVD device is reduced over its value when implanted
with a dose of 1 x 10" cm~2 {corresponding to the LPCVD
data points plotted in figure 4) for all annealing temperatures.
With further annealing, the photocurrent is found to increase,
along with a relatively modest increase in dark current, as

2

shown in figure 5. Similar to the devices implanted with the
1 x 10" cm™ dose, the excess loss was found to decrease
with annealing temperature, as shown in the lower portion of
figure 5. In this case, however, the optimum photocurrent has
lower corresponding excess loss values of <4 dB, indicating
an improved efficiency of the defects formed using this dose
over those described in section 3.1.

Following the 450 °C anneal, the responsivity reaches a
value of approximately 18 mA W~ (at —20 V bias), while
the excess absorption is at a level of 2.3 & 1.5 dB. Thus, the
dramatic improvement in dark current over that described in
figure 4 is gained at the expense of the responsivity.
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Figure 5. Photocurrent and dark current at —20 V bias following
anneals from 400 to 500 “C, for a waveguide of width 1.5 pm, p*
separation of 10 pm and implant window width of 10 pm.
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Figure 6. Measured photocurrent versus p+ region separation for
1.5 and 2 pm waveguide widths following 425 and 450 °C anneals
(data points, left axis). and simulated responsivity of a 1.5 yum
waveguide width assuming ¥, = 10" em— (curve, right axis).

3.4. Variation of p* implantation separation and Si*
implantation window width

A careful consideration of the device structure is needed to
facilitate the efficient removal of generated carriers. Here
we illustrate the effects of changing the proximity of the p*
regions to the optical mode and the width of the window for
the defect-inducing Si* implantation.

Figure 6 plots the measured photocurrent for waveguide
widths of 1.5 and 2 pm versus p* separation, along with a
simulated curve assuming N, = 10" cm . The photocurrent
was found to increase only slightly when the p* region
separation was reduced from the 10 gzm value for the device
whose results are reported in figure 2. Further, figure 6 shows
that the photocurrent decreases as this separation is reduced
below 5 um. This feature illustrates the trade-off between
the enhanced carrier extraction and the increased free-carrier-
induced optical absorption that occurs when the p* regions and
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Figure 7. Simulated responsivity versus defect concentration N; for
implant window widths of 3. 5 and =50 pm: inset: measured
photocurrent of a sample of length = 6 mm, 10 pm p+ region
separation and bias = —10 V.

the optical mode begin to overlap significantly. The modelling
predicts an optimal electric field in the region of the poly—bulk
silicon interface, and therefore both simulated and measured
points indicate a minimal benefit in decreasing the p* region
separation for moderate defect concentrations. For separations
of less than 5 pm, however, the photocurrent is degraded by
the excess loss.

The photocurrent may also be enhanced by a narrowing of
the inert Si* implantation region, determined by the width of
the window in the photoresist used to mask the implantation.
The simulated responsivity is plotted as a function of defect
concentration in figure 7, for three implant window widths.
The confinement of defects to the region of the optical
mode limits the recombination centres that do not contribute
to carrier generation, and therefore enhances photocurrent.
shifting the peak efficiency to higher defect concentrations.
The inset of figure 7 illustrates the enhancement observed
in narrowing the implant window width for three nominally
identical photodiodes at a single annealing stage. These
geometry changes were not observed to change the dark
current of the device.

4. Conclusion

‘We have demonstrated the design and fabrication of a defect-
enhanced photodetector integrated with a LOCOS silicon
waveguide, the first active device to be integrated with
waveguides formed in this way. While responsivities of 47
mA W~ can be achieved, it is noted that performance is
limited by the quality of the polysilicon and its electronic
contact to the top of the guiding ridge, which has been
shown to lead to excessive dark current (several pzA). We have
analysed the influence of processing conditions on the device
leakage current and shown that it can be partially mediated
by selecting higher dose inert ion implantation, although
there is a concomitant decrease in responsivity. Finally,
changes in implantation geometry were shown to greatly

impact the efficiency of the device, in good agreement with
simulations.
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