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ABSTRACT

Waveguide Integrated Germanium Photodetector Design and Optimization
for Sensing and Telecom Applications
Hasan Firat Yildiz
Master of Science in Electrical and Electronics Engineering

August 18, 2021

With the developing technology, electronics has become unable to reach the high
speeds and high efficiency required by new applications. Silicon photonic integrated
circuit technology has been proposed to solve this problem. As part of silicon photonics,
photodetectors are one of the cornerstones of silicon photonics technology. In the early
years of silicon photonics, photodetectors were mainly designed for fiber optical telecom
applications. Silicon photonics and photodetectors can be used in many other applications
such as sensors, cameras, LIDAR, and photovoltaics. In this thesis, geometric
optimization of waveguide integrated Ge VPIN photodetectors has been studied. Two
different photodetector designs were developed with simulations for two different
application types. The first design is a photodetector having ultra-high responsivity
(1.17 AW ~1) and ultra-low noise ( 48.38 nW NEP) at OV bias operation that can be used
in optical time domain reflectometer sensor applications. This photodetector adopts a
500 nm-thick, 2.5 pm-wide and 100 um-long Ge layer. It has a wide dynamic range
(55.76 dB) and could allow for high contrast readout in long-haul OTDR applications.
The second photodetector adopts a 300 nm-thick, 2 yum-wide, and 10 um-long Ge layer
showing a 0.972 AW ~! responsivity with a bandwidth of 84.26 GHz at -2V bias. Due to
having ultra-high bandwidth, high responsivity, and low dark current (8.67 n4), it could
be suitable for state-of-the-art telecom applications such as the 400G-BASE-DR4
ethernet standard. These designs and our design guidelines could pave the way for
optimized silicon waveguide-integrated germanium photodetectors with superior and
refined performance in sensing, telecom, and imaging applications.
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OZETCE

Dalgakilavuzu ile Tiimlesik Germanyum Fotodedektorlerin Sensor ve
Telekom Uygulamalari i¢cin Tasarim ve Optimizasyonu
Hasan Firat Yildiz
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
18 Agustos 2021

Gelisen teknoloji ile birlikte elektronik donanimlar, yeni uygulamalarin gerektirdigi
yiiksek hizlara ve yiiksek verimlilige ulasamaz hale gelmistir. Bu problemin ¢6ziimii i¢in
silikon fotonik tiimlesik devre teknolojisi One siiriilmiistiir. Bu alanda fotodedektorler
silikon fotonik teknolojisinin temel taslarindan biridir. Silikon fotonigin ilk yillarinda
fotodedektorler esas olarak fiber optik telekom uygulamalari i¢in tasarlanmistir. Silikon
fotonigi ve fotodedektorler sensorler, kameralar, LIDAR ve fotovoltaikler gibi baska
bir¢cok uygulamada kullanilabilir. Bu tezde, dalgakilavuzu ile tiimlesik germanium VPIN
fotodedektorlerin geometrik optimizasyonu iizerine calisilmustir. Iki farkli uygulama
alan1 icin iki farkli fotodedektor tasarimi simiilasyonlarla birlikte gelistirilmistir. Ilk
tasarim, optik zaman alaninda yansitici sensor uygulamalarinda kullanilabilen, 0V
gerilimli ¢alismada ultra yiiksek duyarliia (1.17 AW™1) ve ultra diisiik giiriiltiiye
(48.38 nW NEP) sahip bir fotodedektordiir. Bu fotodedektor, 500 nm kalinliginda,
2.5 um genigliginde ve 100 um uzunlugunda bir Ge katmanina sahiptir. Genis bir
dinamik araliga (55.76 dB) sahiptir ve uzun mesafeli OTDR uygulamalarinda yiiksek
kontrastli okumaya izin verebilir. ikinci fotodetektdr, -2V ters gerilimde 84.26 GHz
bantgenisligi ile 0.972 AW ! duyarhligi gosteren 300 nm kalinhginda, 2 um
genisliginde ve 10 um uzunlugunda Ge katmanina sahiptir. Ultra yliksek bant genisligine,
yuksek duyarliliga ve diisiik karanlik akima (8.67 nA) sahip olmasi nedeniyle, 400G-
BASE-DR4 ethernet standardi gibi son teknoloji telekom uygulamalari i¢in uygundur. Bu
tasarimlar ve tasarim yonergelerimiz, sensor, telekom ve goriintiileme uygulamalarinda
iistlin ve rafine performansa sahip, optimize edilmis silikon dalga kilavuzu ile entegre
germanyum fotodedektorlerin yolunu agabilir.
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Chapter 1:
INTRODUCTION

This chapter introduces some of the initial driving forces behind the advent of silicon
photonics and talks about the importance of Ge photodetectors within the field of silicon
photonics. Next, it introduces several applications where the performance of Ge
photodetectors may vary including sensing (optical time domain reflectometry), and
telecom applications. Then, we question the required photodetector characteristics based
on each application to maximize the figure-of-merit. Next, the chapter explores the-state-
of-the-art germanium photodetector designs and their performance metrics. Finally,

outlines the thesis organization in the subsequent chapters is presented.

1.1  Background and Motivation

When we examine today's information technologies, especially in terms of hardware,
the source of all is based on perhaps the most effective invention in 1948, the transistor
[1, 2]. After the demonstration of the first 2-transistor integrated circuit in 1959, CMOS
technology has developed rapidly [3]. Transistor gate lengths have shrunk from
micrometer scale to 5 nm nodes in 2020 [4]. As the transistors got smaller and smaller
over time, the number of transistors per unit area increased as in Figure 1 [4]. Therefore,
the processing power increased continuously enabling abundance of applications that we
use in our daily lives. Moreover, realizing the fact that the fabrication quality of the chip
is very effective and important in chip performance, many chip manufacturers automated
their production lines in order to maximize production volume, yield, and repeatability
and to minimize the possibility of human error in fabrication. As a result of this scaling,
the production cost per transistor has dropped dramatically. In numerical terms, there has
been a decline from $30 per transistor to roughly one of a billionth over the last 50 years
[5].

Another way of speeding up the chips that CMOS industry has successfully
implemented was to increase the clock frequency. Similar to the integration density, clock
speeds have also risen dramatically from a few MHz up to 4 GHz between 1985 and 2000
[6]. As shown in Figure 2, in fact, clock frequency of processors has not been further
increased. This stalling is due to the fact that increasing clock speeds also increases the

power consumption and cooling the chips become infeasible [6, 7].
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As a result, processor architectures became multi-core on silicon chips, so that they
can work in parallel in order to perform simultaneous tasks. However, performing
simultaneous tasks on a chip has some drawbacks. As the number of cores increases, the
number of interconnections required for communication between the cores and
peripherals significantly increases [8, 9]. Therefore, the total length of metal interconnects
is required to increase proportionally, which results in increasing total capacitance and
total resistance of the circuit [10] and is similar to adding a simple RC filter [9, 11].
Consequently, this RC delay determines the maximum speed the circuit can reach,
independent of the switching speeds of the logic gates in the microelectronic circuit. As
a result, the calculation time is not simply inversely proportional to the number of cores.
Propagation delays along interconnects increase computing time and create a bottleneck
in terms of the processing speed and throughput.

Minimizing the power consumption and noise levels in communication circuits is
important [8]. Many development methods have been applied in CMOS technology to
reduce the resistance and capacitance. For example, using Al interconnects instead of Cu
or using low-k dielectrics can be shown as examples of some of the studies in this
direction [12-14]. While these changes improve the quality of interconnects, doing more
than that is now a very costly and power dissipation density can no longer increase for
any feasible circuit. For this reason, current technology is approaching its limits in

evolving into a new method.

1.2 Silicon Photonics

There is a fundamental difference between electrons and photons in physics.
Electrons are good for computing, because two electrons cannot be in the same place, at
the same time with the same quantum number due to Pauli’s Exclusion Principle. Photons,
on the other hand, are not restricted by this constraint since they are bosonic wave-
particles which obey Bose-Einstein statistics. Many photons can be in the same place, at
the same time and do not undergo electrostatic or exchange interactions with each other
as electrons do. As photons have much higher carrier frequencies than electrons and do
not lead to Joule dissipation, photons offer significant advantages for low power
consumption, high bandwidth, and fiber optical integration. These differences make

photons perfect candidates for data transmission. Since much broader band information
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can be encoded using photons than electrons, using optical interconnects instead of metal
interconnects can be reasonable. However, rather than conventional fiber optical cables,
similar functions are required to be performed on chip. Silicon photonics is a technology
that uses the same fabrication techniques of a CMOS electronics fab to create high-density
photonic integrated circuits (PICs) with advanced functionalities. As silicon photonics
technology leverages from the existing CMOS technology, it is ideally positioned to
produce low-cost and high-yield PICs, while scaling to large commercial volumes [15-

18].

Advantages bow Pown.er Smal! Low Cost CMO?
Consumption Footprint Compatible

Device Classification

2 Intersatellite ; ;
App"catlons o

Figure 3: Advantages, materials, device classification and applications of silicon

photonics [19].
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Figure 3 visualizes the advantages, materials being used, device classifications and
applications in the silicon photonics domain at a glance [19]. Silicon-on-insulator (SOI),
SiN, GeSi, Ge-on-Si, and silicon nanocrystal (Si-nc) are materials commonly used in
silicon photonics, where SOI is the most widely used platform among them. Each of these
different materials are best suited for different applications. For example, SiN is the most
suitable material for passive devices and some sensors as it has ultra-low loss (at several
dB/m [19]) as well as long evanescent mode field tail. SiGe can be used for fabricating
low energy electro-absorption modulators, where Ge-on-Si is generally used for high
speed photodetectors [17, 19].

The physical dimensions of the devices have reached levels comparable to the
wavelength of the light, and today one can fit hundreds of devices into a mm? footprint.
The main reasons for this are the material properties of silicon. Silicon is an excellent
material for developing low-loss passive optical components because of its transparency
in the telecommunications wavelength ranges near 1310 and 1550 nm [20]. Due to the
high index contrast between silicon core and its highly stable silicon-dioxide cladding,
making nm-scale waveguides with very small bending radius in telecommunication bands
became feasible. Figure 4 visualizes a typical Si waveguide commonly used in photonic
integrated circuits (PICs).

Moreover, as a semiconductor material, silicon can be doped to change its electrical
characteristics. Today, integration of components such as resistors, capacitors and diodes
into silicon photonic devices and control of electrical variables in a circuit with the help
of precise implantation techniques have been demonstrated [21-24]. In doing so, one can
design and implement devices that can share information between electrical and optical
domains. Some examples of these devices are shown in Figure 5 including modulators,

detectors, resonators, couplers, and multiplexers/de-multiplexers.
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Figure 4: A Si photonics waveguide with Si as core and SiO2 as cladding [25].
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Figure 5: Example silicon photonic devices [25-30].
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Grating couplers and edge couplers are used for fiber-to-chip optical coupling (Fig.
5(a) and (b)). Although edge couplers have a broader bandwidth and are polarization
insensitive in contrast to grating couplers, they require precise alignment for high
coupling efficiency [31]. By using techniques such as wavelength division multiplexing
(WDM), transmitted data streams on independent wavelengths can be multiplexed into a
single fiber using a multiplexer (Fig. 5(c)). Then the wavelengths are demultiplexed at
the demultiplexer and forwarded to the corresponding receivers. In doing so, they allow
fiber links to maximize the efficient use of the available bandwidth [32]. A ring resonator
is composed of a waveguide that is looped back on itself as shown in Fig. 5(d). The optical
resonance occurs when the optical path length of the resonator is equal to an integer
multiple of the wavelength (an X Nepp =m X A, wherem = 1,2,3...) [33]. It is
preferred for many applications to have a large spacing between resonance peaks that is
called free spectral range (FSR). This can be achieved by rings with smaller radius.
Modulators are used for electro-optical modulation by utilizing free carrier plasma
dispersion effect in the form of a pn junction (Fig. 5(e)). The depletion region width is
modulated by an electrical signal and as a result the refractive index of the waveguide is
controlled accordingly [34]. They are one of the key devices in high-speed interconnect
technology along with the photodetectors. A modulator with high extinction ratio and
high bandwidth is preferred. Photodetectors are the devices used for transforming optical
signal into electrical signal. Responsivity, bandwidth, and dark current are the
fundamental performance metrics of a photodetector. Responsivity is the measure of how
well the optical power is transformed into photocurrent. Bandwidth quantifies how fast
the detector responds to changes in optical power. Dark current is the current generated
by the photodetector when there is no light. It is an unwanted feature because, it
contributes to photodetector noise.

Figure 6 shows a cartoon of typical devices can be fabricated on a silicon photonics
platform. The first silicon photonics circuit integrated with a microprocessor was reported

in 2015 which indicates a trend of the development in the semiconductor industry [35].
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Grating Coupler Ge Photodetector Waveguide Modulator MOSFET

™

-]

Figure 6: Grating coupler, Ge Photodetector, waveguide, modulator and MOSFET on a
SOI wafer [36].

Despite the fact that silicon photonics dates back to the late 1980s, it was not until
2007 that Luxtera's transceivers for datacenter communication hit the market and became
a mass-produced silicon photonics product as shown in Figure 7 [17]. Especially with the
rapid breakthrough in the last fifteen years, silicon photonics has become one of the most
suitable platforms for integrated optics thanks to its low power consumption, low cost,
small footprint and most importantly CMOS compatibility [37]. Creating very low-cost
photonic devices using the mature IC industry is the fundamental source of motivation
for the researchers. From datacom and telecom to sensors like LIDARSs, gyroscopes,

biosensors, and spectrometers, silicon photonics offers a wide range of applications [4].

Low-loss
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Figure 7: Major milestones in silicon photonics for telecommunication applications

[17].



Introduction 23

Silicon PICs are being manufactured commercially today in 200 and 300mm CMOS
foundries with a nm-level accuracy and reproducibility, unprecedented from a photonics
perspective. If we assume a large volume of demand similar to a serial production, and
5 X 5 mm? area for a PIC, with the current potential in silicon photonic fabs cost per chip

can be as low as 2.5 € as shown in Figure 8.
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Figure 8: Price per unit mm? for a silicon photonics chip manufactured in a CMOS fab

[38].

1.3 Optical Transceivers

Fiber optical data links operate simply as shown in Figure 9(a), where at one end of
the fiber is the transmitter circuit and the other end is the receiver circuit. Most systems
work in full duplex mode by transmitting data in one direction on one fiber and in the
opposite direction on the other. The transmitter side takes an electrical input and generates
an optical output signal by a laser diode or LED. The light from the transceiver is
transferred back and forth to the fiber via fiber optical couplers. Light from the end of the
fiber is converted into an electrical signal through a photodetector and then coupled to a
receiver where it is properly conditioned for use by the receiving equipment. A cartoon

of a commercial optical transceiver is illustrated in Figure 9(b).
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Figure 9: Optical transceiver (a) functional block diagram, (b) commercial example

[25].

As previously mentioned, there are a number of applications in which silicon
photonics can be a solution. The most common application is data communication which
requires high bandwidth digital communications [39]. Typical high bandwidth fiber
optical transmission systems nowadays employ a variety of ways to multiplex a large
number of electrical data streams at 10, 28, and 40 Gbps onto single fibers [36].
Wavelength division multiplexing is a telecommunications technology in which each
color of light is modulated independently and then merged into a single fiber [40]. Other
approaches use coherence to encode information in phase, amplitude, and polarization
independently, allowing for the transmission of several bits per symbol [41]. As a result,
it becomes possible to build systems transmitting terabits of data in a single fiber without

using any electronics faster than 40 Gbps [36].
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Figure 10: 400G-PSM4 architecture composed of four parallel fibers and PAM4
modulation [42].

Figure 10 shows the architecture of the 400G-PSM4 silicon photonics optical
transceiver designed by Luxtera composing of 4 parallel lines with a single line rate of
100 Gbps [42]. In order to achieve such a high baud-rate in a single line, high speed Ge
photodetectors are required in the receiver side.

On the other hand, beyond data communications new applications are being explored
in both the commercial and academic worlds for silicon photonics technology [39]. For
example, for a sensing application such as optical time-domain reflectometer (OTDR),
high speed performance of the photodetector may not be the key parameter, but the
responsivity and dark current are. A simple OTDR circuit is shown in Figure 11, where
the modulated laser signal is sent via transmitter and backscattered through the kilometers
long fiber and detected by the photodetector. As the losses are increased through the fiber
due to connectors, splices and fiber loss itself, the reflected signal would be quite small
and in practice depending on the range, the received optical power may be as much as 50

dB lower than the optical input signal [43].
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Figure 11: OTDR circuit and output signal [44].

In the optical domain, photodetectors determine the electro-optical conversion
efficiency of the whole system and SNR characteristics of the systems are directly
affected by the performance of the photodetectors. Moreover, in order to utilize the high
bandwidth features of photonics, photodetectors need to be designed in proper geometry
with suitable materials. Because of its significant optical absorption in the fiber optical
communication window (C-band and O-band), germanium is well suited for highly
sensitive near-infrared optical detectors [25]. Furthermore, most leading integrated circuit
manufacturers already use germanium in the chip making process to improve transistor
performance, thus it is relatively easy to include germanium to enhance optical
performance as well [45].

Therefore, depending on the application, different requirements force us to design
photodetectors optimized over different figures of merit. While in a telecom and datacom
application the bandwidth of the photodetector is the most crucial parameter, for an
OTDR application sensitivity can be much more important and using photodetectors with
high bandwidth may not necessarily be an advantage. Designing different photodetectors
with different geometries and optimal operation characteristics for telecom and sensing

applications constitutes the motivation behind this thesis.
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1.4 Literature Review: Ge-on-Si Photodetectors

Photodetectors are one of the most important components used in the receiver side
of an optical communication link [46, 47]. They convert optical signal into photocurrent,
and therefore directly affect the signal-to-noise ratio (SNR) of the communication signal
with their noise floor, responsivity and device architectures [48]. Semiconductor p-n or
p-i-n junction photodiodes are commonly used because their electronic bandgaps match
the photon energies of interest (i.e., for 1310 and 1550 nm) and yield higher SNR.
Insulators or metals are not used alone for photodetection because their electronic
bandgaps are too wide and non-existent, respectively. Hence, these two types of materials
do not absorb the incident photons unless they are used in conjunction with other
semiconductor layers.

The photoelectric effect in semiconductors is the basis of working principle of
photodetectors as depicted in Figure 12. They convert the optical energy of photons
absorbed by the active region of the semiconductor junction and produce free charge
carriers. An applied reverse bias voltage sweeps charge carriers out of active region which
creates a measurable change in current [48]. An ideal photodetector would have high

responsivity, low dark current and high bandwidth.

Ammeter

Figure 12: Working principle of photodetectors. The photoelectric effect.
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As previously mentioned, silicon does not absorb photons with wavelengths longer
than 1100 nm and at telecom wavelengths (i.e., 1310 and 1550 nm). Its high refractive
index and no loss at telecom wavelengths make silicon the most common choice for
waveguide core material. Due to silicon’s bandgap, telecom wavelengths cannot be
absorbed. To absorb light, different techniques have been developed in silicon photonics
including epitaxial germanium growth, III-V bonding, plasmonic absorption, sub-
bandgap detection, and surface state absorption [49-59]. Epitaxially grown germanium-
on-silicon photodetectors have emerged as the most practical detectors [39, 60-62]. Due
to their characteristics such as having a small footprint, being highly responsive, fast, and
low power, epitaxial germanium photodetectors are the most popular approach for silicon
photonics.

Originally, high-performance Ge-on-Si photodetectors were normal-incidence
detectors with light entering the detectors via fiber coupling or free space [63-71]. Later
on, waveguide-integrated Ge-on-Si detectors have advanced rapidly in the recent decade
to enable compact circuits on a silicon chip [62, 72-90]. Figure 13 shows the cross
sections of normal-incidence and waveguide-integrated photodetectors.

Geometric dimensions of normal-incidence detectors are crucial. The larger detector
area can increase capacitance and dark current, therefore limiting the bandwidth and
sensitivity [63]. Also as shown in Figure 13(a), the thickness between anode and cathode
contacts constitutes the absorbing region and its thickness determines the total absorbed
power, and therefore affects the responsivity. However, it also reduces the carrier drift
velocity at a given reverse bias and limits the bandwidth. In contrast to normal-incidence
detectors, waveguide-integrated detectors have a longer absorption length in the direction
of the light. The collection path of generated photo-carriers and the light propagation path
are orthogonal with waveguide integration, which is a significant benefit over normal-
incidence devices [91]. Therefore, the trade-off between responsivity and bandwidth for
normal-incidence detectors diminishes [19, 72]. As a result, waveguide-integrated
photodetectors may operate at high-speed while maintaining high responsivity. Likewise,
since waveguide-integrated photodetectors have a substantially smaller device footprint
than normal-incidence detectors, the dark current levels can be relatively kept low enough

for application requirements [19, 72].
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(a) (b)

Light lllumination

Figure 13: Cross section of (a) normal incidence vs (b) waveguide integrated

photodetector [92].

The performance of silicon photonic detectors has significantly improved since the
first discovery of waveguide-integrated photodetectors. Table 1 highlights many
demonstrations of waveguide-based Ge-on-Si detectors that have been published. Based
on the relative position of the silicon waveguide and Ge detector region, three coupling

strategies between silicon waveguide and Ge detector are available in the literature [63]:

1. Silicon waveguide is placed on top of the Ge detector (top-coupled),
2. Silicon waveguide is placed beneath the Ge detector (bottom-coupled),

3. Butt-coupling,

In the first two coupling method, the light is evanescently coupled from silicon
waveguide into Ge detector. However, in the bottom-coupled design, silicon waveguide
is required rather than SiN or SiON, because the germanium requires a crystalline
template for epitaxial growth [63]. Figure 14 demonstrates bottom-coupling and butt-
coupling configurations from a vertical cross section perspective. Despite the high
coupling efficiency of butt-coupling, the second configuration is the most common due
to its ability to integrate in a CMOS process [63]. This design choice can also be seen in
Table 1, as the majority of the recently demonstrated Ge detectors are in the bottom-

coupled configuration.
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(a)
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Figure 14: (a) Bottom-coupled, (b) butt-coupled waveguide integration from vertical

Cross section.

(a) Vertical

(b) Lateral

Figure 15: Vertical cross section of two types of PIN junction orientation. (a) Vertical,

(b) Lateral [39].

Furthermore, as shown in
Figure 15 there are vertical and lateral p-i-n Ge detectors available in the literature
depending on the orientation of the doping regions. In the vertical junction orientation,
the photocurrent must pass from the silicon-germanium interface while travelling from

cathode to anode. Therefore, due to interfacial defects, in this orientation higher dark
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current and lower responsivity is expected. On the other hand, the lateral junction does
not suffer from interfacial defects, but in order to sweep the carriers from the active region

quickly, this orientation requires higher reverse voltage levels [39].

Table 1: Comparison of waveguide-integrated Ge-on-Si photodetectors.

Year Responsivity Bandwidth Dark Current Coupling Orientation Ref.
2006 1 A/W 4.5 GHz @3V 0.2nA @1V Butt Vertical [74, 84]
2006 0.22 A/IW 1.5 GHz @4V - Bottom Vertical [84]
2007 1.08 A/W 7.2 GHz @1V IpA @1V Top Vertical [72]
2007 0.89 A/W 31.3 GHz @2V 169nA @2V Bottom Vertical [89]
2008 0.85 A/W 26 GHz @1V 3uA @2V Bottom Lateral [85]
2009 1.1 A/W 32 GHz @1V 1.3pA @1V Butt Lateral [80]
2009 1 A/IW 42 GHz @1V 18nA @1V Butt Vertical [87]
2011 0.95 A/W 36 GHz @1V 46nA @1V Bottom Vertical [82]
2012 0.8 A/W 120 GHz @2V 4uA @1V Butt Lateral [88]
2013 0.75 A/W 60 GHz @2V 3uA @1V Bottom Vertical [62]
2015 0.85 A/W 60 GHz @4V 61nA @0.5V Bottom Vertical [76]
2015 1 A/IW >70 GHz @1V 0.1pA @1V Bottom Lateral [83]
2016 0.74 A/W 67 GHz @1V 4nA @1V Bottom Lateral [77]
2016 1.09 A/'W 42.5 GHz @2V 3.50A @1V Bottom Vertical [79]
2017 0.72 A/W 31.7 GHz TnA Bottom Vertical [78]
2018 0.75 A/'W 17 GHz @4V 150nA Bottom Vertical [90]
2019 1.2 A/IW 7 GHz 100nA Butt Lateral [75]
2020 0.82 A/W 29GHz @4V 1.6nA @1V Bottom Vertical [81]

A range of device configurations have been developed for germanium waveguide p-

i-n photodetectors integrated on Si photonics platform. The state-of-the-art germanium-
on-silicon p-i-n photodetectors reported in the previous 15 years are listed in Table 1 with
their performance metrics including responsivity, bandwidth and dark current with
respect to reverse bias voltage. It is important to minimize the reverse-bias voltage of Ge
photodetectors in order to both reduce the dark current and to be applicable to CMOS
integration. Different design geometries yield different responsivity, bandwidth, and dark

current values. Theoretically, a photodetector with a responsivity of 1.25 A/W at 1550
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nm is achievable for unity quantum efficiency. Also, by decreasing the detector area,
high-speed detectors offering bandwidths beyond 100 GHz are achievable. However, due
to the design tradeoff between these figures of merits, it is difficult to maximize both of
them at the same time. Therefore, in order to compare different designs responsivity-
bandwidth product is a commonly used metric [91]. The highest responsivity-bandwidth
product for a waveguide integrated germanium detector is reported by Vivien et al. with
a responsivity of 0.8 AW ™! and 120 GHz bandwidth at 2V reverse-bias [88].

Liu et al. developed the first vertical oriented p-i-n photodetector with a dark current
lower than 1 pA [84]. This butt-coupled device adopts a 0.6um-thick, 0.6um-wide and
50um-long Ge layer showing a 1 AW ! responsivity with a bandwidth of 4.5 GHz at -
3V bias. Then, Yin et al. demonstrated the first germanium photodetector with an optical
bandwidth exceeding 30 GHz [89]. This vertical-oriented and bottom-coupled device has
an active region with a thickness of 0.8 um, a width of 7.4 pm and length of 50 pm. It
showed an optical bandwidth of 31.3 GHz at -2V bias with a responsivity of 0.89 A/W
and 169nA dark current. In 2009, Vivien et al. reported a photodetector exceeding an
optical bandwidth of 40 GHz [87]. This vertical p-i-n detector has an active region with
15pm length, 3um width and 0.4um thickness. The optical bandwidth is 42 GHz with a
responsivity of 1 AW ™1 at -4V bias. In 2012 Vivien et al. and in 2015 Lischke et al.
showed that using lateral orientation in p-i-n photodiode performance of the detector can
approach the theoretical limits [83, 88].

However, despite the success of prototype designs, the fabrication of the lateral p-i-
n photodiodes is more complex than their vertical counterparts and to mass produce chips
with lateral detectors may be very inefficient and lead to low yield. More photo mask
levels are required for lateral photodetectors, and ion implantation stages cannot be
eliminated [93]. A major advantage in vertical photodetector fabrication process is that
the fully relaxed high-quality germanium is away from the silicon-germanium interface.
This always guarantees a higher level of performance and opens a wider process window
for manufacturability [93].

As photodetector designs mature, the research focus in designing vertical
photodetectors is shifting to studying metal contacts, inductive-gain peaking, or wire
bonding to optimize device bandwidth rather than optimizing geometric device lengths

[62, 76, 79]. However, this is true only for photodetectors designed for telecom and
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datacom applications. There is a great research space for designing other application-

specific photodetectors such as sensing.

In this thesis, the design limits for waveguide integrated vertical p-i-n germanium

photodetectors are examined in terms of bandwidth, responsivity, and dark current. It is

shown that ultra-high bandwidth photodetectors for telecom applications can reach up to

84 GHz bandwidth with 0.97 AW™! responsivity and ultra-high responsivity

photodetectors for sensing (OTDR) applications can reach 1.17 AW ! at OV bias.

1.5 Organization of This Thesis

This thesis is organized as in the following chapters:

In Chapter 2, I present the working principles of photodetector devices. I
started by briefly analyzing the absorption process in p-i-n photodiodes.
Then, the effects of changing the geometry of the active region of the detector
is analyzed. Next, the performance metrics of p-i-n photodetectors and the
noise characteristics in optical receivers are examined. Finally, I calculated

the received power characteristics of some applications.

In Chapter 3, I design and analyze a vertical p-i-n germanium-on-silicon
waveguide integrated photodetector with 10pm length, 4um width and 1um
thickness as a baseline device. In doing so, I used Lumerical software tools
to design and simulate the photodetector and analyze the performance
metrics. Then, the baseline device is simulated along with the other opto-
electronic components to analyze its performance in a typical receiver circuit.
In the final part, several simulations performed by changing the device
geometry in three dimensions and the results are discussed in terms of optimal
performance metrics. As a result, design guidelines for waveguide-integrated

photodetectors are presented as a summary.

In Chapter 4, based on the results obtained from the previous chapter, new
photodetector design geometries are examined in order to satisfy the

requirements of telecom and OTDR (sensing) applications. The obtained
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performance metrics for telecom detector are 84 GHz bandwidth with 0.97
AW ™1 responsivity and 8.67 nA dark current at -2V bias. The performance
metrics of OTDR detector are 1.17 AW ™! responsivity and 25.73 GHz
bandwidth at OV bias.

In Chapter 5, the thesis is finalized with a conclusions and future work part.
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Chapter 2:
MATERIALS AND METHODS

2.1  Photodetector Basics

A photodetector is an optoelectronic device that converts photon energy into an
electrical signal. The operation of a photodetector is based on photon absorption in a
semiconductor by electrons and their excitation from valence to conduction band. In a

semiconductor photodetector, optical signal detection can be divided into three steps [48]:

e Absorption of light and electron-hole (carrier) generation,
e (Carrier transportation through the absorbing region under an electric field or
built-in bias,

e Photocurrent generation.

In this section, the fundamental definitions on the absorption characteristics, detector
geometry, and the figures of merit metrics and methodology for investigating p-i-n
photodetectors are presented.

A great portion of optoelectronic devices are created by using semiconductor
materials that possess a p-n or a p-i-n junction. The electrical characteristics of a p-n
junction at thermal equilibrium can be shown as in Figure 16. When n-doped and p-doped
layers form a junction, a diffusion current is generated due to different charge
concentration levels and chemical potential gradient. The electrons diffuse from n-doped
region to p-doped region whereas the holes diffuse p-doped region to n-doped region,
conversely. The total diffusion current can be expressed as in equation (1.1) where D,,

and D,, are the electron and hole diffusion coefficients and Vn and Vp are the gradients of

electron and hole concentrations, respectively [94].
Jairr = Jairgn tJairrp = 4PV + qD,Vp (1.1)
The area closed to junction becomes depleted due to diffused electrons and holes.

Therefore, the atoms in this region lose their electrical neutrality and become charged

ions. This region that consists of positively charged ions in the n-doped region and
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negatively charged ions in the p-doped region is called the depletion region, Wp, as shown
in Figure 16(a). The spatial distribution of the depletion region satisfies the neutrality

condition as in equation (1.2) where WDp and Wy, are the diffusion reach in the p-type

and n-type materials and N, and Nj, are the acceptor and donor impurity concentrations,

respectively [94].

NAWDp = NDWDn (12)

Therefore, the electric potential is created in the depletion region due to ionized
atoms that is called ,;, the built-in potential. This built-in potential opposes the further
diffusion of electrons and holes. It also produces a drift current due to electric field caused
by ;. Typical y; values are 0.3V for germanium and 0.7V for silicon diodes [95].

The total drift current is the sum of drifted electrons and holes as in equation (1.3)

where u, and u, are the electron and hole mobilities, n and p are the electron and hole

concentrations and E is the drift electric field, respectively [94].

]drift = ]drift,n +]drift,p = CI.unnE + q,uppﬁ (1.3)

The total current that is the sum of drift and diffusion currents are given in compact
form by the equation (1.4) where i represents the type of carrier (n or p) and % is the

gradient of the intrinsic Fermi level across the junction.

- dE
Ji = quiE +qDiVi = pi—— (1.4)

Applying external bias voltage to the p-n junction unbalances the drift-diffusion
equilibrium via the relation y,; — V resulting with a non-zero total current, J;. A forward
bias increases diffusion current and decreases the width of depletion region, whereas a
reverse bias increases the depletion region width and decreases the diffusion current until
a breakdown occurs in the diode [96]. The width of the depletion layer in a p-n junction

can be expressed as in equation (1.5) [94].
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Figure 16: A p-n junction in thermal equilibrium [94]. (a) Spatial charge distribution.

Dashed lines on the corners indicate corrections to depletion approximation. (b) Electric

field distribution. (c) Potential distribution where 1);,; is the built-in potential. (d)

Energy band diagram. At thermal equilibrium, Fermi energy level, Er is same for each

side of the junction. However, Fermi levels are split into two distinct quasi-Fermi levels

by applying an external voltage bias.
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Figure 17: p-i-n junction under reverse bias consisting of three layers: p-doped,
intrinsically-doped and n-doped layers. [97] (a) It is reverse biased and loaded with a
load resistor. The intrinsic region increases the depletion region width. (b) Most of the
incident photons are absorbed within the depletion region. In photodetection, carrier

diffusion and drift contribute to photoconductance.

Similar to p-n junction, p-i-n junction is a diode with an undoped intrinsic region that
is sandwiched between p-type and n-type regions as shown in Figure 17. Besides
photodetectors, they are also used for solar cells, attenuators, RF switches, and many other
purposes. It was invented by Jun-ichi Nishizawa in 1950 [98]. Among the three modes of
operation of photodiodes, namely photovoltaic (open-circuit), short-circuit and
photoconductive (reverse-biased), p-i-n photodetectors are operated in photoconductive
mode as shown in Figure 17 [48]. The excess charge carriers in the p and n doped regions
can drift through the intrinsic region with the help of reverse bias voltage and create a
large depletion region that is very close to the width of intrinsic region [99]. The width of
the depletion region in p-i-n photodiodes can be expressed as in equation (1.6) where

Win: 1s the width of the intrinsic region [100].

2e,.69(Ny + Np)
Wp = |[Win +— (Wpi = V) — Wine (1.6)
qN4Np
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The built-in voltage originating from the carrier concentration differences and the
band gap of the material used in the intrinsic region. The relation can be expressed as in
equation (1.7) where Ny, and N, are the effective density of states in valence and
conduction band, respectively [94]. Due to the fact that E; and kgT parameters in the
equation determined by material characteristics and environmental conditions, in order to

tune the threshold voltage, the doping concentrations are used as tuning parameters.

Ny N
Qi = Ey—ksTIn N"NC (1.7)
A‘VD

The excess charge carriers build up on the edge of depletion region and act like a
parallel plate capacitor with a near uniform electric field inside it as shown in Figure 17(a)
[39, 48]. The absorbed photons in the intrinsic region generate electron hole pairs and
these photogenerated carriers are swept out of the depletion region due to electric field
and results in generating a photocurrent.

The reason of photodiode operating in the reverse bias can also be understood by
looking in the I-V graph of the photodiode. When it is reverse biased, the photodiode
operates in the third quadrant and the photocurrent varies almost linearly with the light
intensity as shown in Figure 18 [101]. By operating in this quadrant, the signal-to-noise

ratio of the photodiode is also maximized.

Reverse Bias Forward Bias

Breakdown Voltage

Figure 18: I-V graph of a photodiode under illumination. Py, P; and P, represent
different light levels [101].
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2.1.1 Absorption Characteristics

Semiconductors absorb photons by exciting electrons from valence to conduction
bands [102]. A semiconductor crystal has long range order and hence, the energy levels
are determined due to the bonding structure within the lattice. The energy levels belong
to the system as a whole because of the proximity of the atoms in the crystal lattice [48].
Hence, a group of dense energy levels forms into energy bands. These bands are either
entirely filled by electrons or completely unoccupied in the absence of external
stimulation at T = 0 °K [48]. At finite temperatures, the lower energy levels of the
conduction band are partially occupied. The conduction band is the lowest-lying vacant
energy band, whereas the valence band is the highest-lying completely occupied energy
band. A range of energies exist between valence and conduction bands as prohibited band
with energy range E;. This gap separates these two bands. As shown in Figure 19, the
valence and conduction bands are separated by the bandgap energy E, which is 1.12 eV
and 0.66eV for silicon and germanium, respectively [103, 104].

A photon with an energy greater than the bandgap energy of a material can be
absorbed, thus, it creates an electron-hole pair [105]. The spectral region where the
material changes from relatively transparent (hv < E) to strongly absorbing (hv > Ej)
is known as the absorption edge [48]. The minimum frequency v required for absorption

18,

E
g
vy = =2 (2.2)

Similarly, corresponding maximum wavelength is,

@=E=EE 2.2)
vy I

If the bandgap energy is given in eV (rather than J), the bandgap wavelength (cutoff

wavelength) turns out to be,

Ao~ (2.3)
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Figure 19: Energy band diagrams (a) silicon, (b) germanium [103, 104].

Figure 20 shows the experimentally measured absorption coefficients for several
bulk materials [16]. The area between the green dotted vertical lines is the telecom bands
between 1310 nm and 1550 nm. In this region, silicon as in the red curve, is transparent
and does not absorb light at these frequencies. Instead, InGaAs based devices are often
used for telecommunication applications. However, the most popular strategy for
improving the performance of silicon-based detectors is to add germanium (Ge) into the

material to reduce the bandgap and match with the telecom bands. Figure 20 also shows
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the influence on the absorption coefficient and penetration depth, which is defined as the
distance traveled by light before its intensity drops to 36.7 percent (e™1) of its starting
intensity. The data in Figure 20 are for bulk materials without any voltage applied. It is
feasible to stretch the curves to longer wavelengths by applying electrical bias [16].This
is critical for detection at 1.55 um photon wavelength, where even a pure Ge film with

the proper bias may get shifted in order to lower penetration depth to acceptable levels.
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Figure 20: Experimentally measured absorption coefficient values for different
materials at different wavelengths. Telecom bands are in between the green dotted

vertical lines [16].

As mentioned earlier with the penetration depth, besides the material properties for
absorption, the material geometry is also important. According to Lambert’s law, the

absorbance of a material is directly proportional to its thickness.
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P :
A =log (M> =log(T) x L (2.4
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where T is the transmission and L is the penetration depth.

L

Figure 21: Absorption increases with the thickness of the material [97].

Optical power decreases exponentially as it penetrates a uniform absorbing material
as shown in Figure 21. The importance of the absorption and its dependency on the

geometry is examined in more detail in the detector geometry part of the study.

2.1.2 Performance Metrics

A photodetector's performance is mainly determined by three important criteria,
namely responsivity, bandwidth and dark current [20, 39, 48, 79]. Responsivity is a
wavelength-dependent measure of how much electrical current is created per unit optical
power received on the detector. The bandwidth is the photodetector’s frequency range
from DC to cutoff frequency f;45 at which the electrical output power drops by 3dB
below power value at very low frequency as depicted in Figure 22. High bandwidth
photodetectors are required to detect optical signals modulated at high data rates. The
dark current is the current the detector generates even when there is no incident optical
power. It occurs due to the random generation of electron and holes within the depletion
region of the device. High dark current is not favorable for photodetection with high SNR.
In addition to these three-performance metrics, footprint of the photodetector is also

important, because it directly affects the production cost and the amount of dark current



Materials and Methods 44

the photodetector can generate. Therefore, photodetectors with smaller footprints are

preferable.
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Figure 22: The 3dB bandwidth example for a low-pass filter [106].
Responsivity

Responsivity is the sensitivity of a photodetector in converting optical power to
electrical current and is accepted as the most important attribute of a photodetector [79].
The responsivity (R) is simply defined as the ratio of photocurrent (,,) to incident optical
power (P), and is commonly expressed in amperes per watt (A/W) [39].

The quantum efficiency, n, is another term related to responsivity. The likelihood
that a single photon incident on the device will form a photocarrier pair that contributes
to the detector current is known as quantum efficiency [48]. Since not all incoming
photons are absorbed, not all of them form electron-hole pairs. Some photons are reflected
at the detector's surface, while others cannot be absorbed due to insufficient absorption
length in the material. Furthermore, due to the presence of recombination centers and
defects along surfaces, some of electron-hole pairs formed at the detector's surface
quickly recombine and are therefore unable to contribute to the detector current. As a

result, the external quantum efficiency may be expressed as [48, 107]:
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n=(1-R)G(1-e ) 3.1)

where R is the optical power reflectance at the surface, G is the fraction of electron-
hole pairs participating in the detector current (internal quantum efficiency), a is the
absorption coefficient and d is the photodetector’s absorption length.

The first term, (1 — R) can be increased by using antireflection coatings [48]. The
second term, G, can be increased by lowering the surface recombination rate of electron-
hole pairs and eliminating dislocations within the materials. This can be done by an
optimized layer growth process and device design. The third term in the multiplication,
(1 — e~%%), can be maximized with a sufficiently large value of d.

Additionally, the quantum efficiency is a function of wavelength, due to the
wavelength dependence of absorption coefficient. The photocurrent spectral range is
optimized to match the quantum efficiency spectrum by optimizing the properties of the
absorptive semiconductor material. The following relationship is used to convert quantum

efficiency to responsivity [39]:

qi A
N L (3.2)
R="c= 1122

where q is the charge of an electron, A is the wavelength (in um), h is Planck’s
constant and c is the speed of light. According to the equation, a detector can have a
maximum responsivity of 1.25 A/W at 1550 nm and 1.06 A/W at 1310 nm given a
quantum efficiency of 1.

The parabolic shape of the responsivity versus wavelength curves for photodetectors
based on different materials in Figure 23 depends on several factors. The geometry of the
detector, the absorption coefficient of the semiconductor and quantum efficiency are the
most important factors [99]. For very short wavelengths, the penetration depth of photons
would be too small as shown in Figure 20. In this case, the photogeneration occurs very
close to surface and outside the depletion region. These generated electron hole pairs most
probably disappear by recombination without reaching to electrical contacts. Therefore,
short wavelength limits occur for the responsivity of the detectors. The long wavelength
limit (cutoff wavelength) occurs due to band gap energy of the absorber as discussed in

equation (2.3).
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Figure 23: Responsivity vs wavelength of GaP pn type and Si, InGaAs and Ge p-i-n
normal-incidence type photodiodes. GaP (Thorlabs FGAP71), Si(E) (Hamamatsu
S11499-1R enhanced), Si(C) (Hamamatsu S11499-conventional UV enhanced), InGaAs
(Hamamatsu G8376) and Ge (Thorlabs FDGO3). Light blue dashed lines represent

responsivity at different quantum efficiencies for a wavelength range [99].

Bandwidth

An optical bandwidth is the frequency range that an optical device responds to. It is
the spectral width between the points where the signal power is reduced to half of the
maximum power point. Therefore, there are two terminal points defining the bandwidth
of a signal, namely lower cut-off, and higher cut-off. Optical bandwidth values can be
specified in terms of frequency or wavelength, because of the inverse relationship of these
terms.

A photodetector’s bandwidth is limited due to the maximum detectable modulation
frequency of optical power. In general, optoelectronic bandwidth is specified by a 3dB
bandwidth which is the frequency point that the signal power is reduced by 3 decibels.
The rise time and fall time is directly related to 3dB bandwidth of the photodetector. They
are the measure of how fast the detector responds to a modulated optical signal. If they

are equal, they may be estimated as 0.35/f545 [106].
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Typically for telecommunication applications, the-state-of-the-art photodetectors
have 3dB optoelectronic bandwidth on the order of tens of GHz [62, 77, 79, 83, 88]. The
carrier transit time and the RC delay are the two key elements that influence a detector's

bandwidth [25, 39, 107].

Transit Time

In simplest terms, the transit time is the time it takes for carriers originating from an
optical signal to be swept out of the active region of the detector [39]. In doing so, they
collide often with lattice ions that are moving about their equilibrium locations due to
thermal motion, and phonons, as well as defects in the crystal lattice caused by impurity
ions. The carriers experience random decelerations as a result of the collisions, resulting
in travel at an average velocity rather than a constant acceleration [48]. The velocity of

carriers is determined by:

v = WE (3.3)

where L is the carrier mobility, i represents the type of carrier (n or p) and E is the
electric field. In the case of a sufficiently high electric field, the velocity of carriers
saturates at a point. This phenomenon occurs due to fact that the carrier energy exceeds
the optical phonon energy. Thus, the increased probability of emitting an optical phonon
causes carrier velocity to saturate with increased electric field. In Table 2, the electron
and hole mobilities and saturation velocities for silicon and germanium are given [108].
These values are used in the simulations for the design part of this thesis.

It is also important that the carrier mobilities are also dependent on the doping
concentrations and the types of the dopants [109]. The electron and hole mobilities change
similarly with respect to doping concentration as shown in Figure 24. For low doping
levels, electron and hole mobilities are relatively constant. For high doping levels, carrier
mobilities decrease due to ionized impurity scattering with the ionized dopants [109].
Since the photogeneration process predominantly occurs in the intrinsically doped region,

mobilities of the electron-hole pairs are relatively low.
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Table 2: Silicon and germanium carrier mobility and saturation velocity parameters [108].

e (Si) h* (Si) e (Ge) h* (Ge)
Mobility (cm?/Vs) 1450 500 3900 1900
Sat. Velocity (m/s)  1x10° 0.7x105 0.7x105 0.63x10°
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Figure 24: Electron and hole mobility versus doping concentration for silicon at 300°K

[110].
The bandwidth originating from carrier transit time can be expressed as [108]:

Usat 4
ftransit = 0.44 VsVa (3.4)
D

RC Response

The electrical impedance characteristics of the photodetector is the second
component in defining the bandwidth of a detector [20, 39, 48, 79]. As with any electronic
circuit, detectors are also affected by RC charging delay. The effective series resistance
between anode and cathode contacts is mainly stem from the resistivity of the doped

semiconductor material and contact resistances. The capacitance, on the other hand, is
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determined by the depletion layer (junction) capacitance. As demonstrated in Figure 25,
electrical effects are usually reduced to an RC circuit model for detector. The
photodetector is illustrated as a current source, Ipp, in the dashed box, with a parallel
capacitor Cpp and a resistor Rpp. A second resistor, R;,,4, represents the load circuit

connected to photodetector.

| R
i c |
i Ipr:l ::pd i Rluad
| Photodetector |

Figure 25: Photodetector RC circuit model [39].

Further considerations on carrier mobility and doping concentrations are required to
understand their effects on resistivity of a semiconductor [100]. In doing so, the series
resistance of the photodetector, Rpp, can be calculated.

The resistivity of a material is defined as the applied electric field divided by the
current density [96]. The equation for total current density is already given in equation
(1.3), which includes both the electron and hole current densities. Therefore, the
resistivity can be expressed as in equation (3.5). Figure 26 shows that the resistivity of

the material is inversely proportional to doping concentrations.

— E — ; (3.5)
P=7 q(pan + ppp) '
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Figure 26: Resistivity versus carrier concentration [111].

The capacitance of the p-i-n detector is mainly determined by the junction

capacitance and can be formulated similar to parallel plate capacitor where A is the cross-

sectional area and & is the permittivity of semiconductor.

A
Wp

Cpp =

(3.6)

The bandwidth originating from RC response of the detector can be calculated as in

equation (3.7) where R;,44 is generally 5042 for telecommunication applications [39]:

fRC

1
~ 27(Ripaa + Rpp)Cpp

(3.7)
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As a result, the total bandwidth can be calculated by including the effects of both
transit time and RC response [25, 39, 107].

1

fra = < . ! >_2 (3.8)

—+
f RZC f tzransit

Dark Current

Photodetectors produce dark current, which is the current output when there is no
light input. It is an unwanted property of vertical p-i-n germanium photodetector that is
caused by the material defects in germanium layer as well as finite thermal effects that
excite electron from valence band to conduction band [39]. Under a strong electric field,
the Shockley-Read-Hall process will cause these defects to become active current leakage
channels [20, 39, 48]. The total dark current is influenced by two factors: bulk generation
and surface generation [112].

Bulk generation is a volume-dependent mechanism [39]. Threading dislocations are
caused by the significant lattice mismatch between silicon and germanium, allowing for
the development of mid bandgap states [20]. The bulk current density is essentially stable
at low electric fields. Band bending, on the other hand, results in a greater bulk current
density that grows exponentially with the applied electric field [39].

Surface generation, which is caused by surface defects such as dangling bonds, is the
second component to the dark current [39]. Since germanium is not entirely passivated
by silicon dioxide, and it is not an easy process as in silicon passivation, the formation of
minority carriers on the Ge layer surface due to the poor passivation quality of silicon
dioxide causes surface leakage current [112]. Thus, the total dark current can be expressed

as [113]:
Ligrk = Ipuik + Isurface = Joue X A +]surface X V4rA (3.9)

where A is the detector area, [,y and Jg,,¢ are the current densities for bulk and surface

components, respectively.
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]surface =q XS X Njge X1 (3.10)

n.
Jouk = q ¥ l‘TG"’ X t G.11)

The minority carrier generation on the germanium sidewalls can be expressed as in
equation (3.10) for a reverse biased photodiode where q is charge, S is surface
recombination velocity, n; g, 1s intrinsic carrier concentration and t is the thickness of
depletion region [114]. Similarly, the minority carrier generation process inside the bulk
germanium region can be expressed in equation (3.11) where 7 is the minority carrier
lifetime [114]. These two equations show that thickness of the germanium region which

is equal to depletion region thickness also linearly affects the dark current.

2.1.3 Detector Geometry

To create a germanium-on-silicon photodetector, a number of important design
decisions must be made. Depending on the p-i-n junction orientation, two commonly used
orientations available for the p-i-n detectors are vertical and lateral. The vertical
orientation which we are focusing throughout this study is shown in Figure 27. In this
orientation, a silicon waveguide taper couples incident light from a single-mode silicon
waveguide to the Ge waveguide. An intrinsic (undoped or slightly doped) region is
sandwiched between p-doped and n-doped area. Since germanium has a direct band gap
energy of E; = 0.8 eV [104] and germanium’s refractive index is higher than that for
silicon (ng, = 4.275, ng; = 3.48) [103, 104], the optical mode leaks into germanium
from silicon waveguide and gets absorbed in germanium intrinsic region. When a reverse
bias voltage is applied to p-i-n diode, the photo-generated carriers can be efficiently
collected by drifting along the constructed electric field, provided that surface and bulk

recombination rates are minimized. Thus, external photocurrent is generated.
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Figure 27: Ge p-i-n photodetector geometry (a) isometric view (b) cross-section view.
Reverse-bias is applied by having the electrical potential at anode contacts higher than

the cathode contact [97].

The following are some of the benefits of photodiodes with a p-i-n structure [48]:

¢ Increasing the size of the device's depletion layer improves the area accessible
for absorbing light.

e By increasing the thickness of the the depletion layer, the junction
capacitance and hence the RC constant are reduced. However, increased
depletion region thickness also increases the transit time. Thus, a trade-off
may emerge between RC or transit-limited photodetection regimes in

designing fast photodetectors.
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e By lowering the ratio between the device's diffusion and drift lengths, a
higher proportion of the produced current is transported by the faster drift

process.

In the following sections, how the different geometries of epitaxially grown

germanium on silicon affect the performance metrics of the device is evaluated.

Detector Length

Considering a light incident on an absorptive material with no geometric variation in
the incidence direction, the transmitted optical power will be [39],

—aL 43)

Piransmittea = Pincident®

where a is the absorption coefficient which is a function of the wavelength and L is
the length of the absorptive material. Therefore, the absorbed light can be calculated with
the below equation [39].

— — —a(A)L
Pabsorbed - Pincident - Ptransmitted - Pincident(1 — € ) ) (4'2)

According to the preceding equation, the absorbed power and hence the detector's
responsivity will grow as a function of length. This relation has been validated by several
experimental results and by finite-difference time domain waveguide models [20, 25, 39,
79, 92].

On the other hand, if we take a p-i-n photodetector with a fixed width, however, the
total capacitance of the detector may be calculated using the following formula where C;

is the capacitance per unit length [39]:

C=¢.L 4.3)

Therefore, as the length of the detector is increased, the capacitance increases, and

bandwidth may decrease due to RC delay. Figure 28 shows the effect of photodetector
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length on responsivity and bandwidth [39]. The tradeoff between responsivity and
bandwidth is an important design consideration. As detector length is increased, more and
more light is absorbed and therefore, responsivity increases. On the other hand, the
bandwidth decreases due to increased RC delay with length increase.

As given in equation (3.9), dark current increases with the area of the germanium

region. The area increases with length, and increases the dark current [114].
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Figure 28: Responsivity and bandwidth versus length of the detector. Two different
color responsivity curves are given at 2V and 4V reverse-bias in green and blue,
respectively. The blue dotted curve shows the bandwidth. For shorter detectors carrier
transit time is the limiting factor, whereas for longer detectors RC response limits the

bandwidth [39].

Detector Width

Detector width refers to the width of germanium layer on top of silicon for vertical
germanium p-i-n photodiodes [20, 39, 79, 92]. The responsivity of the detector is mainly
dependent on the waveguide-to-photodetector coupling efficiency [115]. The optical

coupling from waveguide to detector is similar to coupling in between two waveguides
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as in the case of directional couplers. The phase-matching is important for efficient
coupling. When an efficient evanescent coupling occurs into germanium, the optical
power oscillates between the waveguide and germanium layer. In this evanescent
coupling mechanism, when the phase-matching condition is satisfied, the mode vertically
oscillates and varying the width of germanium has no significant effect on coupling

behavior [115].

However, a wider germanium area increases the detector capacitance and decreases
the bandwidth of the detector due to RC delay. In addition to that, as both bulk and surface
rates are increased with the area, dark current will increase correspondingly as in equation
(2.8) [92]. Therefore, choosing a sufficiently small device width improves the bandwidth
and dark current performance metrics, while it does not affect the responsivity as much.
On the other hand, there is a consequence that arises once the detector is sufficiently small
[39]. The contact sizes may need to be lowered in order not to overlap as the width of the

detector decreases, thereby contact resistance may begin to limit bandwidth.

Detector Height

The height of germanium epitaxially grown on silicon has two limits [39]. Due to the
lattice and thermal coefficient of expansion mismatch between silicon and germanium, a
buffer region is required to limit the defects in fabrication. The height of this buffer region
is in general 20-50 nm. The buffer region should be kept small in proportion to total
detector height because of having significant number of defects. Therefore, assuming the
buffer region to be kept twenty percent of the total germanium height, a typical lower
limit for the detector height can be around 200 nm [39]. The upper limit of the height of
the detector is determined by the fact that the evanescent tail of the light exponentially
decays and there is no significant advantage of further epitaxial growth of germanium. In
practice, 2pum is commonly used as an upper limit [39].

Intuitively, as the thickness of the detector is increased the responsivity should also
increase as much the amount of light is absorbed. However, the absorption profile
depends on the overlap between higher-order mode and input mode. The optical coupling
from waveguide to photodetector can be treated as coupling from waveguide to

waveguide. Since the oxide layer surrounding the photodetector provides high index
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contrast for photodetector, unabsorbed photons can be confined in the photodetector with
the help of total internal reflection. In order to achieve efficient coupling, phase-matching
between the two waveguides is the key factor [115].

In their study, Ahn et al. presented a methodology to characterize the coupling
efficiency depending on the photodetector thickness and wavelength [115]. In their leaky-

mode phase-matching model, they are suggesting that the photodetector thickness that

minimizes |ne FrwG — Neff,pD | also maximizes absorption rate. The interval between the

peaks, Ad, can also be found by the below equation where A, is the wavelength, 8 is the

reflection angle of the wavefront against the silicon-germanium interface.

V[

(i—nneff,PD> V1 —cos?6 4
0

Ad =

Piels et al. simulated quantum efficiency of a 20um long photodetector by changing
both the germanium thickness and the underlying silicon thickness as shown in Figure
29. There is a peak-valley behavior in efficiency with respect to change in germanium
thickness. Moreover, in case of the underlying silicon thickness increased, these valleys
deepen [20]. Even though the trendline of responsivity increases with the thickness of
germanium, the peak-valley behavior should be examined to optimize the responsivity in
detector designs.

Another factor to consider when choosing a detector height is the influence it will
have on the bandwidth of the photodetector. As it is already mentioned in equation (3.4)
depletion region width directly plays a role in carrier transit time. Since a short detector
has a short depletion region, carrier transit time is low and therefore, fi,qnsi¢ 1S high. On
the other hand, junction capacitance of the detector is inversely proportional with the
depletion region width as it is mentioned in equation (3.6). Thus, a short detector has a
greater junction capacitance and therefore a lower RC bandwidth. Similarly, a tall
detector has a longer carrier transit time, but a low RC latency [39]. The tradeoff between
transit time and RC delay may be evaluated using a basic model of a vertical PIN, as
illustrated in Figure 30. For this example, for around 0.8um germanium height, the
optimal bandwidth around 20 GHz can be achieved. However, it is evident that by

increasing the thickness of germanium, bandwidth decreases due to longer carrier transit
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time. Similarly, when the thickness of germanium is sufficiently low, due to capacitance

increase, RC delays can play a role on limiting the bandwidth of detector.
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Figure 29: Coupling efficiency vs device thickness. The peak-valley behavior is
observed and coupling efficiency is maximized when phase-matching occurs in between

photodetector and waveguide [20].
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Figure 30: Transit time vs RC delay effects on detector bandwidth [39].
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In terms of dark current, as shown in equations (2.9) and (2.10), with the increased
germanium thickness, linear increment in the dark current is expected. However,
experimental results show that increasing the thickness improves the layer quality and
therefore, decreases the dark current as shown in Table 3 [92]. This may be result from
the fact that as the layer quality is improved, defect density in Ge layers decreases which

also decreases the carrier generation-recombination process.

Table 3: Dark current vs device thickness [92].

Thickness (nm) Area (um?) Dark Current (pA)
300 2500 11.1
700 2500 8.44
1000 2500 5.55

2.1.4  Vertical p-i-n Ge Photodetector Equivalent Circuit Model

The equivalent circuit model of vertical p-i-n germanium photodetector is shown in
Figure 31. In this model, C; is the junction capacitance of the reversed biased p-i-n
junction. Rg; and Rg, are series resistances to p-i-n junctions due to doped regions and
anode contacts. In order to calculate the total series resistance, due to symmetry in the
device, Rg; or Rs, could be found and divided by two as they are in parallel. There is also
a resistance due to cathode contact and n doped Ge region, but it is negligibly small (on
the order of few m€2) and therefore not shown in the equivalent circuit model.

In addition to junction capacitance, there is also a shunt resistance R, that is in
parallel with the other components in the circuit model. In general, it is measured
experimentally by applying 10 mV to the contacts and can be calculated by dividing
the applied voltage to measured current [116]. In photovoltaic mode, shunt resistance is
the determining parameter for noise current calculation, so that the highest shunt

resistance is desired for a better photodetector performance.
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Figure 31: Equivalent circuit model for VPIN Ge Photodetector [116].
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Reverse Bias

Breakdown Voltage

Forward Bias

Figure 32: IV Characteristics in dark and under illumination for different operation

regimes. Purple, orange, and green dots show the reverse bias, zero bias and forward

bias of operations, respectively. Py, P; and P, represents different illumination levels.

Using photodetector under reverse bias or zero bias, as shown in Figure 32 (purple

and orange dots, respectively), the ratio of photocurrent to dark current is maximized

which is directly related to SNR performance of the photodetector. However, at forward

bias, even negative SNR values are expected. The current-voltage characteristics of

photodetector with no incident light can be represented by Eq. (4.5) where I, is the dark

current and it is related to reverse-bias saturation current. Under illumination, the I-V

curve is shifted below as in Figure 32 and the total current can be expressed as in Eq.

(4.6) where Ip is the photocurrent.

AVbias

Ip = Isar <e kpT

(4.5)
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QVbias (46)
Itotar = Isar | € *8T — 1) —1Ip

2.2 Noise Analysis in Optical Receiver Design

Figure 33 schematically depicts an optical receiver that contains a photodetector, a
transimpedance amplifier (TIA), a filter, a main amplifier (MA) and the decision circuit
[117]. As it is the lowest signal point, the optical receiver dictates the performance of the

whole system [116].
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Figure 33: Basic optical receiver model [117].

In an optical receiver used for digital communication, photodetector generates
photocurrent in proportion to incident optical power. Then, TIA converts the photocurrent
to a voltage signal and finally main amplifier brings this voltage to a standard level to be
used by decision circuit. The photodetector and TIA performance are the key
determinants of the sensitivity of an optical receiver [25].

In germanium-on-silicon p-i-n photodetectors there are two sources of noise can be
identified: shot noise and Johnson (thermal) noise [116]. From the photodetector
perspective, shot noise is generally the major noise component which occurs with the
random arrival of photons to the device and mainly depends on the dark current and noise

bandwidth which can be represented as [39]:

Isn = 2V, 2ql4ark BW (5.1)
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where I ;4. is the dark current, and BW is the bandwidth of the photodetector. Wider
bandwidths, as seen in the formula, place higher constraints on the dark current in order
to maintain the same signal-to-noise ratio. Therefore, shot noise limits detector
bandwidths.

Johnson noise, on the other hand, is due to the thermal generation of carriers and all
resistors have a Johnson noise associated with them. This type of noise is dominant
current noise in photovoltaic operation mode where the photodetector is unbiased [116].

The Johnson noise of the photodetector can be formulated as:

4k TBW (52)
= |

where kp is the Boltzmann constant, T is the absolute temperature in degrees Kelvin

and R is the load resistance of the photodetector, typically 50 Q. Typical noise values for
Johnson noise and shot noise (assuming 100 nA dark current) are 1.82 X 10711 /+/Hz
and 1.79 x 10~13/v/Hz, respectively.

The total noise generated by the photodetector, therefore, can be expressed as:

(5.3)
Iy = /Isnz + Iin?

Therefore, the minimum detectable power, in other words noise-equivalent power

(NEP) can be found by dividing the total noise current to responsivity [116].
Photodetector NEP values can vary from 10™* W /VHz to 101> W /v/Hz for large

active area photodetectors and small active area photodetectors, respectively [101].

NEP =

Ly (A/VHz (5.4)
?( A/W )

The electrical amplification of a receiver, on the other hand, usually makes up the
majority of the noise in a receiver [116]. In a photoconductive mode of operation, dark

current-induced noise can thus be insignificant depending on the application.
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In a digital optical communication system, the binary data stream is sent by
modulating the optical signal. During the bit time period, an optical signal with non-
return-to-zero (NRZ) coding can have one of two states of optical power level. Figure 34
shows optical logic levels where logic-level 1 relates to high optical power (P1), whereas
logic-level O relates to low optical power (P0). It is important to mention that in a real

case, when transmitting logic-level 0, optical power is not equal to zero.

Optical Power
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Figure 34: Optical power levels [116].

The number of errors at the decision circuit's output determines the receiver's quality.
The bit-error-rate (BER) is the proportion of detective count bit to the total number of bits
sent. The sensitivity of the receiver, S, is defined as the minimum optical power of the
incident optical signal required to maintain the desired bit-error-rate [116].

In binary optical communications, the optical signal-to-noise ratio (OSNR) is the
figure-of-merit for qualitatively measuring the performance at the receiving end. It
combines the separate SNRs associated with the high and low levels into overall system
SNR [118]. As indicated in below formula, it can theoretically be used to calculate the

signal quality of electrical data generated by an optical receiver:

11_10 Il_IO

OSNR = =
\/iszn,l + iczlmp + \/ign,o + iczlmp

o, + 0 (5.5)



Materials and Methods 65

In this equation, iszn’1 /o 1s the shot noise current originated from p-i-n photodetector
at bit 1 and bit 0 level, respectively. iﬁmp is the electrical amplification noise current
originated from TIA. The form of the OSNR given in equation (5.5) simplifies both the
measurement of SNR and the calculation of the theoretical BER due to additive random

noise.

log1o(BER) = 10.7 — 1.45(0SNR) (5.6)

Equation (5.6) shows the relationship between bit error rate (BER) and OSNR [119].
For example, in order to have an error-free reception with a bit error rate of 1 X 10712,
the OSNR should be 15.65 dB. Alternatively, OSNR can be derived in a similar formula

including the responsivity in the equation as [25]:

» VR (P,—Py)
2 o -7
2qPBW + 52 + 2P BW + -

where P; and P, is the optical input power incident on Ge p-i-n photodetector at bit
1 and bit O level, respectively, and BW is the noise bandwidth of the optical receiver. It
is evident that to obtain higher sensitivity, or higher OSNR, the photodetector
responsivity should be as high as possible, whereas the shot noise and the amplification

noise should be as low as possible.

2.3  Application Based Receiver Characteristics

In this section of the thesis, photodetector performance requirements are determined
for each application. In doing so, commercial examples are analyzed, and optical power
link budgets are calculated for estimating the sensitivity requirements of the

photodetector designs for desired OSNR levels.

2.3.1 OTDR Application (Sensing)

Optical time domain reflectometry (OTDR) is a measurement technique commonly
used for characterization of optical fibers and fiber-optic communication systems and the

optoelectronic device using this technique is called optical time domain reflectometer as



Materials and Methods 66

depicted in Figure 35 [120]. Rayleigh backscattering in the fiber plays a crucial role for
the functioning OTDR systems. The operation principle of OTDR is based on sending a
series of light pulses and analyzing the returning optical signals resulting from the
Rayleigh scattering and reflections from fiber connectors, splices etc. which is similar to
a one-dimensional radar system [121].

A basic OTDR circuit is shown in Figure 36. The OTDR device emits short laser
pulses. These pulses are injected through the device under test, an optical fiber. Any
reflected light due to thermal drift (temperature sensing) [122, 123], strain (pressure,
strain, or vibration sensing) [124-126], and acoustic noise (audio sensing) [127, 128] is
extracted with a directional coupler and detected by a high-sensitivity photodetector. This

allows a time domain measurement of the reflected optical signal power.

Lazee (om) UsklossdB)  UnkO{dn) Average Loss (dB/ken)
1310 (10ns) 117 3863 0872

1550 (10ns) 1652 40.79 1.261

Figure 35: A commercially available example of OTDR signal source and read-out

device by Viavi Solutions [43].
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Figure 36: Basic OTDR Setup [129].

In an OTDR system, the location of a reflection point is determined by the time delay
between the launched light pulse and the corresponding Rayleigh backscattered signal

and can be expressed as [130, 131]:

CXT

2n, (6.4)

where 7 is the time delay, c is the propagation speed of light in the fiber, n, is the
group index of the fiber, and x is the distance of the reflection point from the reference.
Since the emitted light travels the distance from where it is backscattered two times, there

is a factor of two in the denominator. The spatial resolution, Ax of the measurement can

be expressed as:

cXTp (6.2)
an

Ax =

where Tp is the pulse width. The power of the backscattered signal at a distance [

from the reference can be calculated as:

_ —2al (6.3)
Pscattered = E F X ag X Uy X T Xpinput xXe

where F is the capture coefficient, ag is the Rayleigh scattering coefficient, v, is

group velocity in the fiber, Py, is the input power and a is the fiber loss coefficient. In
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order to calculate the optical loss budget in an OTDR circuit, typical attenuation values

of different fiber components to consider are [129]:

e 0.2 dB/km for single-mode fiber loss at 1550 nm wavelength
e (.05 dB for a fusion splice

e (.3 dB for a mechanical splice

e (.5 dB for a connector pair

e 3.5dBforal to 2 splitter (3 dB splitting loss + 0.5 dB excess loss)

The fact that the laser signal travels many kilometers and is reflected back by
undergoing various power losses causes the signal reaching the photodetector to be of
very low power. Therefore, the most important requirement for the photodetector at the
receiver end is that it must be able to detect extremely low power levels of backscattered
light [129]. Table 4 shows an example of loss budget calculation for short, medium, and

long-haul applications.

Table 4: Example of typical optical loss budget calculation [129].

Network Short  Medium Long
Haul Haul Haul

Laser (dBm) 16 16 16
Isolator (dB) -0.7 -0.7 -0.7
Fiber Coupler (dB) -5.428 -5.428 -5.428
Number of couplers 3 3 3
Total Coupler Loss (dB) -16.284 -16.284 -16.284
MZ-Modulator (dB) -10.77 -10.77 -10.77
EDFA (dB) 30 30 30
Circulator (dB) -1 -1 -1
Optical Power Entering Fiber (dBm) 17.246 17.246 17.246
Distance (km) 30 80 200
Fiber loss (dB/km) at 1550 nm -0.25 -0.22 -0.19
Total Fiber Loss (dB) -71.5 -17.6 -38
Number of splices 15 40 50
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Average splice loss (dB) -0.1 -0.1 -0.05
Total Splice Loss (dB) -1.5 -4 -2.5
Number of connectors 2 2 2
Average connector loss(dB) -0.5 -0.5 -0.5
Total Connector Loss (dB) -1 -1 -1
Power at the Detector (dBm) 7.246 -5.354 -24.254

In OTDR systems, dynamic range is the difference between the maximum signal
power that can be detected by the receiver and noise power of the receiver in dB terms.
As the received input optical power increases, SNR also increases proportionally, and
OTDR event detection becomes more sensitive and specific. Figure 37 shows the different
representations of dynamic range depending on the different noise levels. OTDR systems

generally use RMS dynamic range in their specifications documents.

F r Y &
Measurement IEC Dynamic RMS Dynamic
Range Range Range

{983 Noise Level)

0.1 dB Noise Level

Figure 37: Different definitions of dynamic range [129].

In a typical application, laser diodes send pulses from 10 mW to 1 W into the fiber
(10 — 100 dBm). These interrogation pulses have a frequency of several kilohertz and
have a pulse width of 2 ns to 2 us [129]. However, in order to take the requirements to
the next level, we will consider portable OTDR instruments, which have lower power
consumption and therefore send a lower power laser signal. For example, SmartOTDR
100AS is a commercially available OTDR device manufactured by Viavi Solutions. In

this device, output power of the light source is -3.5 dBm which is around 0.45 mW and
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operates at 1 kHz frequency [43]. In the datasheet of SmartOTDR 100AS, the device has
been reported to have 30 dB RMS dynamic range.

Since in an OTDR application optical signal frequencies are on the order of a few
kHz, shot noise on the photodetector output signal can be safely ignored. For example, at
an operating frequency of 1 kHz with a detector having a dark current of 100 nA, shot

noise will be calculated as in the equation (5.1):

isn =+/2 % 1.602 X 1019 X 100 X 10~° X 103 = 5.66 x 10712 4

On the other hand, we can similarly calculate the Johnson noise with assuming load

resistance of 50 € at 300 degrees of Kelvin as in the equation (5.2):

, 4% 1.38 x 10-23 x 300 X 1000 10
i = = = 5.75x 1071° 4

Therefore, the total noise can be found by adding the squares of shot noise and

Johnson noise and taking the square root of the summation:

itn = 57.5 TlA

The resulting total noise current is at a comparable level to the dark current (100
nA). Therefore, the minimum detection limit can be found by adding total noise to the
dark current level. Considering a detector with a responsivity of 1 A/W, the noise-

equivalent-power (NEP) can be calculated as:

NEP =——— =157.5nW = —38 dBm

Similar to SmartOTDR example, if we have 30dB dynamic range, then the power

corresponding to photocurrent will be:

P, = P, + 30dB = —38 dBm + 30 dB = —8 dBm
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which is equivalent to 0.16 mW of power. Therefore, a photodetector with a
responsivity 1 A/W at —1V bias, photocurrent must be 0.16 mA which is an achievable
value with waveguide integrated germanium detectors. Actually, several demonstrations
have been made of p-i-n photodiodes with saturation currents in the order of a few mAs
[83, 132].

To sum up, in order to use in an OTDR application, the most important parameter for
a detector is its dynamic range. Therefore, a detector with a high responsivity and
sufficiently low dark current is preferred. The bandwidth of the detector is not a difficult
to achieve constraint as kHz levels are quite low for p-i-n photodiodes. For the design
portion of the study, the target performance metrics for a detector in OTDR application

18 shown as in Table 5.

Table 5: Design targets for an OTDR detector.

Responsivity Bandwidth Dark Current Bias Voltage
>1A/W > 10 KHz <10n4 <0V
@1550 nm max. More than Nyquist In order to have In order to
responsivity is rate 1s required and more than 50 dB minimize the
1.25A/W typical OTDR dynamic range, less dark current
devices operates at than 10 nA dark photovoltaic
1—-5KHz. current level should —operation mode
Bandwidth is not the be achieved. can be
limiting design reasonable.

criterion even when
the detector is
operated at 100 MHz

sampling rate.

2.3.2  Telecom Application

We live in a data-centric society, with technologies like artificial intelligence and 5SG
causing the amount of data to rise tremendously from 33 Zettabytes (ZB) in 2018 to 175
ZB by 2025 [133]. This significant growth of data is driving need for high-bandwidth and
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low-latency interconnects [134]. More than 100 Gbps high data rate and kilometers long

optical links will be required in order to meet the demands. According to IEEE P802.3bs

Ethernet Task Force reports, there are several ways to reach 200-Gbps and 400-Gbps

depending on the communication reach as shown in Table 6 [135-137].

Table 6: Ethernet PHY variants for 400G and 200G [137].

Name Medium Tx Fibers Lanes Reach Encoding
400GBASE-SR16 ~ MMF 16 16 x 25 Gbps 70-100 m NRZ
400GBASE-DR4 SMF 4 4 x 100 Gbps 500 m PAM4
400GBASE-FRS SMF 1 8 x 50 Gbps (WDM) 2 km PAM4
400GBASE-LR8 SMF 1 8 x 50 Gbps (WDM) 10 km PAM4
200GBASE-DR4 SMF 4 4 x 50 Gbps 500 m PAM4
200GBASE-FR4 SMF 1 4 x 50 Gbps (WDM) 2 km PAM4
200GBASE-LR4 SMF 1 4 x 50 Gbps (WDM) 10 km PAM4

In old Ethernet standards, 2-level Non-Return-to-Zero (NRZ) method for encoding

binary data stream is used. However, to obtain higher data rate per lane, the encoding

method is changed to PAM4, which effectively doubles the data rate. PAM4-modulated

signal has 4-levels as shown in Figure 38, therefore, instead of sending 1-bit of data with

NRZ, 2-bits of data can be sent using PAM4 signaling.
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Figure 38: (a) NRZ vs (b) PAM4 encoding [138].
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Figure 39: Block diagram of 400GBASE-DR4 [139].
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Considering the future communication needs, we can examine the photodetector
requirements for the 400GBASE-DR4 system as it has the highest data rate per lane.
Figure 39 shows the block diagram of 400GBASE-DR4 system [139]. The receiver
characteristics given in Table 7 is obtained from a commercial example, which is 400G-

QSFP-DD-500 module from Edge Optical Solutions [140].

Table 7: 400GBASE-DR4 Receiver Characteristics [140].

Specification Value
Rx Wavelength Bandwidth 1304.5-1317.5 nm
Avg. Receiver Sensitivity (Min) -5.9dBm
Avg. Receiver Sensitivity (Max) 4 dBm
Min Receiver Sensitivity [139] -9.25 dBm
Data Rate Per Lane 53.125 GBd
Operating BER 2x107*
Modulation PAM4

In contrast to photodetector requirements for OTDR application, 400GBASE-DR4
specifications require minimum responsivity of 0.6 A/W at 1310 nm and 35 GHz
bandwidth at 2V reverse bias for the photodetector [134]. Moreover, the shot noise due
to dark current should be comparably low to the input referred noise of the TIA which is
15 pA/v/Hz [141]. For 40 GHz of operating bandwidth, input referred TIA noise will be
around 3pA. Therefore, choosing the upper bound of photodetector’s dark current to be

100 nA does not harm the noise profile of the receiver circuit.

Table 8: Design targets for telecom photodetector.

Responsivity Bandwidth Dark Current Bias Voltage
> 0.6 A/W > 35GHz <100nA > =2V
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Chapter 3:
VERTICAL PIN PHOTODETECTOR DESIGN

In this chapter, our waveguide integrated Ge-on-Si vertical p-i-n photodetector
design procedures using Lumerical tools will be presented. A photodetector with 10pum
long, 4um wide and 1pm thick active area will be designed as a base device. First, we
will examine the performance metrics of the detector in this geometry in terms of dark
current, responsivity and bandwidth. Second, geometrical manipulations on the device
length, width and thickness will be made and the effects on the performance metrics will
be discussed.

For the first part of the chapter, the photodetector design procedure will be as follows:

1. Setting up the simulation geometry in Lumerical DEVICE

2. Simulating dark current in Lumerical DEVICE

3. Simulating 3D optical absorption and finding the optical generation rate in
Lumerical FDTD

4. Simulating responsivity in Lumerical DEVICE after importing the optical
generation rate obtained in FDTD simulation

5. Doing a transient simulation in Lumerical DEVICE and estimating the

bandwidth of the detector

3.1  Device Setup

In this section of the design, we will create the photodetector geometry in a 3D model
with specific electrical and optical material characteristics. In the simulations, we will be
using material database of Lumerical. For a germanium vertical p-i-n detector simulation,
it is required to add silicon (Si), silicon-dioxide (Si0,), germanium (Ge) and aluminum
(Al) materials. Silicon and silicon-dioxide are used for creating waveguide and cladding
whereas germanium is used for the active region of the photodetector. Aluminum is
chosen for metal contacts as it is widely used as a metallization material in the IC industry
due to its advantages like ease of deposition, low resistivity and ohmic contact to silicon
[142]. After adding the materials, using script files for the device setup is useful for
parametrizing the device geometry, for parameter sweeps and for analyzing the device

behavior change with respect to different geometries.
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Figure 40: Geometric detector parameters used in device setup scripts.

Figure 40 shows some of the different parameters in describing our photodetector
device setup. Among these parameters, especially Ge thickness, Ge width and Ge length
are important as they constitute the active region of the detector. Table 9 shows the
detailed description and value of each dimension shown in Figure 40.

In addition to detector parameters, we have also included the 2D simulation region
in the script. The simulation is in 2D (yz cross-section) because the detector does not vary
along the x-axis, which is the direction of the light. This makes the simulation run much
faster. Some of the important things about the simulation region is that the simulation
region should cover the entire detector area and the CHARGE solver norm length should
be equal to detector length in order to have accurate results. The norm length is actually
the missing third dimension as we do the simulation in 2D.

Inside the CHARGE solver, we are adding the electrical boundary conditions for our
contacts. In order to have a reverse-bias on the photodetector, the anode voltage is set to
-1V, whereas the cathode voltage is held at ground or OV. We also have surface
recombination boundary conditions for the interfaces between the material used.

Finally, we add the doping regions and the charge monitor. We have n-type doping
region for the top of the germanium and p-type doping regions in the silicon. All the

doping concentrations and doping regions are parametrized in the scripts and can be
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changed to see the doping effects on the device behavior. The important device setup

parameters are shown in Table 9.

Table 9: Device parameters used in the models and parametric studies.

Parameter Definition Value
1 Photodetector length (along x axis) 10pum
w Total width of the device 7.6um
w_rib Width of Si rib waveguide 4pum
w_trench Width of trench 5.5um
pp_offset pp doping starting point from center 0
ppp_offset ppp doping starting point from center 500nm
w_ge Germanium width 4um
w_n N doped Ge region width 4um
I_in Input waveguide length [Figure Ium
27(a)]
th_si Thickness of the silicon 220nm
th_trench Trench thickness 110nm
th_ge Germanium thickness Ipum
th_al_ge Germanium contact thickness 500nm
th_n_ge Germanium doping depth 50nm
w_contact Width of contact 500nm
th_contact Thickness of contact 500nm
contact_offset Contact offset from detector edge 100nm
n n doping concentration 1018¢cm=3
nn nn doping concentration 10%¢m™3
nnn nnn doping concentration 102%¢m=3
p p doping concentration 1018¢cm=3
ppP pp doping concentration 10Y¥%cm™3
PPP ppp doping concentration 102%¢m=3

After setting up the parameters and creating the device model, the resulting

photodetector would be similar to the geometry shown in Figure 41. The light blue box
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covering the detector is silica (Si0,) which surrounds the device in every direction to

eliminate electrical discontinuities in the simulation.

N

Figure 41: Example device model.

3.2  Dark Current

In this section, we use our photodetector device model in DEVICE simulation and
analyze its I-V relation without illumination.
In order to better visualize the I-V relation of the photodiode, changing the boundary

condition of the anodes from single voltage value to sweep of voltage ranges is required.
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Figure 42: Dark current at different anode voltage levels.

It can be seen in Figure 42 that at 1V reverse bias, the photodetector dark current is around
29 nA. Moreover, as the reverse bias voltage increases, the dark current also increases.
At -2V bias, the dark current is increased to 34 nA. If the voltage level is further increased
to -10V, the dark current saturates around 40 nA. Also, it is important to mention that at

0V when there is no bias voltage, there is no dark current as the material is in equilibrium.

3.3  Optical Generation Rate

In this section, we do an optical absorption simulation in FDTD and see how the
photodetector absorbs light and generates photocarriers. In contrast to DEVICE
simulations, we will make a 3D simulation to understand the behavior of incident light
rather than 2D. Since 3D simulation takes much longer time, one of the things can be
done to mitigate this is disabling metal regions of the detector. Even though the light
absorbing effect of the metal regions are excluded in this case, this change significantly

shortens the simulation time from 55 hours to less than 2 hours. Finally, since we have
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used the scripts to define the device geometry in DEVICE simulation, we can
immediately define the same device in FDTD again by using the scripts.

Unlike in DEVICE simulation, in FDTD simulations we need to shine light into our
photodetector. Thus, we are adding an optical mode source as shown in Figure 43 as a

purple arrow.

XY view B X | Perspective view g X

XZ view & X | YZview g %

Figure 43: FDTD Device Setup.

The injection axis of the light is in the x-axis, and we input the fundamental mode of
the input silicon waveguide. Mesh accuracy parameter is set to 3, which was 2 by default,
to get a more accurate result from the simulation. The optical input mode is visualized as

in Figure 44Figure 44.
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Figure 44: Optical input mode in silicon waveguide. Solid rectangle shows the edges of

the input waveguide.
The actual data we need to get out of this simulation is the photocarrier generation
rate. The power absorbed by the photodetector can be expressed as in equation (9.1)

where ¢ is the permittivity.

Pabsorbea = —0-5V|E|2imag(€) (7.1)

The refractive index of a medium is given as:

L (7.2)
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If we consider unity internal quantum efficiency (for each absorbed photon, one
photocarrier pair is generated), then we can simply write the generation rate as the ratio
of absorbed photons per unit volume per second.

Pabsorbed (7~3)

G= hv

Hence, if we calculate E and n using FDTD simulations, we can also find the
generation rate. In order to do that, we use CW generation analysis group in FDTD, which
is comprised of a field monitor and an index monitor.

Besides the optical generation rate, FDTD simulation visualizes a lot of electro-
optical characteristic about the photodetector. For example, in Figure 45 it can be seen
how light is coupled from silicon waveguide to germanium region. Light enters from the
left in our silicon region, which is at the bottom, and it leaks into higher index germanium.
As it continues to bounce around and propagate in a multi-mode nature, it is getting
weaker and weaker as light gets absorbed.

Figure 46 depicts the average of generation rates along the x-axis. As our device is
symmetric around the x-axis, for the electrical simulations in DEVICE, it is better to
average the generation rates along the x-axis. Figure 46 also shows that in our silicon
region at the bottom, no light is being absorbed, but in our germanium layer in the upper
side of the graph, we see strong electric field due to carrier generation.

Finally, we can look at the total absorbed power as a result of the FDTD simulation
and it is 36.7 percent of the input power which is fairly low. We will show several

approaches to increase the total absorbed power by refining the detector geometry.
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Figure 45: Light intensity change along the detector length. Dashed rectangle shows the

Ge region whereas solid rectangle shows the Si rib waveguide.
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Figure 46: Generation rates averaged along the x-axis. Figure shows the y-z cross-
section of the detector. Dashed rectangle shows the Ge region whereas solid rectangle

shows the Si rib waveguide.
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3.4  Responsivity

In this section, we are going to import the generation rate that we have found in
FDTD optical simulation into DEVICE simulation to simulate the responsivity of the
photodetector.

Responsivity, or photocurrent output per incident optical power, is determined by the
internal quantum efficiency as well as extrinsic properties such as geometry. Thus,
responsivity includes information about both electrical and optical characteristics of our
photodetector. Photons must be absorbed to produce photocarriers and every photocarrier
might not make it to the electrical contacts.

After importing the average optical generation rate along the x-axis, we are ready to
model the responsivity of the detector. Similar to dark current model, we will look for the
I-V characteristic of the detector by varying the bias voltage, but this time we are going
to measure the photocurrent under illumination.

From the simulation results, as shown in Figure 47, the responsivity of the
Photodetector at 1V reverse-bias is approximately 0.444 A/W. It is expected to be low as

the absorption feature was also low as we have measured in FDTD simulation.
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Figure 47: Responsivity of the photodetector.
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Figure 47, when we reverse bias the photodetector (V' < 0), the responsivity does not
change significantly and saturates around 0.45 A/W. However, if we zoom in the graph
as in Figure 48, as the reverse bias voltage increases, the photocurrent and the responsivity
also increase. Since, this base detector design has low responsivity due to its geometry,

the effect of reverse bias voltage on responsivity is also quite low.
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Figure 48: Responsivity graph for the detector between 0-3V reverse bias.

3.5 Bandwidth

In this section, we estimate the transit time dependent bandwidth of the photodetector
by using two different methods: transient analysis and small-signal AC analysis. Then,
we calculate the DC capacitance and resistance from the model and estimate the RC-
limited bandwidth of the detector. Finally, by using the equation (3.7), we estimate the
total bandwidth of the photodetector.

First, we do a transient simulation. This means, we analyze the detector response

when a very short pulse of light is injected. If we Fourier transform this impulse response,
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we will get the frequency response of the photodetector and be able to estimate quantities
such as 3dB bandwidth.

The approach to do this simulation in DEVICE is by using an optical shutter. The
optical shutter is going to quickly turn on the optical generation rate instead of putting a
pulse of light incident on the detector. This is going to produce a step function input where
the light is going to be off, then in a very short amount of time it will be on and keep
staying on. The time derivative of the step response will give us the impulse response.

The cartoon in Figure 49 shows the steps in transient simulation. The red curve
represents the step input or the optical shutter. It is only a scaling value that will be
multiplied by the optical generation rate. For the first picoseconds of the simulation, the
optical shutter will be off, and no light will enter the system. Between one picosecond
and two picoseconds, the shutter will open up. The period of time for opening up is called
the slew.

A small-signal AC analysis (ssac) can also be used as an alternative to transient
analysis when measuring the transit time dependent bandwidth of the photodetector. In
this method, a small-signal perturbation is introduced to the DC optical generation rate,
and the detector's small-signal response (photocurrent) is measured as a function of the
small-signal frequency.

In contrast to transient simulation, ssac simulation usually takes shorter amount of
time, because while in transient simulations one non-linear equation needs to be solved
for each time step, ssac simulation only needs a steady state solution for each bias.
Moreover, since the transient simulations are more complex in numerical terms, they
usually suffer from convergence issues.

As shown in Figure 50, both simulations yield similar results for the transit
bandwidth of the detector which is around 25.12 GHz 3dB bandwidth. Therefore, for the
rest of the bandwidth simulations, we will prefer doing ssac simulations to calculate the

transit bandwidth.
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Figure 49: Transient simulation steps [97].

Time

Small-Signal AC vs Transient Bandwidth at -1V

Normalized Response (dB)
o

transient
S5AC
-3dB

50 100 150 200 250
Frequency (GHz)

Figure 50: Small-signal AC vs Transient analysis.

300



Vertical PIN Photodetector Design 88

These simulation results are also consistent with the estimation of transit bandwidth
given by the equation (3.5), which estimates the transit bandwidth as 26.4 GHz.

To calculate the DC capacitance of photodetector, we use a script. This script simply
utilizes the definition of capacitance, which is the change in charge with a small change
in voltage. We put a monitor that integrates the amount of charge in the junction and then
we change the voltage slightly, so that we can calculate the actual capacitance. We repeat
the same procedure for a range of voltage biases, because as we deplete the junction, the
capacitance should be changing significantly.

Figure 51 depicts the DC capacitance of the detector per unit length. In the
simulation, two charge monitors used to compare the overall device capacitance with the
junction capacitance. In the equivalent circuit model, the junction capacitance is the

dominant term. For -1V bias, the capacitance of the detector is 6.8fF.
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Figure 51: DC Capacitance of the photodetector per unit length.

There are two resistance values to be calculated as shown in the equivalent circuit

model in Figure 31. For the resistance measurements on the model, we use virtual ground
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points and the closest contact metal as the voltage probing points as shown in Figure 52.
Then, we will apply a small voltage, i.e., 0.1V, and then by measuring the amount of
current flowing between the probes, we simply measure the resistance by R = 0.1/1. The
two resistances have the same value as they are equal due to same doping concentrations.
Therefore, by measuring one of them is sufficient and it results 35.92Q. Thus, the overall
equivalent resistance is (Rgq || Rsz) = 35.920 /2 = 17.9642. The RC bandwidth, after
including a 50Q R;,qq resistor, is 344 GHz. However, since the device bandwidth is

transit time limited, the overall 3dB bandwidth is 25.1 GHz.

L JN
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a4 w

Figure 52: Measuring the resistance of photodetector. The orange rectangle shows the
simulation region where the virtual ground is located at the right-most edge of the

rectangle.

3.6  Compact Model

In this section, we take the results from photodetector performance simulations in
FDTD and DEVICE and import them to INTERCONNECT to realize a compact model
for the photodetector. The performance metrics that we have found during the simulations

for our base photodetector design is shown as a summary in Table 10.

Table 10: Summary of performance metrics of the base photodetector design.

Responsivity Bandwidth Dark Current Bias Voltage
0.444 A/'W 25.1 GHz 29 nA -1V
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The two blocks inside the dashed red square in Figure 53 represent our photodetector.
Photodetector performance metrics are imported in these blocks. For the bandwidth
characteristics of photodetector, a low-pass filter is used, and the cut-off frequency of the
filter is set as 25.1 GHz 3dB bandwidth of the photodetector. The thermal noise and shot
noise properties of the photodetector are also enabled. The other blocks used in the model
are required to show photodetector performance by an eye diagram. There are ImW
power continuous-wave laser operating at 1550 nm, an amplitude modulator, pseudo
random bit sequence generator and non-return to zero pulse generator that used for
random signal generation at 10 Gb/s rate. The electrical output of the detector is connected

to eye diagram to show its performance in a standard metric.
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Y
. N Le
Sz Tat g
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I
Figure 53: Photodetector compact model in INTERCONNECT software. CWL_1
shows the CW laser, PRBS_1 shows the random bit sequence at 10 Gbps, NRZ_1
shows the digital pulse profile used for driving the ideal modulator (AM_1). Green and
blue lines indicate electrical and optical connections, respectively. PIN_1 is our
photodetector device under test. LPF_1 is a low pass filter that is required to simulate

the bandwidth of our photodetector.

Eye diagrams shown in Figure 54-56 are the time-dependent photocurrent outputs
from our photodetector which is subject to a random digital bit stream generated by on/off
keying. These plots quantify the rise and fall times of the photodetector. The opening
between high and low signals indicates the signal-to-noise ratio for the given bit rate. Eye

diagrams are commonly used for quantifying the bandwidth of photodiodes.
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Figure 54: The eye diagram of the base photodetector design at 10 Gbps.
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Figure 55: The eye diagram of the base photodetector design at 25 Gbps.
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Figure 56:The eye diagram of the base photodetector design at 100 Gbps.

As the bit rate increases, the “eyes” in the diagrams get closed. This metric shows
the performance of the detector in different applications with different bit rate

requirements.

3.7  Effect of Different Geometries on Photodetector Characteristics
3.7.1 Photodetector Length Sweep

The base design for the photodetector can be enhanced by changing the length, width,
and thickness of the active region of the device. For the design optimization, we start by
increasing the total absorbed power, as the fundamental functionality of a photodetector
is how efficiently it converts light into current. In the detector geometry section 2.1.3,
increasing the length of the active region of the detector has been shown to increase the
total absorbed power and therefore the responsivity.

In this section, we sweep the length of our base photodetector design having 1um Ge
thickness and 4um width. Figure 57 shows the simulation results for responsivity values
of photodetectors ranging from 10um to 100pum long. It is already shown that at 1550 nm

wavelength, given an internal quantum efficiency of 1, the maximum responsivity value
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can be 1.25 A/W at most. Figure 57 shows that designing photodetectors longer than
40um absorbs most of the light and has responsivity values higher than 1 A/W.
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Figure 57: Responsivity for different lengths (10 — 100 pum with 10 um increments).

However, increasing the length of the detector has some drawbacks. The first
disadvantage is that the dark current increases proportionally with the length as shown in
Figure 58. It rises from 29nA to 290nA as the length is increased from 10pum to 100um
at 1V reverse bias. The second disadvantage of increasing the length is that the RC-limited

bandwidth decreases due to increased capacitance with length.
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Figure 58: Dark Current values for different lengths (10 — 100 pm with 10 um
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Figure 59: Detector RC characteristics with respect to the length.
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Figure 59 shows that as length increases, while capacitance increases proportionally,
the total series resistance decreases. The overall RC delay may not be affected
significantly as one term increases and the other decreases. However, if we add the load
resistance, Rj,qq4, Which is usually 50Q for impedance matching, the RC-limited
bandwidth decreases with photodetector length as in Figure 60. Since, the detector is
transit time limited the overall effect on bandwidth is small as 3dB bandwidth decreased
to 22 GHz for 100pum long detector. However, for designs with ultra-short transit delays,
the RC delay effect would be more significant and could dominate the overall detector

bandwidth.
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Figure 60: RC-limited bandwidth with respect to detector length.

3.7.2 Photodetector Thickness Sweep

Since the photodetector thickness has been the limiting factor for the bandwidth in
the previous section, we now optimize the bandwidth by doing a thickness sweep for the

photodetector design ranging from 100 nm to 500 nm. In order to systematically analyze
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the effect of thickness, we fix the length of the photodetector as 50pum long and the width
of the Ge region as 2.5um wide.

The first figure of merit to examine is dark current. Due to the volume-dependent
bulk generation component of the dark current, as the thickness of germanium region is
increased, the dark current also increases proportionally as shown in Figure 61Figure 61.
The dark current ranges from 6.6 nA to 66 nA at 1V reverse bias for 100 nm and 500 nm

Ge thicknesses, respectively.
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Figure 61: Dark Current for different Ge thicknesses (100 — 500 nm with 50 nm

increments).

Second, we examine the change of responsivity of the detector with respect to Ge
thickness. Figure 62Figure 62 shows the simulation results at 1V reverse bias. The
important thing to notice is the responsivity shows peak-valley behavior similar to the

work of Piels et al. [20]. At 200 nm and 400 nm germanium thickness, the responsivity
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values are low. This stems from the fact that the absorption profile is determined by the
confinement factor of the higher-order mode in the absorbing region as well as the overlap
between it and the input mode, both of which are functions of the thickness of the

absorbing region [20].

0.95

0.9

0.85

0.8

Responsivity (AWY)

0.75

0.7

0.65 i i i i i | |
100 150 200 250 300 350 400 450 500

Ge Thickness(nm)

Figure 62: Responsivity for different Ge thickness values.

The next figure of merit is bandwidth. The thickness affects both the depletion region
width, which is directly related to transit time, and the junction capacitance. As the
thickness of germanium region increases, the depletion region also increases, therefore
the transit time for carriers to reach the contacts also increases. This phenomenon can also
be seen in Figure 63, where transit time dependent bandwidth (f7,.4,sit) Value decays with
red curve as thickness of Ge region increases. On the other hand, from the fundamental
definition of the capacitance, as the distance between the parallel plates gets bigger, the
capacitance gets smaller. Therefore, RC delay decreases, and RC delay dependent
bandwidth (fgc) increases as represented in the blue curve in Figure 63. The point, where
the two curves are intersecting each other, is the optimal Ge thickness for the maximum
achievable bandwidth given the length and width of the detector. The Ge thickness for

the maximum bandwidth point is 418 nm. On the other hand, there is an absorption
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reduction close to 400 nm, resulting in a lower responsivity value compared to
neighboring points. Therefore, for an application where both the responsivity and
bandwidth are important, a photodetector design with 450 nm Ge thickness can be a better

option as shown in Table 11.
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Figure 63: Bandwidth for different Ge thickness values.

Table 11: Responsivity-Bandwidth Product for 400 nm, 450 nm, and 500 nm designs.
Ge Thickness  Responsivity (A/W)  Bandwidth (GHz) R X B (i G HZ)
w

400 nm ‘ 0.937 44.49 41.69
450 nm ‘ 0.959 44.66 42.83

500 nm ‘ 0.981 432 42.38

3.7.3 Photodetector Width Sweep

In this section of the study, we examine the performance metrics of the photodetector

with respect to change in the width of germanium region. In doing so, we keep the length



Vertical PIN Photodetector Design 99

and the thickness of the detector fixed at 50um and 400 nm, respectively. Then, we sweep
the width of the germanium from 2pm to 6.5pum with 0.5um steps to investigate the effect
on responsivity, dark current and bandwidth of the detector.

The optical responsivity of the photodetector is relatively insensitive to germanium
width as shown in Table 12. However, the dark current increases with the germanium
width. Since, the transit bandwidth is related to thickness of the germanium, rather than
the width, the RC delay, which increases with the germanium width, will be the limiting

factor in device bandwidth.

Table 12: Responsivity and dark current vs germanium width. (Germanium length and

thickness are fixed 5S0pum and 400 nm, respectively.)

Ge Width (um) Responsivity (A/W) Dark Current (nA)
2 0.9221 46.2
2.5 0.9368 49.46
3 0.9322 52.07
3.5 0.9352 53.69
4 0.9351 57.15
4.5 0.9458 59.28
5 0.9361 61.38
55 0.9404 64.41
6 0.9388 67.2
6.5 0.9369 69.28

The simulation results for capacitance and resistance values are given in Table 13
with respect to change in the germanium region width. Similar to length sweep,
capacitance linearly increases with the germanium region width as the junction area
increases. In contrast to length sweep, resistance also increases as the germanium width
is increased. However, considering a 50Q2 load resistor, R; 44, 1n a real scenario, its effect

becomes negligible.
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Table 13: RC-limited Bandwidth vs germanium width (50Q2 load resistance is included in

bandwidth calculation).

Ge Width Capacitance Resistance RC-limited 3dB Bandwidth

(nm) (fF) Q) Bandwidth (GHz) (GHz)
2 41 3.10 73.11 50.18
2.5 50.5 3.13 59.32 44.98
3 61 4.05 48.27 39.55
3.5 71 4.27 41.30 35.44
4 81 4.39 36.13 32.01
4.5 90.5 4.67 32.17 29.15
5 100 5.06 28.90 26.66
5.5 111.25 5.12 25.95 24.29
6 121.3 5.65 23.58 22.31
6.5 130.5 5.78 21.86 20.84

When we further decrease the germanium width, two effects occur. First, the
fundamental mode will not be confined within the germanium and the responsivity will
decrease as the modes overlap. Second, since the metal contacts should also shrink with
the size of the detector, contact resistances begin to increase RC delays and counteract

the increases in bandwidth [39].

3.8  Design Guidelines for Waveguide-Integrated Ge Photodetectors

There are three figures of merit for photodetectors consisting of responsivity, dark
current and bandwidth. These metrics are optimized according to the geometry of active
region of the photodetector. Since there is not a single guideline for optimizing all these
metrics at once, optimizing each performance metric is summarized as a design guideline
in this chapter. Table 14 summarizes the design considerations for each performance

metric.
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Table 14: Design considerations for each performance metric.
Length Thickness Width Bias Voltage
Increased PD  Peak-valley behavior ~ Does not Applying higher
High- length occurs. affect at all. reverse bias
Responsivity increases the increases the
PD photodetector photodetector
responsivity. responsivity.
Increased PD Increased Ge Increased Ge  Applying higher
length thickness decreases width reverse bias
increases RC  transit time-limited decreases RC- increases the
) delay which ~ bandwidth whereas limited photodetector
Balij:lé:z;lth decreases higher thickness bandwidth. 3dB bandwidth.
RC-limited increases RC-limited
D bandwidth. bandwidth. Thus,
there is an optimal
point for 3dB
bandwidth.
Increased PD  Increased Ge Increased Ge  Applying higher
Low-Dark length thickness increases the width reverse bias
Current PD increases the dark current. increases the  increases the

dark current.

dark current.

dark current.

According to the results in Table 14, for applications where high SNR (high

responsivity and low dark current) is required and bandwidth is not a priority such as

sensing applications, designing longer photodetectors with an optimal Ge thickness and

narrow Ge width is reasonable. In order to suppress the effect of dark current,

photovoltaic operation (unbiased) of photodetector is crucial.

On the other hand, for applications where the bandwidth is a priority and sufficient

SNR is required such as telecom applications, designing shorter and narrower detectors

is required in terms of length and width, respectively. For the optimal 3dB bandwidth Ge

thickness should be carefully designed. In order to increase SNR, designing narrower Ge

width is also crucial. Applying higher reverse bias may increase the overall performance

of the photodetector, however increasing the bias further may result in high dark current
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levels which may limit the SNR. Also, higher voltage levels in any device decreases the
reliable performance lifetime of the device and for CMOS compatibility and low power
consumption, reverse bias voltage level should not exceed 3V. Finally, as a geometrical
result, the footprint of the designed devices is also important. Smaller footprint devices

are preferable due to low production cost per device and high yield.
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Chapter 4:
APPLICATION SPECIFIC PHOTODETECTOR DESIGNS

In this chapter, two photodetector designs are developed specifically to meet the
requirements of OTDR and telecom applications. The requirements of the photodetectors
are analyzed from a systems engineer perspective and are given in chapter 2.3. As a result,
the required performance metrics are also summarized in Table 15 for each application.
Based on the change in performance metrics with varying the geometry of the detector as
discussed in chapter 3.7, two optimized device models will be presented throughout this

chapter.

Table 15: Summary of performance requirements of photodetectors for each application.

Application Responsivity Bandwidth Dark Current Bias Voltage
OTDR >1A/W > 10KHz <10nA <oV
Telecom > 0.6 A/W > 35GHz < 100 nA > =2V

4.1 OTDR Application

Designing a photodetector for OTDR application requires the device to have high
responsivity (> 1 A/W) and low dark current (< 10 nA). Since the bandwidth of the
device is not a strict limiting factor, in order to increase the responsivity, increasing the
germanium length and thickness would be effective. However, increasing these terms,
also linearly increases the dark current. Due to the fact that in our photodetector geometry,
which is bottom waveguide coupled, the light is evanescently coupled from silicon
waveguide to germanium absorbing region. As the direction of incident light is parallel
to length of the device, light absorption is dominantly dependent on the length of the
device as demonstrated in the simulations in chapter 3. Therefore, increasing mainly the
length of the device is more effective in terms of responsivity per dark current, rather than
the thickness.

On the other hand, as we show the results of responsivity simulations in chapter 3
that germanium p-i-n photodetectors have high responsivities at OV bias. This is important
that at O V bias technically there is zero dark current and photodetector noise will be

dominated mainly by the Johnson noise. Therefore, we prefer a photodetector design
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having a length longer than our baseline design. The length of the detector both increases
the responsivity and decreases the series resistance of the detector. From the results
presented in chapter 3.7.1, we choose the longest length for the highest responsivity
purpose. Moreover, as the responsivity is the main factor to optimize, we choose the 500
nm thickness as this point is not close to valley as illustrated peak-valley behavior in
Figure 62Figure 62. The width of the detector is chosen according to responsivity per
series resistance ratio, where 2.5 um germanium width has the highest score. As a result,
the photodetector geometry is determined as having a 100 pm long, 500 nm thick and 2.5
pm wide germanium active region.

The simulation results for given geometry is shown in Table 16.

Table 16: OTDR photodetector performance metrics.

Performance Metric Value
Responsivity 1.17 A/W @ OV
Resistance 1.613 0
Capacitance 105 fF
Johnson Noise 56.6 nA
NEP 48.38 nW (—43.15 dBm)
3dB Bandwidth 25.73 GHz
Dynamic Range 57.66 dB
Footprint 100um x 2.5um x 500nm

As it is mentioned in chapter 2.3.1 that the most important metric for an OTDR
photodetector is its dynamic range. In order to calculate the dynamic range, we will first
calculate the noise floor for our OTDR photodetector in photovoltaic mode. In
photovoltaic mode, at 0 V bias, only the Johnson noise term is dominant as discussed in
chapter 2.2. If we calculate the Johnson noise results from 51.613 (2 series resistance with

load operating at 300°K at 1kHz:

= 56.6 nA

jn

4 x1.38 x 10723 x 300 x 1000
51.613
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Therefore, NEP for our OTDR detector will be:

56.6 n4

P, = 22 _ 4838 W = —43.15dB
O = T17A/W " "

The upper limit of the dynamic range is determined by the saturation photocurrent
which is an experimental value to find. However, the maximum optical input power
capacity of an input waveguide is 20 mW . Thus, multiplying the maximum optical input
power by responsivity (1.17A/W) yields Ip_g, = 1.17(A/W) X 20mW = 23.4mA.

Hence, the upper limit can be found as:
P, = (23.4x1073)2 x 51.613 = 28.26 mW = 14.51 dBm
Therefore, the overall dynamic range is:
P, — Py =14.51dBm — (—43.15 dBm) = 57.66 dB
which is sufficient for long-haul operation requirements of OTDR systems.

Table 17: Comparison of imec photodetector with our OTDR photodetector [143].

Performance imec
This Study
Metric (TE_SVPINDFCWT_2K_13700_900)
Responsivity 1.17 A/W @ OV 1A/W @ —1V
Dark Current 0A 14 nA
Bandwidth 25.73 GHz 20 GHz
Footprint 100um X 2.5um* 75um X 12um**

* Area of the active region of the photodetector. (Does not include contact pad area.)
**Actual dimensions of active region of the detector are not available in the datasheet.

These numbers are approximated according to PDKs given for layout files (.gds).

Table 17 compares imec photodetector (TE_SVPINDFCWT_2K_13700_900) with
our photodetector in terms of responsivity, dark current, bandwidth, and footprint.

According to available data in the library handbook, among three different designs, this
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photodetector is chosen for comparison, because it has the highest responsivity to dark
current ratio (highest SNR). It is important to notice that the figures of merits of imec
photodetector are given under -1V reverse bias. In case of usage at OV bias, these values
may be lower than the presented ones. From these results, it is evident that our
photodetector design has superior performance for these figures of merit and its usage for
sensing applications (OTDR) would give better results.

The traditional optical time-domain reflectometers are expensive and large in size.
The advancement of silicon photonics allows for the creation of small, low-cost optical
devices that are compatible with the CMOS fabrication processes. In highly populated
fiber interconnects such as backplane distribution harnesses and rack-to-rack links,
commercially available OTDR test equipment requires a connector opening, which may
not be feasible. Transceiver-integrated monitoring would improve overall network
reliability while lowering fiber optic network installation and maintenance expenses.

Typical power levels to be measured by an OTDR varies for different networks. For
telecom transmitters, the optical power levels are in between 1 to 10 milliwatts (0 to 10
dBm) and for receivers, typical optical power level is 1 microwatt (-30 dBm). For DWDM
systems with fiber amplifiers, transmitter side has optical power levels at 10 to 100
milliwatts (10 to 20 dBm), whereas the optical power levels at receiver side are ranging
from 1 to 10 microwatts (-20 to -30 dBm). For data links and LANSs, transmitter side has
optical power levels at 1 to 10 milliwatts (0 to 10 dBm) for VCSEL and 25 to 100
microwatts (-10 to -16 dBm) for LED. For the receiver side, optical power levels vary

from 1 to 25 microwatts (-16 to 30 dBm) [144].

4.2  Telecom Application

Designing a photodetector for telecom application requires ultra-high bandwidths
with sufficient sensitivity levels. In chapter 2.3, when we analyze the requirements of
400G-BASE-DR4 ethernet standard, we defined the performance metrics of
photodetector to have a bandwidth higher than 35 GHz, responsivity higher than 0.6 A/W
and dark current to be lower than 100 nA. Moreover, all these metrics should be satisfied

under less than or equal to 2V reverse bias.
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Since the bandwidth of the device is the main performance metric, for the geometric
optimization of the device we first consider the bandwidth related parameters such as
germanium thickness, total resistance, and total capacitance of the device. As it is
discussed in chapter 3.7, in order to increase the bandwidth of the detector, germanium
thickness should be small enough, so as not to limit the bandwidth due to carrier
transitions. Also, as the device capacitance is mainly related with the depletion region,
decreasing the germanium thickness may result in increasing the capacitance, thus, the
bandwidth may be limited by the RC delay of the device. Moreover, the length and width
of the germanium region should be sufficiently small to keep the capacitance at low
levels. The series resistance of the device decreases with the device length, whereas this
resistance increases with the device width. As a result, in contrast to OTDR detector,
telecom detector will have a smaller footprint.

Moreover, in terms of responsivity, it is important to mention that the absorption
spectrum of 10 um long germanium p-i-n photodiode is shown in Figure 64Figure 64.
For the telecom application, according to 400G-BASE-DR4 standard, 1310 nm center
wavelength is used. As seen in Figure 64, for 1310 nm spectrum absorption of the
photodetector is much better than that of at 1550 nm. Therefore, designing a shorter

photodetector is feasible.
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Figure 64: Absorption profile vs wavelength.
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For low BER communications, the dark current level of the detector is as important
as responsivity. Therefore, a photodetector design with 2 um wide germanium region is
chosen which also further enhances the bandwidth of the device due to small capacitance
level. Since the bandwidth is the main motive, detector with 300 nm germanium
thickness is chosen. The theoretical transit time limited bandwidth at this thickness is
89 GHz. Therefore, the RC bandwidth higher than this value is preferred in order not to
limit the bandwidth with RC delay.

Three different designs with 10 um, 20 um, and 30 um length germanium region is
created. The performance metrics of these designs at 2V reverse bias are given in Table

18.

Table 18: Comparison of candidate designs.

Length Dark Current (nA) Responsivity (A/W) Bandwidth (GHz)
10um 8.67 0.972 84.26
20pum 17.3 0.979 76.02
30um 26.02 0.981 66.94

As a result, for the telecom application the best suited design is the shortest design
with 10 um long germanium region, because it has the lowest dark current and the highest
bandwidth. The noise analysis of the device can be done as follows. The Johnson noise

at 300°K and at 84.26 GHz is equal to:

- = 425 uA

3 \/4 X 1.38 x 10723 x 300 x 84.26 x 10°
B 77

The shot noise is calculated as,

I;p = /2% 1.602 x 10-19 X 8.67 X 10~° X 84.26 x 10° = 15.3 nd

Therefore, the total noise is dominated by Johnson (thermal) noise:
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Iy = /Isnz + Ijy? = 4254

However, there is also TIA noise besides the noise originating from the

photodetector. The TIA driven noise can be approximated as 15 pA/vHz [141] which is
equal to 4.35 pA at 84.26 GHz operation. Then, the resulting NEP can be calculated as,

NEp = m (435 TADIMA o or W — 205348
TR T 09724/w  oovHV = Tmelesdasm

which is far below the minimum required receiver sensitivity (-9.25 dBm).

Adapting the photodetectors into optical PAM4 transceiver circuit in Lumerical
Interconnect, the overall circuitry becomes as in Figure 65Figure 65. This circuit is
composed of two pseudo-random bit stream (PRBS) block, 2 non-return-to-zero (NRZ)
pulse generator, 1 continuous-wave laser, 3 fork, 2 electrical NOT gate, 1 optical phase
shifter, 2 waveguide coupler, 4 optical modulator, eye diagram analyzer, vector signal
analyzer (VSA), low pass filter, transimpedance amplifier (TIA) and 2 PIN
photodetectors.

In the signal generation phase, NRZ pulse generators creates the electrical signal, and
the fork splitter duplicates these signals to drive the modulators. There are two cascaded
phase modulators in each branch results in 4-level modulated optical signal. The
modulated optical output signal is detected by two PIN photodetectors. The upper branch
is used as a reference for the eye diagram whereas the lower branch is degraded by a low
pass filter to simulate the bandwidth of the photodetector. There are four different levels
of modulated signal around 0.001a.u., 0.000824a.u., 0.00065a.u. and 0.00049a.u. Using
1kQ TIA modulated signals are amplified by 1000.

The eye diagram for 100 Gbps (50 GBaud/s) and 150 Gbps (75 GBaud/s) bitrates are
shown as in Figure 66-67. It can be seen that at 100 Gbps the eyes are wide open, and the
Q-factor value given by VNA is 6.68 (SER =11.64 x 1071) and 7.75 (SER =
4.73 x 1071%) for 50 GBaud/s and 75 GBaud/s, respectively.
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Table 19: Comparison of imec photodetector with our telecom photodetector [143].

Performance imec
This Study
Metric (TE_SVPINCFCWT_1K_15400_600)
Responsivity 0972A/W @ — 2V 0.6 A/W@ —2V
Dark Current 8.67 nA 140 nA
Bandwidth 84.26 GHz 50 GHz
Footprint 10um X 2um* 76um X 12um**

* Area of the active region of the photodetector. (Does not include contact pad area.)
** Actual dimensions of active region of the detector are not available in the datasheet.

These numbers are approximated according to PDKs given for layout files (.gds).

Table 19 compares imec photodetector (TE_SVPINCFCWT_1K_15400_600) with
our photodetector in terms of responsivity, dark current, bandwidth, and footprint.
According to available data in the library handbook, among three different designs, this
photodetector is chosen for comparison, because it has the highest bandwidth (50 GHz).
From these results, it is evident that our photodetector design has superior performance

for these figures of merits and its usage for telecom applications would yield better results.
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4.3  Other Design Considerations in Waveguide-Integrated Photodetectors

Apart from this study, there are several other design considerations in waveguide-
integrated photodetectors to further optimize the performance metrics such as bandwidth,
responsivity and dark current. There is no all-in-one photodetector in terms of figures of
merit such as higher than 100 GHz bandwidth, higher than 5 AW ™! responsivity and
lower than 1 nA dark current with a sub-micron footprint. However, in order to maximize
some of these metrics, there are different methodologies in the literature that are studied
by researchers.

Using different materials for photodetection such as GalnAs, InP, graphene, or multi-
layer combinations of these materials can increase the bandwidth beyond 100 GHz [145-
147]. Designing lateral geometry or more compact photodetectors can decrease the carrier
transit time and transit-time limited bandwidth can be enhanced [88, 148] or carrier
velocity can be increased by using a uni-traveling carrier structure [146]. Another method
to increase transit-time limited bandwidth is to utilize resonant-cavity-enhanced
photodetectors where a thin photo-absorption layer is sandwiched between two reflectors
[147]. Moreover, exploiting the plasmonic effects [9, 149, 150] or inductive gain peaking
[62, 79, 151] can also increase the bandwidth.

To obtain responsivity values higher than 5 AW ™!, the fundamental solution
proposed by the researchers is utilizing avalanche photodetectors due to their internal
carrier multiplication mechanism [25, 152, 153]. Besides this, changing the position of
metallic contacts on top of photo-absorbing layer (i.e., utilizing two off-centered contacts)
[79], or exploiting distributed Bragg reflectors (DBR) [78], or adding photonic bandgaps
and photonic crystals on Si substrate [90] are several solutions to improve responsivity
performance of waveguide-integrated photodetectors.

Achieving sub-micron footprint and less than 1 nA dark current levels are related
metrics due to volume-dependent bulk generation characteristics of dark current.
Therefore, any methodology enabling more compact design is useful in this sense.
Optimized DBR location on waveguides [78], butt-coupling [154], and dual injection
photodetectors [155] are several techniques to obtain smaller devices. Furthermore,
advanced metallization techniques [156] and material and fabrication qualities [157, 158]

can also decrease dark current levels.
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Chapter 5:
CONCLUSIONS AND FUTURE WORK

5.1 Summary and Conclusions

Technological developments and increasing data traffic compelled the
development of silicon photonics technology. Photodetectors have been one of the most
important components of silicon photonics that played a significant role achieving
increased data rates in communications. Photodetectors can achieve high responsivity
[72, 75, 79, 83], ultra-wide bandwidth [62, 76, 77, 83, 88], small footprint and CMOS
integration [84, 87, 89], ultra-low dark current [74, 77, 78, 81]. Photodetectors with
different performance metrics need to be developed for different applications such as
sensing, imaging, holographic data storage, free-space optics [159-161].

Waveguide-integrated germanium photodetectors suitable for CMOS fabrication
technology are the most widely studied group in the literature [72, 74, 85]. State-of-the-
art photodetectors with different geometries with different coupling techniques have been
investigated [31, 73, 83, 115, 162]. Photodetectors with vertical p-i-n junction, bottom-
coupled design have been the focus of this research due to their successful reproducibility
and scalability in production [93]. Changes in geometric measurements of photodetectors
of this type directly affect performance metrics such as responsivity, bandwidth and dark
current. In this study, photodetectors with different geometries have been designed for
different applications.

In this study, the semiconductor physics of photodetectors in vertical p-i-n
orientation was investigated in detail. The effects of length, width, and height changes in
photodetector geometry on photodetector performance metrics such as bandwidth,
responsivity and dark current have been investigated with simulations. With the
experience gained from the simulations, this thesis aims to realize different photodetector
designs suitable for different application requirements.

Due to their differences in application requirements, two different types of
photodetector designs have been developed. The photodetector developed for sensing
(OTDR) application has been developed to have a wide dynamic range with high
responsivity and low dark current so that it can be used at long-haul operations. For this

reason, it has ultra-high responsivity (1.17 A/W) and relatively low bandwidth
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(25.73 GHz). In order to eliminate shot noise, OTDR photodetector is unbiased so that it
has minimal dark current. In these circumstances, it has only 48.38 nlW noise equivalent
power (NEP) due to Johnson noise. It has ultra-wide dynamic range (57.66 dB) which is
more than the long-haul operation optical loss budget limit. The physical dimensions of
the OTDR photodetector that is determined by the germanium region are 100 um X
500nmm X 2.5um (LXT X W).

The second photodetector developed in this study is based on the requirements of
the 400G-BASE-DR4 ethernet standard. As it is developed for telecom application, this
photodetector is designed to have ultra-high bandwidth (84.26 GHz), sufficiently high
responsivity (0.972 A/W) and low noise so that the minimum receiver sensitivity
(—=20.53dBm) is maintained lower than the 400G-BASE-DR4 requirements
(—9.25 dBm). The physical dimensions of the telecom photodetector that is determined

by the germanium region are 10 um X 300 nm X 2 um (L X T X W).

5.2  Future Work and Outlook

While waveguide-integrated photodetectors on silicon photonic platform have been
developed towards commercial applications, there are many different potentially
disruptive directions for extreme figures of merit, new applications or new photodetection
physics.

(1) Hybrid integration of 2D materials with Si, Ge:

Graphene, 2D transition metal dichalcogenides, and 2D layers could allow for non-
volatile, ultra-wide band detection in mid, far IR or extreme UV [163, 164]. They can
also allow for active tuning of bandgap, hence the wavelength of interest can be actively
tuned.

(2) Packaging solutions for high-density integration of photodetectors:

One of the major bottlenecks in photonic integrated circuits and detectors is the
expensive, partly manual, and large footprint packaging solutions [165, 166]. Since
thermal management as well as electronic wire bonding, fiber optical epoxy binding, and
mechanical and EMC/EMI shielding must be achieved, some of the most complex
packaging methods must be combined. Otherwise, the advantages of silicon integrated

photonics might not be fully utilized.
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(3) Advanced geometries, doping profiles, and detector bias conditions for inter-sub
band photodetection, quantum-confined or plasmonic focusing for spectral
selectivity could extend the applications beyond near infrared [167-169].

(4) Advanced read-out electronics for single or arrays of integrated photodetector
could help reduce the total NEP and improve sensitivity.

(5) Advanced fabrication and patterning techniques for CMOS compatible
nanostructured detectors could enable applications in LIDAR, camera, and other

optoelectronic hyperspectral imaging systems [170-172].
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APPENDIX A: MODELLING TECHNIQUES

Running simulations is faster and less expensive than manufacturing prototypes
and then taking experimental measurements, especially if findings are needed for a variety
of designs. Before producing actual devices, simulations are an excellent tool to test and
optimize design characteristics. Simulations can also be used to validate results achieved
via experimentation. In this section, using Lumerical simulation tools for photodetector
modeling is introduced. The FDTD and CHARGE solvers in the DEVICE multi-physics
environment are required to simulate a photodetector. Testing the performance of a
photodetector after it has been designed is essential. The INTERCONNECT circuit

modeling tool is used to assess the device performance in an optical circuit.

FDTD Solver

FDTD stands for Finite-Difference Time Difference. For photonic device
simulations with wavelength scale characteristics, the time-domain technique is widely
used [8, 9, 19, 39]. FDTD is a time-domain approach for calculating the change of
electromagnetic fields on a rectangular finite difference grid by solving Maxwell's
equations [173-175]. Throughout the photodetector modelling part of this thesis, FDTD
solver is used for optical calculations such as optical generation rate.

The Maxwell’s equations are numerically solved in both space and time on a discrete
grid, and derivatives are obtained using finite differences [173]. The FDTD approach does
not make any system assumptions or approximations. Thus, simulating random structural
geometries and nonlinear materials is extremely adaptable and precise [176]. Since FDTD
method solves for all vector components of the electric and magnetic fields, it is a
completely vectoral simulation approach. Active and passive integrated optics, liquid
crystals, nanoparticles, plasmonics, OLEDs / LEDs, photonic crystals, solar cells, CMOS
image sensors, and many other applications uses FDTD to create devices [176].

FDTD solves Maxwell's equations for arbitrarily complex geometries where device
performance may remain unknown. In these circumstances, analytical approaches to
anticipate device behavior are insufficient [174]. The FDTD approach is particularly

useful for modeling devices with feature sizes that are less than or equal to wavelength
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[176]. Broadband results can be acquired from a single simulation due to the time domain
aspect of FDTD. Finally, because the FDTD technique scales well with parallelization, it
is ideally suited for application in current multi-core and multiprocessor computers, as
well as HPC clusters [176].

According to standard workflow in Lumerical FDTD, if the material data is not
already present in the default material database, the first step in setting up a new
simulation is to specify the materials that are used in the simulation. The structures and
FDTD simulation area are all defined after the specification of materials. The boundary
conditions, mesh, and simulation time are all defined in the simulation area. The light
sources and recording monitors are also required to be added for the simulation. Checks
should be conducted before conducting the simulation to ensure that the material
characteristics are appropriately simulated, and that the computer has enough memory to
perform the simulation. After the simulation is completed, the data from the monitors is
gathered, and the findings may be evaluated by graphing the data directly or using
additional scripts to post-process the data. All simulation processes in the design of a
device can be repeated several times as the device shape changes until the best suited
settings are identified. The simulation program provides a built-in parameter sweeping

and optimization tool to help to automate this procedure.

FDTD Solver Physics

The finite-difference time-domain (FDTD) approach is used to solve Maxwell's
equation in the time domain, as previously described. The equations are solved
numerically in both space and time on a discrete grid, which means that the electric and
magnetic fields, E and H, are discrete in both space and time. Maxwell’s Equations in a

differential form can be expressed as [173]:

Gauss’s Laws:
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Faraday’s Law: I 0B )
VX E= —— 2)
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If the fields are discretized in time and space the equation can be represented as in

follows where 1 and n are integers [176]:

Bot) = B ((l + %) s, (n + %)m) @)

The grid step in space is usually denoted Ax (or 4y, Az) and in time as At. For ease
of notation, instead of Ax and At, the spatial grid can be simply referred as i (or j, k) and
the time step as n. Furthermore, it is practical to use subscript and superscript notation for

the spatial position and time step where Ax and At are implied [176]:

- i 1 1 —>1’l'|'1
E (l + —) Ax, (n + —) At | =E } %)
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The electric fields are solved at time n + % while the magnetic fields are solved at

time n. The derivatives in both time and space are handled with finite differences and are
second order accurate when the grid is uniform. Below, the finite difference derivatives

on a uniform grid is given [176]:
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At the beginning of the simulation, the E and H fields are typically zero. From there,
E at time (n + %) is updated by the E at previous timestep plus a term proportional to
the curl of H at time step n. Once the updated E field at time (n + %) is obtained, then

H attime (n + 1) can be calculated. In this way, E and H fields are updated in order until

the simulation is stopped [174].

E"Z=E"2+—VxH"
&
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H™' = H" ——Vx E""2
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H°—> E2—> H'- E2 > H? > E2 > .

This leapfrog approach has the advantage of converging to second order accuracy in
time, which means that the error between the electromagnetic fields calculated by FDTD
and the correct solution scales with the time step squared [173]. Thus, if the time step is
halved, the simulation error rate is reduced to one fourth.

The components of the electric and magnetic fields are spread in space across a unit
cell known as the Yee cell as shown in Figure 68. Within the Yee cell, components of the
E and H fields are positioned at different locations. On a uniform mesh, this allows for
the computation of spatial derivatives using finite differences at the ideal spatial locations
and gives second-order precision in space [173]. It is also worth noting that the E and H
components are never known at the same geographic position, which might have
implications for a variety of calculations, including energy density. Monitors that record
these fields by default interpolate all field components to the corner of the Yee cell so that
the results may be seen and analyzed in the same spatial place. This interpolation,
however, may be turned off and is beneficial for advanced computations such estimating

the optical absorption in a metal at a metal/dielectric contact [176].
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Figure 68: Yee cell representation [176].
FDTD simulations are performed in either 3D or 2D. It is important that the

structure in the third dimension is limitless in 2D simulations [176]. 2D simulations can

be an approximation giving a rapid result in certain circumstances.

3D 2D: Structure is infinite in z direction

Figure 69: Example of 2D and 3D structures in FDTD simulations [176].

Simulating line gratings illuminated by plane waves, such as the one illustrated in
Figure 69 is a good example for 2D simulation. The permittivity and fields are the same
for all values of z in 2D FDTD simulations because the structure is infinite in the z
dimension. This permits Maxwell's equations to be separated into two distinct
polarization states: transverse electric (TE) with fields Ey, E,, and H,, and transverse
magnetic (TM) with fields E,, H,, and H,, [176].

It is also important that as the grid size grows, so does the memory and simulation

time. Assuming the spatial grid size is uniform and equal for Ax, Ay and Az, then the
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memory requirements for 3D simulations scale with (A/Ax)3 and (A/Ax)2 for 2D

simulations, where A is the wavelength [173]. For 3D and 2D simulations, however, the

simulation duration rises by (/’I/le)4 and (/’I/Ax)s, respectively [173]. This is due to the
fact that reducing the spatial grid size without reducing the time step (4t) is impossible.
As a result, there is a big penalty for using too small grid step. If the grid size is halved,
then the simulation time will increase by a factor of 16.

The ratio of wavelength to the grid size (1/4x), which can also be called as number
of grid points per wavelength, is a key factor determining the accuracy of the FDTD
simulation [173]. As a general rule, 6 points per wavelength is adequate for many FDTD
simulation results, such as transmission and reflection, to be correct with a 10 to 20
percent error rate [176]. Many results will be within 1 to 2 percent of the correct result
when points per wavelength are increased up to 10, and most simulations do not require
more than 20 points per wavelength. The FDTD tool from Lumerical has a basic mesh
accuracy parameter that establishes a minimum number of points per wavelength in all
simulation zones. It also adjusts automatically to the refractive index of different
materials, because materials with a higher refractive index require a smaller grid size to
keep the same precision level. The mesh accuracy ranges from 1 to 8, with targets of 6,
10, 14, 18, and so on up to 34 points per wavelength. The mesh accuracy option is set to
2 by default, which is suitable for most simulations. Increasing the mesh accuracy settings
value beyond 3 or 4 is seldom effective because something else is usually limiting the

simulation accuracy at that point [176].

CHARGE Solver

The charge solver is a physics-based electrical modeling tool that is used to
analyze photodetectors, modulators, and image sensors in steady-state, transient, and
small-signal modes. It solves the Poisson’s and drift-diffusion equations, which are used
to characterize the electrostatic potential and density of free charge carriers in
semiconductor devices [177]. Throughout the photodetector modelling part of this thesis,

CHARGE solver is used for electrical calculations in Lumerical DEVICE tool.
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CHARGE Solver Physics

Each carrier (electron or hole) in a semiconductor device moves under the influence
of two opposing processes: drift owing to the applied electric field and diffusion owing
to the carrier density gradient [108]. These processes are represented in the drift-diffusion

equations as the sum of two terms where J, and J,, are current densities due to electron
and hole, q is unit charge, u, and y, are electron and hole mobility, E corresponds to
electric field, n and p are electron and hole density, D,, and D,, are electron and hole

diffusivity, Vn and Vp are density gradients of electron and holes, respectively.

Jn = quanE + qD,,Vn
J» = quppE — qD,Vp

®)

The electric field must be known in order to solve the drift-diffusion equations. For
the same device, the Poisson's equation may be used to calculate the electric field [177].
Poisson’s equation can be written as in below where ¢ is dielectric permittivity, VV is

electrostatic potential and p is the net charge density.

—V-(eVV) =qp ©)

In a 2D or 3D mesh grid, the CHARGE solver discretizes and solves the drift-
diffusion and Poisson's equations [177]. Along the borders of materials with different
physical characteristics, the simulation region is separated into various domains.
Insulators, semiconductors, and conductors are the three types of materials employed in
the simulations. There is a model for each type of material that specifies the charge
transport behaviors of each material. Drift-diffusion equations are not solved in the
insulator-conductor areas, instead, these areas serve as boundary conditions for the

semiconductor domains.
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Figure 70: Finite-element mesh in the form of triangles or tetrahedra in 2D and 3D

simulations [177].

In 2D and 3D simulations, the charge solver uses a finite-element mesh in the shape
of triangles or tetrahedra, as illustrated in Figure 70. The physical quantities that are
approximated from the discrete formulation of those equations are determined using the
solution to the system of equations. At each mesh vertex, fundamental simulation
characteristics including geometry, material characteristics, temperature, and electrostatic
potential are determined [177]. The precise solution to the system of equations can be
better approximated with a finer mesh (with shorter edge lengths and smaller
components), but at a significant expense in simulation performance. The simulation time
and memory needs increase as the mesh features get smaller.

Similar to FDTD, the Lumerical DEVICE tool has an automated and user-defined
mesh refinement feature, which allows for accurate simulation results with minimal
computing effort. Automatic mesh refinement is a feature that employs a finer mesh to
resolve places more correctly when there is a quick change in attributes such as doping
and heat production [177]. Figure 70 shows an example of automated mesh refinement at

the edges where a rapid change in the value of a certain attribute is identified.
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INTERCONNECT

The Lumerical INTERCONNECT is a photonic integrated circuit design program
that allows for the time and frequency domain design, simulation, and analysis of
integrated circuits, silicon photonics components, and optical interconnects [178].

The INTERCONNECT's frequency domain solver is used to calculate the overall
frequency response of a circuit. This is accomplished by solving a sparse matrix which
simulates the circuit as a series of linked scattering matrices, each of which reflects the
frequency response of a single element. Circuit behavior is analyzed in terms of
amplitude, phase, group delay, and dispersion using advanced analysis and visualization
techniques [178].

The INTERCONNECT employs a data flow system simulator for time domain
simulations, which provides greater flexibility than typical discrete time or time-driven
simulators [179]. Each element's time domain waveform signals are calculated and
bidirectionally propagated by the dynamic data flow scheduler. As shown in Figure 71,
eye diagrams and figures of merit, such as the bit error rate, may be easily extracted using
the analytical tools. Bi-directional and multimode circuit topologies are supported by the
INTERCONNECT's frequency and time domain solvers. The optical components, such
as sources and analyzers, are all available in the element library. Electrical elements for

active component simulation are also included.
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Figure 71: Eye diagram example generated by INTERCONNECT.
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INTERCONNECT software is used to create, publish, and maintain compact model
libraries. Both component-level simulation results and experimental data may be used to
create compact models. Interoperability with Lumerical's optical, electrical, and thermal

computer-aided-design (CAD) tools like FDTD and DEVICE helps with this.

Circuit Simulation Workflow

In constructing a circuit in INTERCONNECT, the fundamental workflow starts with
adding schematic circuit components and specifying their attributes. For example,
inserting a waveguide element and configuring its characteristics such as the length,

effective index, group index, and dispersion to describe the waveguide.

Add circuit elements
Decide solver type

Add source, detector, analyzer
Connect elements
Run simulation and Analyze the results

Figure 72: Basic circuit design workflow in INTERCONNECT.

Waveguides, phase shifters, splitters, and other popular generic circuit elements are
added via the Element Library. The simulation procedure continues by choosing a solver
type. This might be a frequency domain solver to obtain the circuit's steady-state response
or a time domain solver to obtain the transient response. It is necessary to include the
appropriate sources, detectors, and analyzers for the type of simulation based on the type
of solver. For example, for a frequency domain simulation, using an optical network

analyzer, also called an ONA, is necessary to get the transmission spectrum from a circuit,
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whereas for a time-domain simulation, using an oscilloscope is required to measure the

output signal over time. An example circuit is shown in Figure 73.

Optical Network Analyzer

Properties:
analysis type = scattering data

opooo

_____________

Optical Mirrorl Straight Waveguide Optical Mirror2

N
— —_ —

l

[

|
s

port 2 port 1 port 2 port 2
Properties: Properties: Properties:
reflectivity = 0.5 length = 10e-006 (m) reflectivity = 0.5

Figure 73: An example optical circuit in INTERCONNECT [179].

The simulation is performed once all of the circuit elements, sources, analyzers, and
detectors have been included and the connections between them have been accurately
connected in the circuit diagram. After the simulation has finished running, it is moved
from layout mode to analysis mode, where analysis may be done by visualizing findings
from analyzers and detectors, exporting data, and utilizing the script to gather and post-
process data. Modifying the circuit design to maximize the circuit behavior is a frequent
method. To do that it is required switching to layout mode to make the desired changes

and running the simulation recurrently.
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APPENDIX B: LUMERICAL SCRIPTS

The scripts used in this thesis can be accessed via GitHub using the web link below.

https://github.com/firatyildiz22/Ge-Detectors



https://github.com/firatyildiz22/Ge-Detectors

