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Abstract

This thesis focuses on the design, characterization, and performance optimization of
GaAsSb/AlGaAsSb Separate Absorption Charge and Multiplication (SACM) avalanche photodiodes
(APDs) grown on InP substrates, targeting applications in the 1550 nm telecom wavelength range, as

well as short-wave infrared (SWIR) systems for LIDAR and free-space communication.

The absorption coefficients of GaAsSb and InGaAs p-i-n photodiodes were measured, showing strong
absorption near 1550 nm, with coefficients of approximately 8400 cm™ for GaAsSb and 8100 cm™ for
InGaAs. Both materials demonstrated low dark current and favourable photocurrent responses,

validating their suitability for photodetection in this wavelength range.

Impact ionization measurements revealed that GaAsSb has a lower electron ionization coefficient (o)
than InGaAs at fields below 210 kV/cm, which results in reduced multiplication but significantly lowers
noise. This makes GaAsSb ideal for low-noise applications. At higher fields, GaAsSb has smaller inter-
valley separations allow competitive electron ionization rates, making it suitable for high-field

applications such as long-range optical communication and LiDAR.

Electroabsorption effects in GaAsSb and InGaAs were studied, examining the Franz-Keldysh effect. A
theoretical model was developed to predict the electroabsorption behaviour in both materials, providing
practical insights for optimizing high-speed optical modulators and photodetectors under applied

electric fields.

GaAsSb/AlGaAsSb SACM APDs demonstrated excellent performance, achieving high multiplication
(M > 1200) and low excess noise (F <7 at M = 200) at room temperature. Compared to commercially
available InGaAs/InP devices, these APDs exhibited a 40-fold improvement in maximum achievable
multiplication and 6.5 times lower excess noise at M = 25. Photocurrent spectral measurements were
utilized to optimize the device design by providing accurate information on the electric field within the

absorber region.

II



In conclusion, GaAsSb/AlGaAsSb SACM APDs offer a compelling alternative to InGaAs-based
devices, delivering lower noise at moderate fields and strong multiplication performance at higher fields.
These characteristics make GaAsSb-based APDs highly suitable for telecommunications, LiDAR, and
other infrared sensing systems, where high sensitivity, low noise, and optimized field management are

crucial for performance.
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Chapter 1 Introduction

1.1 Overview

In the field of telecommunications, optical telecommunication systems stand out as transformative
technologies that have dramatically enhanced how information is transmitted over distances[1]. These
systems utilize light, primarily through fibre optic cables, to send signals with unparalleled efficiency
and speed. Originating in the 1970s with the groundbreaking work on low-loss optical fibres by Kao
and Hockham|2] and later demonstrated by Kapron et al.[3], this technology has allowed light to travel
great distances with minimal signal degradation. The evolution of optical communication systems has
been marked by continuous improvements in fibre manufacturing techniques, light sources, and
detection methods. These advancements have collectively contributed to increasing transmission

distances, data rates, and overall system reliability[4].

One of the critical aspects of optical telecommunication systems is their use of specific wavelength
ranges. Typically, these systems operate within the near-infrared part of the electromagnetic spectrum,
primarily between 1310 nm to 1650 nm[5]. This range is favoured because optical fibres exhibit
minimal loss at these wavelengths, as shown in Fig. 1.1. The most used windows are centred around
1310 nm, and 1550 nm, each providing different balances between attenuation and performance, and

chosen based on the specific requirements of the communication application.

The selection of these wavelength windows is not arbitrary but based on the fundamental properties of
silica glass, the primary material used in optical fibres[6]. At 1310 nm, the fibre exhibits zero dispersion,
which is beneficial for maintaining signal integrity over long distances. At the 1.31um window, optical
fibre transmission has low loss (approximately 0.6dB/km). This is further reduced to about 0.2dB/km

for the 1.55um window([7].

The development of erbium-doped fibre amplifiers (EDFAs) in the late 1980s further revolutionized

optical communications by allowing direct amplification of optical signals in the 1550 nm window



without the need for electronic regeneration[8]. This innovation dramatically increased the feasible
transmission distances and paved the way for wavelength-division multiplexing (WDM) systems, which

have greatly enhanced the capacity of optical networks.
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Fig. 1.1 Transmission loss in optic fibre.

In parallel with telecommunication, the choice of operating wavelengths is also crucial in LIDAR (Light
Detection and Ranging) systems, which are widely used for remote sensing and ranging applications
[9]. LiDAR technology has found extensive use in various fields, including autonomous vehicles,
forestry, archaeology, and atmospheric studies, due to its ability to provide accurate, high-resolution 3D
mapping of environments| 10]. While these systems operate across various wavelengths, including 905
nm and 1064 nm, there is a growing emphasis on 1550 nm due to its unique advantages in LiDAR

applications.

The 1550 nm wavelength offers a compelling combination of benefits for LIDAR systems. Perhaps
most critically, it provides enhanced eye safety. At this wavelength, the cornea absorbs most of the
energy before it reaches the more sensitive retina, allowing for the use of higher power levels without
compromising safety. This characteristic is particularly crucial for LIDAR systems operating in public
spaces, such as those used in autonomous vehicles[11]. Moreover, 1550 nm light experiences less

atmospheric attenuation compared to shorter wavelengths. This property enables longer-range



measurements, a significant advantage for applications like autonomous vehicles and aerial surveying
where extended range is paramount[12]. The reduced atmospheric interference also contributes to

improved performance in various weather conditions, enhancing the reliability of LIDAR systems.

Another advantage of the 1550 nm wavelength is its reduced susceptibility to solar interference. The
solar spectrum has less intensity at this wavelength compared to shorter wavelengths, which improves
the signal-to-noise ratio of LIDAR measurements in daylight conditions| 13]. This feature is particularly
beneficial for outdoor applications where ambient light can otherwise interfere with sensor performance.
Furthermore, the 1550 nm wavelength aligns with the third telecommunication window, allowing

LiDAR systems to leverage existing optical fibre technologies and components[1].

These advantages have led to increased adoption of 1550 nm LiDAR systems, which can detect objects
over 200 meters distance at a typical speed of 75mph[14]. Some advanced systems are pushing this
range even further, with experimental setups achieving ranges of several kilometres. However, the shift
towards 1550 nm LiDAR systems presents unique challenges in photodetection. Silicon-based detectors,
which are commonly used for shorter wavelengths, become ineffective at 1550 nm due to the smaller
bandgap of Silicon (1.12 eV). This necessitates the use of alternative materials for efficient

photodetection at this wavelength, which is where III-V semiconductor photodiodes come into play.

III-V semiconductors, composed of elements from groups III and V of the periodic table, offer several
advantages for 1550 nm detection. These materials can be engineered to have a bandgap that
corresponds to the energy of 1550 nm photons, enabling efficient absorption and detection[15]. Many
III-V materials also exhibit strong absorption at 1550 nm, allowing for the fabrication of thin, efficient
detectors[16]. The high carrier mobility often found in I1I-V semiconductors can lead to faster detector
response times, a crucial factor in high-speed LiDAR applications| 17]. Additionally, I1I-V materials can

be grown epitaxially on various substrates, facilitating integration with other optoelectronic components.

Among III-V semiconductors, Ings3Gaps7As (commonly referred to as InGaAs) has emerged as a
primary material for 1550 nm photodetection. InGaAs photodiodes offer high quantum efficiency, low

dark current, and fast response times at this wavelength, with commercially available devices by several
3



companies[ 18], [19]. However, research continues into other I1I-V materials and alloys, such as GaAsSb

and InGaAsSb[20], for their potential to further enhance detector performance.

In the pursuit of even higher sensitivity and faster response times, Separate Absorption, Charge, and
Multiplication (SACM) Avalanche Photodiodes (APDs) have gained significant attention for 1550 nm
detection. SACM APDs are particularly well-suited for LIDAR applications due to their ability to
provide internal gain, which can significantly improve the signal-to-noise ratio in weak signal
conditions[21]. The SACM structure typically consists of a wide-bandgap absorption layer, a charge
control layer, and a multiplication layer. This design allows for the optimization of each layer
independently, resulting in improved performance compared to traditional APD structures. The
separation of the absorption and multiplication regions helps to reduce tunnelling current and improve

the excess noise characteristics of the device.
1.2 Photodetection technologies

The phenomenon of light absorption in semiconductor materials is fundamentally tied to their electronic
band structure. In direct bandgap semiconductors, photons with energy equal to or exceeding the
bandgap energy can excite electrons directly from the valence band to the conduction band. This direct
transition mechanism facilitates efficient absorption and emission of light, making these materials
particularly valuable for photodetectors and light-emitting devices[17]. III-V compound
semiconductors such as InAlAs, InGaAs, and InP exemplify direct bandgap materials widely employed
in high-speed and highly sensitive photodetection systems. Their bandgap energies can be engineered
through composition tuning, enabling detection ranges from ultraviolet to infrared wavelengths[22].
For instance, InGaAs lattice-matched to InP is particularly suited for near-infrared detection around

1.55 pm, a crucial wavelength for optical communications[16].

While indirect bandgap semiconductors like Si and Ge can also absorb light, the process is less efficient

due to the requirement of phonon assistance for momentum conservation. Despite this limitation, these



materials find widespread use in photodetection, largely due to their mature production industry and

integration capabilities with existing electronic technologies.

Conduction
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Fig. 1.2 Absorption process in direct and indirect semiconductors.

The realm of photodetectors encompasses various device architectures, each offering unique attributes

suited for specific applications:

Photoconductors alter their electrical resistance in response to light. While typically slower in response
time, they excel in applications requiring high sensitivity over a wide spectral range[23].
Phototransistors, essentially light-sensitive transistors, amplify photon-generated currents, offering
enhanced sensitivity compared to simple photodiodes. Their utility is particularly evident in signalling
and switching applications. Photomultiplier Tubes (PMTs) are renowned for their extreme sensitivity
and low noise characteristics, capable of single-photon detection. This makes them invaluable in fields
such as medical imaging, fluorescence microscopy, and astrophysics[24]. Photodiodes generate current
when illuminated and are prized for their rapid response. Their widespread adoption spans consumer
electronics, optical communication, and remote-control technologies[21].Avalanche Photodiodes
(APDs) operate with internal gain via avalanche multiplication, finding use in applications demanding

high sensitivity and bandwidth, such as long-range fibre optic communication[21].



The performance of these photodetectors is typically assessed based on several key metrics:

1.Responsivity: Measures the electrical output per unit light input, typically expressed in A/W. It

indicates how effectively a photodetector converts light into electrical current.

2.Sensitivity: Refers to the minimum intensity of light the photodetector can effectively respond to,

crucial for low-light applications.

3.Speed: Indicates how fast a photodetector can respond to changes in light intensity. Critical in

applications requiring rapid detection, such as optical communication.

4.Noise: A key factor that can limit the performance of a photodetector, including thermal noise, shot

noise, excess noise and dark current, affecting the device's ability to detect low levels of light.

1.2.1 Photodiodes

In the context of optical communication, not all photodetectors are equally suitable. While
Photomultiplier Tubes (PMTs), pyroelectric photodetectors, and phototransistors offer unique
advantages, they generally do not meet the specific needs of optical communication systems. PMTs, for
example, are sensitive but too bulky and require high-voltage operation, which is impractical for
compact, modern systems[24]. Pyroelectric detectors, useful in detecting temperature changes from
infrared radiation, lack the speed and wavelength specificity required for transmitting optical data[25].
Phototransistors, while sensitive to light, also suffer from slower response times that can delay high-

speed data processing[17].

In contrast, photodiodes (PDs) and avalanche photodiodes (APDs) have found extensive application in
optical communications. Their popularity stems from a combination of compact size, high sensitivity,
fast response, and cost-effectiveness. P-i-n photodiodes are noteworthy for their high electrical response
and low noise characteristics, attributes that are crucial for maintaining signal integrity in high-speed
fibre optic communication systems. The structure of a p-i-n photodiode typically includes a thick

intrinsic layer sandwiched between p+ and n+ regions. This design is optimized for efficient conversion



of light into electrical signals. When reverse-biased, the intrinsic region becomes depleted of free charge

carriers, creating an environment conducive to rapid and efficient photodetection.

|||
Electric field

Absorption

Fig. 1.3 Electric field and absorption profile in a p-i-n structure.

In the intrinsic region of a p-i-n photodiode, the low doping concentration results in a nearly constant
electric field. This field configuration rapidly directs photogenerated electrons towards the n+ side and
holes towards the p+ side. The strength of this electric field is carefully calibrated to achieve a balance
between performance parameters. It must be sufficiently high to maintain saturated drift velocity for
rapid response, yet below the threshold that would trigger avalanche multiplication, which could

introduce excess noise and compromise signal reliability.

The quantum efficiency of a p-i-n photodiode is largely dependent on the thickness of its depletion
region. A thicker depletion region allows for the generation of more electron-hole pairs within the
electric field, thereby increasing quantum efficiency. However, this presents a design trade-off: while a
thicker depletion region enhances quantum efficiency, it also increases the transit time of charge carriers,
potentially limiting the speed of the device. This trade-off between quantum efficiency and speed is a

critical consideration in the design of photodiodes for high-speed optical communication systems. For



optimal high-speed operation, the depletion region should be as thin as possible while still maintaining

sufficient quantum efficiency to meet system requirements.

1.2.2 Avalanche Photodiodes

Avalanche photodiodes (APDs) represent a significant advancement in photodetector technology,
offering a unique combination of high sensitivity and internal signal amplification. These devices have
found widespread application in optical communication systems, particularly at high bit rates, where
their internal gain mechanism can substantially improve the signal-to-noise ratio (SNR) of optical

receivers in which amplifier noise is the dominant noise source[21].

The fundamental operating principle of APDs is based on the phenomenon of impact ionization. When
operated under high electric fields, carriers (electrons and holes) in APDs are accelerated as they drift
across the device. These energetic carriers can generate new electron-hole pairs upon collision with the
semiconductor lattice, a process known as avalanche multiplication. This mechanism provides APDs

with internal gain, significantly enhancing their ability to detect weak optical signals.

1w ;

Electric field

+] p- charge sheet

Fig. 1.4 schematics and electric field of a SACM APD.



A key design in APD technology is the Separate Absorption, Charge, and Multiplication (SACM)
structure. In SACM APDs, light is absorbed in a lightly doped absorption region, similar to conventional
photodiodes. The photo-generated carriers are then separated by the internal electric field and swept
towards their respective contacts. A critical feature of this design is the inclusion of a charge sheet
layer—a doped thin region that helps establish a high electric field in the multiplication area while
maintaining a low field in the absorption area. This strategic field distribution is essential for managing
the amplification process and enhancing detector efficiency. Additionally, the charge layer can be
designed to grade the bandgap discontinuities between the narrow bandgap absorption layer and the
wide bandgap multiplication layer, minimizing charge trapping that could otherwise degrade the APD's

speed performance.

The internal gain mechanism of APDs offers several advantages. Their enhanced sensitivity allows
APDs to detect very low light levels, making them ideal for long-distance communications where
signals weaken over distance. The ability to operate at high speeds makes APDs suitable for high-
bandwidth applications, meeting and often exceeding the requirements of advanced optical
communication systems. Furthermore, in many systems, especially those limited by amplifier noise, the

internal gain of APDs can significantly improve the overall signal-to-noise ratio.

These advantages have led to APDs increasingly displacing traditional optical amplification devices
such as photomultiplier tubes (PMTs) in applications requiring very high sensitivity down to single-
photon detection levels and high quantum efficiency (QE). Moreover, APDs are being developed into
focal plane arrays for various 2-D and 3-D imaging applications where conventional detector arrays
lack the required sensitivity[26]. Recent developments in semiconductor materials and structures have

expanded the operational range of APDs from UV to IR wavelengths.

However, APDs are not without challenges. A significant drawback is the introduction of excess
avalanche noise. This noise originates from the inherent randomness in the ionization probabilities of

carriers during the avalanche process, leading to fluctuations in the multiplication value. As the gain



increases, so does the avalanche noise, potentially degrading the signal quality. This makes it

challenging to operate APDs at very high gains due to the resultant high noise levels[27].

To mitigate this issue, careful material selection is crucial. One strategy is to use materials where one
type of carrier (either electrons or holes) predominantly contributes to the impact ionization events. This
approach reduces the randomness and associated noise in the avalanche process. The ongoing research
in this area focuses on developing materials and structures that can optimize the trade-off between high

sensitivity and low noise.
1.3 Competing materials for telecommunication detection

The evolution of optical communication has driven the development of various photodetector materials,
each with its own advantages and limitations. Initially, silicon (Si) photodiodes were prevalent due to
their technological maturity, cost-effectiveness, and high quantum efficiency exceeding 80% at
wavelengths around 800-900 nm[28]. These Si photodiodes were predominantly used within the first
optical window of early optical communication systems. However, Si has relatively large bandgap of
1.12 eV, corresponding to an absorption cutoff wavelength of approximately 1.1pum, limits its
effectiveness at longer wavelengths. Gallium Arsenide (GaAs) emerged as another cost-effective
material with a detection wavelength range similar to Si and the advantage of being grown on large
semi-insulating substrates. Despite these benefits, GaAs has similar absorption wavelength limit and its
incompatibility with CMOS technology have led to its less extensive use in optical communication

systems.

As optical communication evolved to exploit the 1300 and 1550 nm wavelengths, which offer lower
dispersion loss and attenuation, focus shifted towards photodetectors capable of operating effectively
at these longer wavelengths. Germanium (Ge) was one of the earliest materials used for photodiodes in
the 1.0 to 1.6 um wavelength range [29], [30]. While Ge initially aligned well with the low transmission
loss and dispersion characteristics of silica optical fibres, it has limitations. Germanium has a B/a ratio

of approximately 1.5 [31], resulting in higher excess noise compared to materials with a more balanced
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ionization coefficient. Moreover, its absorption drops significantly beyond 1.5um, especially when
cooled [32]. At room temperature, the absorption coefficient of germanium is less than 500 cm™! at 1550

nm, an order of magnitude lower than that of InGaAs, reducing its effectiveness as a photodetector.

InGaAs has become a pivotal material in photodetector technology. Grown on high-quality Indium
Phosphide (InP) substrates, InGaAs is a direct bandgap material that strongly absorbs light up to 1.7
um, making it the current photodiode of choice for advanced optical communication systems. Research
on InGaAs has led to commercial availability through companies like Perkin Elmer, Hamamatsu[33],
and Thorlabs[34]. However, being a narrow bandgap material, InGaAs is prone to high band-to-band
tunnelling currents when subjected to high electric fields, making it unsuitable for use in the

multiplication region of APDs.

To address these challenges, the Separate Absorption, Charge and Multiplication (SACM) structure was
developed, especially in the InP material system with InGaAs as the absorption material. InGaAs-based
SACM APDs have demonstrated excellent performance with various multiplication materials lattice-
matched to InP, including InP[33], InAlAs [34], and AlIGaAsSb[37]. These devices exhibit high gain-
bandwidth products, high speed, and low dark current. Notably, Xie et al. [37] developed an
InGaAs/AlgssGag.1sAsSb APD with a gain-bandwidth product of 424 GHz, the highest reported for InP-

compatible APDs, combining high GBP with low dark current and minimal excess noise.

Research on GaAsSb, while not as extensive as that on InGaAs, has also provided valuable insights.
Park and Jang[38] conducted initial work on GaAsSb using transmission measurements on a 1 pum
MOVPE-grown GaAsSb/InP heterostructure layer, indicating promising absorption characteristics

suitable for telecommunications applications.

For applications beyond traditional telecommunications, such as spectral imaging, remote sensing, and
free space communications, there's growing demand for APDs operating in the 1.5 to 3um range. This
specific wavelength range is crucial due to its ability to penetrate atmospheric particles like haze or
clouds, making it invaluable for several advanced applications including remote sensing, industrial

inspection, surveillance and security, and scientific research.
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In this domain, Mercury-Cadmium-Telluride (HgCdTe) APDs have shown exceptional performance.
HgCdTe APDs with bandgap (Eg) of ~0.55¢V show negligible hole-initiated ionization at room
temperature, yielding a very low excess noise factor of ~1.5[39], [40]. The HgCdTe offers a tuneable
bandgap by varying its Hg and Cd compositions to optimize operation at a given wavelength. However,
the HgCdTe technology faces challenges in fabrication complexity and cost, which can lead to issues
with uniformity across wafers and integration difficulties. Alternatively, Ge-on-Si photodiodes combine
silicon's electronic properties with germanium's superior optical absorption, achieving bandwidths up

to 21.5 GHz[41], making them highly promising for high-speed communications.

As optical communication technology continues to evolve, the development of new materials and
structures for photodetectors remains a critical area of research, driving innovations in sensitivity, speed,

and integration capabilities to meet the ever-increasing demands of modern communication systems.
1.4 Thesis description

This thesis is structured to present a comprehensive study on the design, characterization, and
optimization of GaAsSb/AlGaAsSb Separate Absorption Charge and Multiplication (SACM) avalanche
photodiodes (APDs) for high-performance optoelectronic applications. The chapters are organized to
guide the reader through the theoretical background, experimental techniques, and results, followed by

a discussion of the implications of the findings and potential areas for future research.

Chapter 1 introduces the overall research objectives and motivations. It provides an overview of the
importance of SACM APDs in modern optoelectronic systems, particularly in telecommunications and
infrared detection. The key challenges in developing efficient, low-noise photodetectors are outlined,

and the advantages of GaAsSb/AlGaAsSb materials in these applications are discussed.

Chapter 2 presents a review of the fundamental principles underlying the operation of avalanche
photodiodes, including diode theory, impact ionization, excess noise, and electroabsorption effects. It
also covers competing materials like InGaAs and GaAsSb and highlights the theoretical background

necessary to understand the experimental work.
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Chapter 3 describes the experimental procedures and theoretical models used to characterize the
GaAsSb/AlGaAsSb SACM APDs. It details the device fabrication process, measurement techniques for
absorption coefficients, impact ionization coefficients, and electroabsorption effects. The
methodologies for analysing device performance, including dark current, noise, and breakdown voltage,

are also covered.

Chapter 4 focuses on the measurement of absorption coefficients for GaAsSb and InGaAs p-i-n
photodiodes, with a focus on the 1550 nm telecom wavelength. Comparisons are made between the
absorption characteristics of both materials, highlighting how GaAsSb offers strong absorption with

lower noise, which can improve the sensitivity of SACM APDs.

Chapter 5 investigates the impact ionization properties of GaAsSb, focusing on determining the
ionization coefficients for both electrons (o) and holes (B). The advantages of lower ionization
coefficient at moderate fields in GaAsSb in reducing noise and enhancing APD performance are

discussed.

Chapter 6 examines the electroabsorption characteristics of GaAsSb and InGaAs under varying electric
fields. The effects of the elelctroabsorption effect on the absorption coefficients of these materials are
analysed. A model is proposed to calculate the electroabsorption coefficients, providing a basis for
optimizing the electric field in SACM structures, particularly for high-speed telecommunications

applications.

Chapter 7 summarizes the key findings of this research and provides suggestions for future work.
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Chapter 2 Background Theory

2.1 Diode Theory

Diodes are fundamental components in semiconductor devices, and their operation is primarily
governed by the physics of charge carrier movement within a p-n junction. A diode consists of two
regions of semiconductor material with opposite doping: the p-type region, which contains an
abundance of holes (positive charge carriers), and the n-type region, which has an excess of electrons
(negative charge carriers). When these two regions come into contact, they form a p-n junction, resulting
in the diffusion of electrons and holes across the junction. This diffusion leads to the formation of a
depletion region at the junction, where mobile charge carriers have recombined, leaving behind ionized
donor atoms in the n-region and acceptor atoms in the p-region. These fixed charges create an electric

field, known as the built-in potential, which opposes further diffusion of charge carriers.
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Fig. 2.1 The energy level diagram of p-n junction in (a) equilibrium, (b)forward and (c)reverse bias.

14



The behaviour of a diode under bias can be classified into two modes: forward bias and reverse bias.
Under forward bias, an external voltage is applied in such a way that it reduces the barrier potential of
the depletion region, allowing charge carriers to flow across the junction. Electrons from the n-type
region are injected into the p-type region, where they recombine with holes, and similarly, holes are
injected into the n-type region. This movement of charge carriers constitutes the forward current. The
relationship between the applied voltage V and the resulting forward current / is described by the ideal

diode equation[17]:
ﬂ
I=1, (enkT - 1) @2.1)

where I, is the reverse saturation current, q is the charge of an electron, V is the applied voltage, n is

the ideality factor, k is Boltzmann's constant, and T is the absolute temperature.

The ideality factor n, typically ranging from 1 to 2, reflects how closely a diode follows the ideal diode
model. It provides insight into the dominant carrier transport mechanisms within the semiconductor.
When n = 1, the current is dominated by diffusion, indicating ideal diode behaviour, whereas n = 2
suggests that recombination in the depletion region dominates[42]. Deviations from the ideal behaviour
can also occur due to non-ideal effects such as series resistance and leakage currents, further impacting

the overall diode performance[43].

In reverse bias, the external voltage increases the width of the depletion region, creating a potential
barrier that prevents the majority carriers from crossing the junction. Consequently, only a small reverse
saturation current [ flows, which is typically due to the thermal generation of minority carriers. This
current remains nearly constant until the reverse bias reaches a critical point, known as the breakdown
voltage. At breakdown, the electric field across the depletion region becomes strong enough to cause
impact ionization, where energetic carriers create additional electron-hole pairs, leading to a sharp
increase in reverse current. Two common types of breakdown mechanisms are avalanche breakdown,
which occurs in lightly doped diodes with large depletion regions, and Zener breakdown, typical in

heavily doped diodes with narrow depletion regions[44], [45].
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Fig. 2.2 The Current-Voltage graph of InGaAs p-i-n diodes.

However, real-world diodes often deviate from this ideal behaviour due to additional effects. For
instance, series resistance R arises from the resistive components of the diode, such as the bulk material
and contact resistance, which limit current flow at higher forward bias. Additionally, leakage currents
and surface recombination further contribute to deviations from the ideal model, especially under
reverse bias conditions. These non-ideal factors collectively influence the I-V characteristics, making

the accurate determination of n crucial for assessing diode performance.

A p-i-n diode is a specialized version of the p-n junction diode that includes an intrinsic (undoped)
region between the p-type and n-type layers. The addition of this intrinsic layer alters the behaviour of
the diode in several important ways, particularly by expanding the depletion region. Under reverse bias,
the intrinsic layer becomes depleted, resulting in a much wider depletion region compared to a standard

p-n diode.
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From a theoretical perspective, the wider depletion region in a p-i-n diode plays a significant role in
reducing junction capacitance, which is inversely proportional to the depletion width. The reduced
capacitance makes p-i-n diodes ideal for high-frequency applications, as they can operate efficiently
with minimal signal distortion. The extended depletion region also enhances the electric field, allowing
for better control of carrier drift and minimizing the chance of recombination before carriers reach the

n or p regions.

Under forward bias, current conduction in a p-i-n diode is dominated by carrier drift rather than
diffusion, as in a standard p-n diode. When forward biased, carriers are injected into the intrinsic region
and drift across the depletion region under the influence of the electric field. This results in efficient
current conduction, especially under high-level injection conditions where both electrons and holes are
present in large quantities. The intrinsic region acts as a resistor, which reduces the on-state resistance,

allowing p-i-n diodes to handle higher current loads than conventional diodes.

In reverse bias, the wider depletion region in a p-i-n diode enables higher breakdown voltages because
the electric field is distributed more uniformly across the intrinsic layer. This characteristic is
particularly valuable in high-voltage applications, where the ability to withstand large reverse voltages

without undergoing breakdown is essential.
2.1 Absorption of light in semiconductors

The absorption of light in photodetectors is fundamentally governed by the absorption coefficient, y, of
the semiconductor material used[17], [46]. Under monochromatic wavelength illumination, the
absorption of photons is directly proportional to their concentration at an infinitesimal thickness dx
within the material. This relationship can be quantitatively described using an exponential decay model.
The intensity of light I7 as it travels through a semiconductor, decreases exponentially according to the

Lambert-Law equation[47]:
Iy = Iye Yx (2.2)
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where [ is the initial intensity of light at the surface of the material, and x is the distance travelled.
This coefficient is a material-specific parameter that depends on factors such as the wavelength of the
incident light and the electronic properties of the semiconductor. The exponential nature of this equation
is shown in Fig. 2.3 shows with two different absorption coefficients, for a large absorption coefficient
(10* cm '), most of the light is absorbed near the surface (with in the first few microns), conversely for

a small absorption coefficient (<100 cm '), the light is evenly absorbed along the material.
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Fig. 2.3 Intensity of light as a function of distance in a semiconductor for different absorption

coefficients.

Fundamental absorption in direct bandgap semiconductors occurs when a photon with energy equal to
or greater than the bandgap energy (E,) is absorbed, promoting an electron from the valence band to
the conduction band. This process is characterized by a direct electronic transition that conserves crystal
momentum, meaning the electron's initial and final momentum states are the same. These transitions
are highly efficient due to the momentum conservation inherent in direct bandgap materials, which
eliminates the need for phonon assistance, as shown in Fig 2.4. As a result, the absorption coefficient

in these materials is significantly higher compared to indirect bandgap semiconductors.

18



Conduction
Band E,

Direct
Phot
Bandgap EL I oton
k
Valence
Band E,,

Conduction

Band E,
) U T
Indirect
Photon Bandgap E,
/ k
Valence

Band E,,

Fig. 2.4 E-k diagram of a direct (left) and indirect (right) semiconductor

Fig. 2.5 shows the absorption coefficient plotted as a function of wavelength for several well-known
semiconductors at 300 K. Direct bandgap semiconductors such as GaAs and InP exhibit much sharper
absorption profiles at their respective bandgap energies compared to indirect bandgap semiconductors
like Ge and Si. The direct absorption at I' valley contributes to the relatively steeper increase in the
absorption coefficient of germanium for wavelengths shorter than 1.7 um. Similarly, silicon exhibits
this behaviour at wavelengths shorter than 440 nm. At even shorter wavelengths, the absorption

coefficient saturates due to the limited number of available states in the conduction band. This saturation

effect is observed in GaAs, Si, and Ge.
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Figure 2.5 Absorption coefficients of GaAs, Si, Ge, and InP at 300 K[17], [48].

Mathematically, the absorption coefficient y (w) in a direct bandgap material can be expressed using

the joint density of states and the matrix element for the optical transition[47]:

me’h 1 2pgy?

V(hw) = Ngy (hw) (2.3)

nycmo2€g hw my

with N, being the joint density of states:

3 1
V2(m,")z(hw-Eg)?
2 h3

Ngy (hw) =

2.4

where e is the electron charge, m,." is the reduced electron-hole mass, # is the reduced Planck's constant,

¢ is the speed of light, n, is the refractive index, Ej is the band gap, and w is the angular frequency of

the incident photon. The quantity 2p,? is the polarization averaged matrix element, where for most

semiconductors

2
v’ ~ 20V 2.5)

mo
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One can calculate the first principal absorption coefficient for a direct bandgap semiconductor for

example for InGaAs, by plugging in their relative numbers in Table 2.1,

1
y(hw) = 2.38 x 10* (0 Fa) (2.6)

Table 2.1 The parameters used for calculating absorption coefficient of InGaAs

value unit

m,* | 0.0368 x 0.91 x 10730 | kg

h 1.05 x 1073* J*s

e 1.6 X 10719 C

c 3x 108 m/s

n, | 3.65 No unit

This relationship from Eqn (2.6) indicates that the primary transition related absorption coefficient
increases sharply as the photon energy exceeds the bandgap energy, while there is no absorption below

the band gap.

In addition to these primary transitions, transitions between band tail states, which are localized states
near the band edges caused by impurities or disorder, also contribute to the absorption spectrum. These
states enable absorption at photon energies slightly below the bandgap. The absorption tail usually

follows an exponential decay. This is known as the Urbach’s rule[49]:

d(lny) _ 1
d(hw) = kT 2.7)

The presence of an external electric field further modifies the fundamental absorption characteristics of
semiconductors, leading to phenomena such as the electroabsorption effect, also known as the Franz-
Keldysh effect. Under an electric field, the band structure of the semiconductor can be distorted, causing
the conduction and valence bands to tilt. This distortion results in quantum mechanical tunnelling of

electrons from the valence band to the conduction band, a process first described by Walter Franz[50]
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and Leonid Keldysh[51] in the late 1950s. Tharmalingam[52] and Callaway[53] introduced an
effective mass approximation and used an Airy function for the numerical calculation of the oscillations

and decay with photon energy of the absorption spectrum.

The equations for theoretical electro-absorption coefficient as given by [52], [53]

y(hw,F) = A-F3 “%ﬂz — BlAI(B)I2 2.8)
B =B (E; — hw)F~2/3 (2.9)

Ai(B) is the Airy function, F is the electric field, Aw is the energy of light, E; is the bandgap energy.

The approximation of factor A and B is given as [54], [55]:

¢ (\¥3

A= — (m—o) (2.10)
B 5 (2u 1/3

B=11x10 (mo) Q2.11)

These effects result in the shifting and broadening of the absorption edge, altering the transition
probabilities and potentially increasing the material's absorption efficiency. This tunability of absorption
under an electric field is crucial for the development of advanced optoelectronic devices. For instance,
in photodetectors, this property can be exploited to enhance sensitivity and spectral response. In solar
cells, improved absorption can lead to higher energy conversion efficiencies. Moreover, understanding
the interplay between band tail states and electric field effects is essential for optimizing the
performance of light-emitting diodes (LEDs) and laser diodes, where precise control over light

absorption and emission is required.
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Figure 2.6 Calculated absorption coefficient in InGaAs at various electric fields using Eqn (2.7)- Eqn

(2.10).

2.2 Quantum Efficiency in Photodiodes

In an ideal photodiode, the quantum efficiency (1) would be equal to one. However, reaching this level
in real-world devices is difficult without internal gain[17]. Various factors, such as surface
recombination, recombination of minority carriers, and reflection at the semiconductor-air boundary,

can lower the quantum efficiency ().

Surface recombination happens at the semiconductor surface due to deep-level defects caused by
dangling bonds[56], disruptions in the crystal structure[57], and multiple phonon interactions[58].
These defects increase the probability of non-radiative recombination at the surface, rather than
allowing carriers to diffuse into the depletion region. This issue is especially prominent at shorter

wavelengths, where the absorption depth (y!) is only a few tens of nanometres, making it less likely for
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carriers to contribute to the photocurrent. Consequently, photodiodes often exhibit a short wavelength
cut-off, where their responsivity drops to nearly zero as the wavelength decreases. To counteract surface
recombination, techniques like surface passivation can be employed to reduce surface states[59], or a
"barrier" can be created at the semiconductor-air interface, such as with a heterojunction[60] or a heavily

doped surface layer[61].

Additionally, minority carriers created at distances beyond the diffusion length from the depletion
region are more likely to recombine before generating a photocurrent. The diffusion length is influenced
by several factors, including crystal quality[62], doping concentration, temperature[63], and whether
the material has a direct or indirect bandgap[64]. Light reflection at the semiconductor-air interface can
also reduce quantum efficiency, but this can be minimized by using anti-reflection coatings. For optimal
performance, photons should ideally be absorbed within the depletion region, where the electric field

can quickly sweep the carriers away, minimizing the chances of recombination.

These considerations can be analytically modelled in the quantum efficiency equation, derived from the
current-continuity equation. The model assumes that electron-hole pairs generated within the depletion
region are collected with 100% efficiency due to the electric field. Therefore, the quantum efficiency n
in the intrinsic region primarily depends on the absorption coefficient. For a p-i-n diode with
monochromatic light entering from the p-cladding, the generation rate of electron-hole pairs at a given

position can be expressed as:

0 x<0

Glx) = {GO exp(—yx) x>0 (2.12)

where G is the number of photons injected per unit area from the p-cladding. The photocurrent /;,- can

be calculated by integrating this equation with the appropriate limits (x; and x,):
Jar = =4 [, Gov exp(=yx) = qGe™"*1[1 — 77 (2731} (2.13)
The quantum efficiency 1; can then be expressed as:

n; = ;LGZ - e—Yxl[l — e—)/(xz—xl)] (2.14)
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Carriers generated in the p and n-cladding regions outside the depletion region can also contribute to
the photocurrent through diffusion. The photocurrent density due to electrons can be obtained using the

one-dimensional diffusion equation, accounting for surface recombination:

SeLe _ _ SeLe X1, win X1
J = [qGo)/Le] e +yYLe—exp ( yxl)( Do coshLe+smhLe) —yLyexp (—yx ) (2.15)
n y2Le -1 Selegin1, cosnXL € 1 )
De Le Le

where L, is the electron diffusion length, S, is the surface recombination velocity at the p-cladding, and
D, is the electron diffusion coefficient which is related to L, = /DT, where T, is the minority electron

lifetime.

The quantum efficiency 1,, due to electrons in the n-cladding is then:

SeLe _ _ SeLe X1, i p X1
n = In _ [ YLe ] Do +yLe—exp ( yxl)( Dy coshLe+smhLe)_]/L exp (—yx ) (2.16)
™ qGo Y2Le? -1 Sgﬂsin%+cosh% € L )
e e e

Similarly, for holes generated in the p-cladding, the photocurrent density J,, is:

Sth[coshB—e -yx ]+sinhx—3+ Lpe -yx
Jp = [ 08 ] exp [y s — 2] |y — 2 DI, PRER TIN5 1)
YeLlp®-1 %sinh—3+cosh—3
h Lp Lp
with n,, given by:
Shlh| osp3 _ex (—yx3) |+sinhZ3+yLpexp (—yx3)
_]_p—[&]ex [_ (X —X)] L_Dh Ln PV Lthp V3(218)
o = aGo  Ly2Lp®-1 PL=YiXs 21 (Yin Shlhgin X34 cosnX3 '
Dp Lp Lp

where Ly, is the hole diffusion length, S}, is the surface recombination velocity at the n-cladding, and

Dy, is the hole diffusion coefficient.

The internal quantum efficiency 1;,,; of a p-i-n diode is the sum of the efficiencies due to the intrinsic
region, electrons, and holes. The external quantum efficiency 7,,; also takes into account the

reflectivity R of the semiconductor surface:

Next = (L=R) XNy = (L =R) X (m; + np + np) (2.19)
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2.3 Optical constant characterization methods

The performance of optoelectronic devices such as lasers, solar cells, and waveguides is highly
dependent on the optical constants of the materials used, including refractive indices, dielectric
constants, extinction coefficients, and absorption coefficients. These parameters change with
wavelength, temperature, and electric field, making it crucial to accurately determine them for device
optimization. Transmission and ellipsometry measurements are two reliable methods to extract these
properties. This section outlines the principles, advantages, and disadvantages of these methods, with a
brief mention of other techniques and an introduction to the phase-sensitive photocurrent method for

detailed discussion later.

2.3.1 Transmission Measurements

Transmission measurements involve passing light through a sample and recording the intensity of the
transmitted light to calculate the absorption coefficient (y) using the Lambert-Law equation in Eqn.
(2.2). This straightforward method works well for materials with low absorption but requires a
transparent substrate and can be less accurate for highly absorbing or translucent materials due to

scattering and diffusion.

Early studies on Ge and Si absorption measured the transmission by illuminating samples with
monochromatic light and detecting the transmitted intensity[65], [66]. Repeating measurements for
various thicknesses ensured consistent y values. However, multiple reflections and Fabry-Perot
oscillations due to interference complicate the results. To account for this, the absorption coefficient y

is calculated as[67]:

It _ (1-R)*+4Rsin?(y)e ¥*
I, 1-R2e=2Y%

(2.20)
where

2 2K
y = tan [—(n2+K2_1)] (2.21)
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R is the reflectivity, n and K are the refractive index and extinction coefficient of the material
respectively. To determine R accurately, the sample is illuminated with light of wavelengths longer than

the material cut-off wavelength, ensuring y — 0. Then Eqn. (2.20) simplifies to

It (1-R)
T=an (2.22)

This approach ensures that the absorption characteristics of the material are accurately reflected by
minimizing errors due to surface roughness and oxide layers. However, highly absorbing materials (y >
103cm™1) challenge transmission measurements, as I approaches zero, potentially falling below the
detector's sensitivity, as a results. thin film samples of a few microns thickness are usually required for

reliable results.

2.3.2 Spectroscopic Ellipsometry (SE)

Ellipsometry, initially proposed by Drude[68] and later demonstrated by Ingersoll and Littleton[69],

provides another method for determining y. It measures changes in light polarization from linear to

elliptical upon reflection, using the relationship:

Electromagnetic waves consist of electric and magnetic fields. The electric field component, polarized
light, decomposes into s and p vectors, perpendicular and parallel to the plane of incident light. Linearly
polarized light results when s and p vectors are in phase. Upon reflection, the different phase changes
of p and s components alter the polarization to elliptical. The ellipsometer measures the amplitude and
phase difference and relates these to the material’s complex refractive index (n* =n + iK) via

Fresnel’s equations.
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Fig. 2.7 A light travels from medium 1 to 2 with an incident angle of 6; which its electric field

component of two perpendicular s and p vector.

Ellipsometry is more accurate than transmission measurements as it involves relative measurements of
reflectance ratios rather than absolute intensities. Ellipsometry can achieve sub-nanometre accuracy for
film thickness, provided the sample is homogeneous and free of surface contaminants[70]. However, it
requires significant time for spectral measurements and can be less reliable fory < 10*cm™? due to
surface roughness and oxide layers affecting precision. Moreover, the measurement's precision depends
on accurately determining 4, the phase difference, which impacts K, the imaginary part of n*. A small
deviation in 4 can significantly affect y, making transmission measurements preferable for low

absorption values.

2.3.3 Brief Mention of Other Methods

1. Swanepoel’s Envelope Method:

This method utilizes the transmission spectrum displaying interference fringes to determine the

absorption coefficient and film thickness[71]. It is accurate for samples with uniform thickness but
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becomes less effective for materials with high absorption where interference fringes are not visible.
Improvements such as the Tangent Point Method (TPM) have enhanced its accuracy for materials with

abnormal thickness values in strong absorption regions.
2. Transfer Matrix Method (TMM):

TMM analyses the absorption coefficient for propagation through layered materials, taking into account
coherent wave superposition[72]. It is suitable for complex structures but requires detailed knowledge
of each layer's properties and can be computationally intensive. This method is particularly useful for

multilayer structures where interference effects are significant.
3. Interpolation Method:

This method estimates the absorption coefficient of new ternary and quaternary compounds using
known data from binary compounds|73]. It provides quick theoretical estimations but heavily depends

on the precision of the baseline binary material data. Recent advancements have improved its reliability

by incorporating algorithms that map critical points based on material composition.
4. Phase-Sensitive Photocurrent Method

The phase-sensitive photocurrent method, involving a monochromator and lock-in amplifier, calculates
the absorption coefficient from the measured photocurrent, responsivity, and external quantum
efficiency (EQE). This technique uses a monochromator to select specific wavelengths of light and a
lock-in amplifier to enhance the signal-to-noise ratio by synchronizing the detection with a reference
signal. This method is precise for materials where all generated carriers contribute to the photocurrent,
making it particularly useful for semiconductor devices. The detailed exploration of this method will be

provided in Chapter 3.
2.4 Overview of impact ionization

Avalanche multiplication in an Avalanche Photodiode (APD) is primarily governed by the ionization

coefficients for electrons («) and holes (), which define the number of electron-hole pairs generated
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by a single initiating carrier per unit distance in an electric field[16], [74]. These coefficients are crucial
in determining the multiplication gain, M (x), and the overall performance of the APD. The inverse of
these coefficients represents the mean distance between successive impact ionization events, making a

and 8 dependent on both the electric field strength and the material’s band structure[17], [75].

In an APD, the multiplication process occurs as an electron moves through the depletion region, gaining
energy from the electric field. As shown in Fig 2.8, once the electron reaches a critical energy threshold,
it can generate a new electron-hole pair by promoting an electron from the valence band to the
conduction band, leaving a hole behind. Both the primary electron and the newly created electron can
undergo further ionization events, resulting in a cascading multiplication effect. This process continues
as long as carriers gain sufficient energy to initiate additional ionizations. Similarly, holes moving in
the opposite direction under the electric field can contribute to the multiplication process, depending on

the ionization rate for holes.

a) ’ Electric field b) 7 Electric field

Time Time

Avalanche region Avalanche region

Fig. 2.8 schematic diagram of electron-initiated avalanche multiplication process where a) =0, b)

a=p.

The gain M (x) in the APD is closely linked to the ionization coefficients a and 8, and it depends on
where the primary electron-hole pair is generated within the multiplication region. For a diode with a
multiplication region of length w, if an electron travels to the right and a hole travel to the left, the

electron will, on average, generate adx ionizing collisions over a distance dx, while the hole will
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produce fSdx electron-hole pairs over the same distance. These newly generated carriers are then swept
by the electric field and can trigger further ionization events, leading to a cascading amplification of the

current.

The average gain M (x) resulting from an electron-hole pair injected at position x in the multiplication
region can be expressed as:

exp[— f;c(a(x')—ﬁ(x’))dxr]

M(x) = 7
1—fgva(xr)exp [—fox (a(x”)—[i’(x”))dx”]dx

(2.23)

where a(x) and B (x) are the ionization coefficients that vary with position. In this model, electrons

move in the positive x direction, while holes move in the negative x direction.

For an ideal p-i-n diode, where the electric field is uniform throughout the multiplication region, @ and

[ are constant, simplifying the gain equation to:

_ __expl-(a=p)]
M(x) = — ¥ cexp [~ (a—f)xrldxr (2.24)

This equation yields the familiar formulas for electron-initiated and hole-initiated multiplication factors,

Me and Mh, when carriers are injected at the endpoints x=0 and x=w, respectively:

1
M, =— 2.25
¢ 1 lexpl(B-aywl-1} (2.25)

1
My, = 2.26
" Eewl@-pwl-1) (220

The ratio of the ionization coefficients, k = f/a, plays a pivotal role in determining both the
multiplication gain and the response speed of the APD. When k = 0, the multiplication process is
dominated entirely by electrons, as holes do not undergo further ionizations. In this single carrier

multiplication scenario, the gain is given by:

M = e (2.27)
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In this case, the avalanche multiplication process ends once the electron transit time is completed,
leading to a fast response time and minimal gain-bandwidth limitations. The gain can be controlled
through the applied bias voltage, making it suitable for high-speed applications where rapid signal
detection is required. Since the holes do not contribute to further ionization events, the excess noise is

minimized, resulting in a lower noise level in the device.

On the other hand, when k = 1, both electrons and holes have equal probabilities of initiating ionization

events, leading to double carrier multiplication. The gain in this case is given by:

M= (2.28)

This condition results in significantly higher gain compared to the single carrier case, as both electrons
and holes contribute to the avalanche process. However, the extended duration of the avalanche
multiplication process due to both carrier types participating results in a slower response time and a
reduced gain-bandwidth product. Additionally, since both electrons and holes contribute to ionization,
any fluctuations in the random path lengths of these carriers are amplified, leading to increased excess

noise.

In practical APDs, the ionization rates for electrons and holes are rarely equal, and the actual
multiplication lies between these two extremes[76], [77]. The relative values of a and 8 determine the
feedback from the ionization process and directly influence the noise performance of the APD. A higher
k ratio (where 8 approaches @) results in greater feedback from hole-initiated ionization, amplifying
noise levels. Conversely, when k is small, the noise is reduced because fewer holes are involved in the

multiplication process.

A critical factor in the multiplication process is the threshold energy E;p,, which is the minimum energy
a carrier must gain to initiate an impact ionization event. This energy is typically greater than the
material's bandgap, as carriers must retain some of their energy and momentum after ionization.

Anderson and Crowell[78] estimated that Eyy, is approximately 1.5 times the bandgap energy, Eg,
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assuming a simple parabolic band structure. However, due to the complexity of real semiconductor band

structures, E;p, is often treated as an adjustable parameter.

Another key aspect is the dead space effect, which refers to the minimum distance a carrier must travel
before gaining enough energy to trigger impact ionization[79], [80]. In small devices, the dead space
can occupy a significant portion of the multiplication region, reducing the effective gain. Carriers must
first traverse this dead space before initiating further ionization events, which delays the onset of
avalanche multiplication. This non-local effect is especially important in modern APDs with thin

depletion regions, where the dead space reduces both the effective gain and the response speed.

2.5 Excess noise in APD

The performance of APDs is significantly impacted by excess noise, which originates from the intrinsic
randomness of the avalanche multiplication process|74]. This noise plays a crucial role in determining

the ultimate sensitivity and signal-to-noise ratio of APD-based detection systems.

The avalanche multiplication process is inherently stochastic, meaning that the number of carriers
generated during each ionization event can vary greatly. This variability introduces fluctuations in the
multiplication gain around the mean value, commonly referred to as the mean multiplication factor M.
These fluctuations generate excess noise, which ultimately limits the maximum effective gain of the

APD and impacts the overall performance of the device.
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Fig. 2.9 diagram showing the fluctuation in the multiplication process.

Due to the random nature of the impact ionization process, the number of ionizing collisions within the
multiplication region is also random. Consequently, the total number of carriers produced by a single
injected carrier under a specific bias condition can exhibit a significant spread of values. This statistical
fluctuation, stemming from the randomness in both the location of ionization events and the number of
secondary carriers generated by the initiating carrier, results in a distribution of gain around a mean

value. The gain M discussed in previous sections now represents the average or mean gain M.

The fluctuations in gain can be characterized by the excess noise factor F(M), which is related to the

variance of gain 02(M) by the following relationship:

a?(M)
2

F(M)=1+ (2.29)

This expression highlights how F(M) is used to evaluate the additional noise introduced by the

fluctuating gain in APDs. Alternatively, F(M) can also be expressed as:

F(M) = g (2.30)
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where a2(M) = M2 — M2. In addition to excess noise, APDs also exhibit shot noise, which arises from

the random fluctuations in the motion of carriers within the device.

2.5.1 Mclntyre’s Avalanche Noise Theory

Mclintyre’s theory of avalanche noise provides a fundamental framework for understanding the
stochastic nature of the avalanche multiplication process in avalanche photodiodes (APDs)[74]. This
theory offers a local model that describes how the probabilistic behaviour of carrier ionization events

contributes to the overall noise within the device.

The core of Mclntyre's theory is based on the assumption that the ionization coefficients for electrons
(a) and holes (f) are constants, independent of the electric field. These ionization coefficients represent
the likelihood of an electron or hole generating a secondary carrier via impact ionization as they traverse
through the high-field region of the APD. The theory introduces the concept of the excess noise factor

F, which quantifies the deviation from an ideal noiseless multiplication process.

According to Mclntyre's model, the excess noise factor F is expressed as[74]:

u—mmr$)+kqm-n

F=kM+— W

(2.31)

where k = g is the ionization coefficient ratio, and M is the multiplication gain. This equation accounts

for the fluctuations in the multiplication gain that arise due to the random nature of the ionization events.
The excess noise factor F increases as the multiplication gain M increases, reflecting the fact that higher

gains are associated with greater noise levels due to more frequent ionization events.
Mclntyre's model provides two critical guidelines for minimizing excess noise in APDs:

1. The carrier species with the higher ionization coefficient should be preferentially injected into
the multiplication region.
2. Operational parameters should be optimized to yield the smallest possible ionization coefficient

ratio, k = p/a.
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These guidelines are derived from the analysis of the excess noise factor F(M) as a function of k and

the mean multiplication factor M. The relationship can also be expressed as:

F(M) = kM + (1 — k)2 — 3) (2.32)
where k ranges from 0 to 1.
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Fig. 2.10 McIntyre local model excess noise factor as a function of multiplication with different k

values from 0 to 0.1 with a step of 0.01.

To illustrate the implications of this model, two boundary cases are considered:
Case1:f = 0(k = 0)

This represents the ideal scenario where only electrons contribute to the ionization process. The excess

noise factor reaches its minimum value:

F(M) = 2 — (2.33)

X|r
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High gain in this case requires a large aw, where w is the width of the multiplication region. This

involves numerous electrons in the multiplication process, resulting in a statistically more stable gain.

Case2:f = a(k =1)

This represents the scenario where electrons and holes contribute equally to the ionization process. The

excess noise factor reaches its maximum:

F(M) = M (2.34)

High gain is achieved with aw approaching unity, involving fewer carriers in the impact ionization

process. This leads to larger variations in gain and higher excess noise.

The contrast between these cases highlights the importance of k in determining APD noise performance.
Engineering devices to operate with a minimal k value can significantly reduce excess noise and

enhance overall APD performance[21], [81].

Mclntyre's theory also highlights the trade-off between gain and noise in the design and operation of
APDs. While a higher multiplication gain M can enhance the sensitivity of the photodiode by
amplifying the photocurrent, it simultaneously increases the noise, as quantified by the excess noise
factor F. Therefore, optimizing APD performance involves balancing the desired gain with the

acceptable noise levels to achieve the best possible signal-to-noise ratio (SNR) in practical applications.
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Chapter 3 Methodology

3.1 Introduction

This chapter outlines the experimental techniques used to characterize the performance of avalanche

photodiodes (APDs). The study involves several key measurements:

e Current-voltage (I-V) measurements were conducted to evaluate the electrical properties, such
as breakdown voltage and leakage current, under both forward and reverse bias conditions.

e Capacitance-voltage (C-V) measurements provided insights into the doping profiles and
depletion regions, crucial for understanding the charge distribution and built-in voltage of the
devices.

e Photoresponce measurements were performed to determine the spectral response of the APDs,
identifying their peak wavelength sensitivity and overall optical efficiency.

e Photomultiplication measurements were used to assess the voltage-dependent amplification of
photocurrent, focusing on characterising the impact ionization process within the APDs.

e Excess noise measurements were carried out to quantify the additional noise generated during
photomultiplication, providing a clear understanding of the noise performance and signal-to-

noise ratio of the devices.
3.2 [-V Measurements

The current-voltage (I-V) measurements in this study were conducted using two primary instruments:
the HP 4140 picoammeter and the Keithley 237 Source-Measure Unit (SMU). The HP 4140 provides a
voltage source of up to 100 V, suitable for most samples. However, the Keithley 237, with its higher
voltage capability of up to 1100V, was employed for specific layers, such as the InGaAs layers, which

exhibited avalanche breakdown voltages greater than 100 V. All measurements were performed under
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dark conditions to prevent optical generation of carriers, ensuring that the results accurately reflected

the intrinsic electrical properties of the devices.

Forward and reverse [-V characteristics were measured across different-sized mesa devices fabricated
from each layer. The mesa devices were produced with nominal diameter determined by
photolithography during the device fabrication process, ranging from 500um to 50um. These nominal
values of diameter were used to calculate the device junction area (A), which is essential for determining
current densities and capacitance characteristics, as detailed later in Section 3.3. The [-V measurements
provided valuable insights into several key parameters, including breakdown voltage (V,4), leakage
current (1), bulk dark current (1)), series resistance (R;), and ideality factor (n). These parameters are

crucial for assessing the quality of the materials and the effectiveness of the fabrication techniques.

The ideality factor (n) of a diode reflects how closely it follows the ideal diode model and provides
insight into the dominant carrier transport mechanisms. Traditionally, it's extracted from the slope of
the forward bias I-V characteristics in the exponential region. However, an alternative approach

involves calculating the differential ideality factor, which can vary with applied voltage:

av
n(v) =& (d[ln(l)]) G.D

Where n(V) is the voltage-dependent differential ideality factor, g is the elementary charge, k is
Boltzmann's constant, T is the absolute temperature, V is the applied voltage, and I is the measured

current.

The ideality factor typically ranges from 1 to 2. A value close to 1 indicates that the current is dominated
by diffusion, representing ideal diode behaviour. As n approaches 2, it suggests significant
recombination in the space-charge region. Deviations from ideal behaviour can also occur due to non-

ideal effects such as series resistance and leakage currents.
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3.3 CV Measurements

Capacitance-voltage (C-V) measurements were performed to characterize the capacitance, built-in
voltage (Vp; ), and doping profile of APD devices. These measurements are essential for understanding
the electronic properties of semiconductor junctions, particularly in devices with complex doping
structures. By analyzing how capacitance varies with applied voltage, key parameters such as the
depletion width and doping concentration can be extracted, providing insights into the material quality

and device performance.

In devices with complex junctions, such as multi-region structures (e.g. p-i-n diodes or SACM
structures), standard analytical models for simple junctions may not be sufficient. Therefore, advanced
modelling techniques, such as solving Poisson’s equation for multi-layered structures, are required.
These methods allow for the accurate calculation of the electric field profile and capacitance in devices

with varying doping levels and material properties across different regions.

The C-V measurements were carried out using an HP 4275A LCR meter in conjunction with a reverse
biasing circuit provided by the HP picoammeter. This circuit was configured to apply a precise DC
reverse bias voltage to the device under test (DUT), superimposed with a small sinusoidal AC test signal.
The test signal had an amplitude of 50 mV and was applied at frequencies of 10 kHz, 100 kHz, and 1
MHz. These frequencies were selected to study the frequency dependence of the capacitance and to
ensure accurate measurements under various conditions. The reverse bias voltage was supplied through
the HP picoammeter, which was integrated into the measurement setup to provide stable and
controllable biasing conditions, essential for accurately measuring the capacitance of the APD devices

under varying reverse bias.

The capacitance of an APD device changes with the applied reverse bias voltage due to the variation in
the depletion width within the device. The basic principle of capacitance involves two conductors

separated by a dielectric material, where the capacitance C is given by:

€g€rA
w
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where €, is the relative dielectric constant of the material, €4 is the permittivity of vacuum, 4 is the area

of the conductor, W is the depletion width.

As the reverse bias increases, the depletion region in the device widens, leading to a decrease in
capacitance. This relationship allows the extraction of important parameters such as the built-in voltage

(Vi) and the doping profile of the semiconductor material.

The built-in voltage V/,; can be estimated by plotting é versus the applied voltage V and extrapolating

the linear portion of the plot to find the intercept on the voltage axis. This method assumes an abrupt,
single-sided junction with constant doping density. However, in more complex junctions, such as those

found in p-i-n diodes, this method serves as an approximation.
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Fig. 3.1 % vs. bias voltage obtained from the C-V measurement in a GaAsSb device.

The doping density N(w) at a given position within the depletion region can be calculated from the

slope of the % versus V plot using the following relation:

Nw) = L(@) (3.3)

qer€ga
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where q is the elementary charge, €, and €, are the relative and vacuum permittivity, respectively, A is
the area of the diode. However, this method assumes a uniform permittivity across the entire device,
which works well for simple junctions but becomes limited when applied to more complex structures,
such as Separate Absorption Charge Multiplication (SACM) APDs. In SACM structures, different

regions have distinct permittivities, making this assumption less accurate.

A more sophisticated approach involves modelling the C-V characteristics based on the known device
structure. The input parameters include the widths of different regions, their respective permittivities,
and doping densities. This method employs Poisson’s equation to calculate the electric field and

depletion profiles throughout the device. Poisson's equation for a semiconductor junction is:

dE(x) — gqN(x) (3 4)

dx €

where E(x) is the electric field, N(x) is the doping concentration, and € is the material's permittivity. In
multi-region devices like SACM APDs, each region may have a distinct doping concentration and

permittivity, necessitating a region-by-region calculation of the electric field.

Fig. 3.2 The 3-region doping profile assumed in the C-V fitting.

For example, in a three-region structure, the electric field in each region is calculated as:
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€p
(%)2 = % (3.6)
(%)3 = %’j" (3.7)

The total reverse bias voltage V; applied across the device is the sum of the voltage drops across each

region, given by the area under the electric field profile:
V, = f;‘fE(x)dx + f;‘; E(x)dx + f;‘:E(x)dx (3.8)

This method extends to more complex devices with multiple regions. For example, in SACM APDs,
which may have four or five distinct regions, the solver generalizes the field calculations. The thickness
and doping density of each region are taken into account, and Poisson’s equation is solved for the entire

structure. In a five-region SACM APD, the electric field equations are extended:

(%)4 = ‘IE—’Z‘* (3.9)
(%)5 = ‘16—’:5 (3.10)

By solving these equations, the depletion width and electric field profile across the device are calculated.
This model then generates a theoretical capacitance curve, which can be compared to the experimentally
measured C-V data. By iteratively adjusting the input parameters (doping concentrations, layer

thicknesses, etc.), the model fits the theoretical data to the experimental results.

This Poisson-based approach is particularly well-suited for SACM APDs, where different regions have
varying permittivities and doping profiles. By accurately solving the electric field distribution, this
method provides a precise representation of the capacitance, accounting for complex material properties
and structure. This results in a more reliable extraction of device parameters, such as doping
concentrations and region thicknesses, compared to simpler models that assume uniform material

properties.
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3.4 Photocurrent Measurements

Photocurrent measurements are essential for evaluating the photoresponse of photodiodes by
determining how effectively the device converts incident light into an electrical signal. This section
outlines the methodology used to measure the photo-response of photodiodes, focusing on the setup
and operation of the instrumentation, including the monochromator and lock-in amplifier (LIA), which

are critical for achieving accurate and reliable measurements.

The measurement setup consisted of several key components: a Horiba Scientific iHR320 Czerny-
Turner monochromator, a Keithley 236/237 Source-Measure Unit (SMU), a Stanford Research SR830
lock-in amplifier (LIA), a mechanical chopper, and a desktop computer with a data acquisition module
(DAM). The iHR320 monochromator was used to generate monochromatic light by splitting
polychromatic light into individual wavelengths with a reflective diffraction grating, which operates
based on the interference principle. The monochromatic light was then directed onto the device under

test (DUT) to assess its spectral response.
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Fig. 3.3 The schematics of the photocurrent setup.

As shown in Figure 3.3, the iHR320 monochromator focuses polychromatic light onto the entrance slit

using a concave mirror. The light is collimated, passed through a diffraction grating to separate it into
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its constituent wavelengths, and then refocused by a second concave mirror onto the exit slit. The
desired wavelength is selected by adjusting the grating angle via computer control, ensuring that the
focused monochromatic light exits the slit and illuminates the device under test (DUT). To maximize
light throughput, the F-number of the tungsten lamp housing and the collimating lens was matched to

that of the monochromator.

The tungsten bulb, used as the light source, provides a relatively smooth spectrum in the visible range,
although its intensity varies with wavelength due to the blackbody radiation response and the grating's
efficiency. Once generated, the monochromatic light is mechanically chopped at a frequency optimized
to avoid interference with the line frequency and to match the response characteristics of the DUT. The
modulated light beam is then focused on the DUT's optical window using a microscope objective, and
the resulting photocurrent is measured through the voltage drop across a series resistor, using a lock-in

amplifier (LIA) synchronized with the chopper's reference frequency.

The LIA output voltage, V; 4, is given by:

10

VLIA = LIA Reading X Sensitivity of LIA

(3.11)

This output was digitized by the DAM and read by the desktop computer for further analysis.
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Fig. 3.4 Schematic of the diffraction process in the monochromator.
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The iHR320 monochromator uses a blazed holographic diffraction grating optimized for a blaze
wavelength of 1000 nm, aligning well with the peak response of the DUTSs at approximately 1500 nm.

The grating equation governing the diffraction process is:

sin(6;) + sin(6,) = m% (3.12)

where 6; and 6, are the incident and reflective angles, respectively, m is the diffraction order, A is the
wavelength, d is the groove spacing of the grating. To avoid detecting undesired wavelengths

corresponding to higher-order diffractions (m > 1), a 1150 nm long-pass colour filter was used.

During the measurement process, the monochromatic light was directed onto the DUT while varying
the wavelength to map the photo-response across different spectral regions. The DUT was reverse
biased using the Keithley 236/237 SMU, and the photocurrent generated was measured by the LIA,
which amplified the AC signal corresponding to the chopped light and separated it from the DC
background. Due to the non-point source nature of the tungsten bulb, the focused spot size was
approximately 1 mm x 2 mm, meaning only a fraction of the incident light illuminated the DUT's optical

window.

Calibration of the incident power was performed using a commercial photodiode (Thorlabs FD05D)
with a photosensitive area similar to the largest DUTs. The measured power was then scaled according
to the area ratio to estimate the power incident on the DUT, ensuring accurate responsivity

measurements.

The LIA was crucial for enhancing the signal-to-noise ratio (SNR) by selectively amplifying the AC
component of the photocurrent at the chopper frequency while suppressing noise. The reference
frequency for the LIA was provided by the chopper controller, and the input signal V,, after

synchronizing the phase of the input and reference signals, is given by:

y, =2 (3.13)
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where V,, is the amplitude of the input signal. This output was then processed to extract the photocurrent

signal, isolating it from the dark current and noise contributions.

The LIA low-pass filter (LPF) further refined the signal by removing higher-frequency noise, with the
time constant T adjusted to ensure a stable reading without excessively prolonging the measurement
time. The integration time on the PC was set to 37 to allow the LIA output to reach 95% of its final

value, ensuring accurate and reliable photocurrent measurements.
3.5 Photomultiplication Measurements

Photomultiplication is a key process in avalanche photodiodes (APDs) and other high-sensitivity
photodetectors, where the photocurrent is amplified due to impact ionization under a reverse bias.
Understanding this process is critical for optimizing the performance of such devices. This section
describes the methodology used to measure photomultiplication in the device under test (DUT),
detailing the experimental setup, the principles of measurement, and the method for extracting

ionization coefficients @ and f3.
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Fig. 3.5 The schematics of the photocurrent measurement setup.
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The photomultiplication measurement setup, depicted in Figure 3.5, consists of a laser or LED light
source modulated at 180 Hz to enable phase-sensitive detection (PSD). The DUT is reverse-biased using
a Keithley 236/237 Source-Measure Unit (SMU), which controls the applied voltage and measures the
resulting current. The modulated optical signal is synchronized with a reference AC signal of the same
frequency. The photovoltage signal, corresponding to the modulated photocurrent, is then measured
using a lock-in amplifier (LIA), which filters out noise and unwanted signals for precise photocurrent

measurement.

In a reverse-biased p-i-n diode, photomultiplication occurs when charge carriers generated by
illumination (electrons and holes) are accelerated in a high reverse electric field, leading to impact
ionization. When the diode is illuminated, light is absorbed in the p* cladding layer, generating electron-
hole pairs. The photo-generated holes are quickly collected, while the minority carriers (electrons)
diffuse toward the intrinsic i-region. Electrons that avoid recombination are injected into the i-region,
where the high reverse electric field may cause them to undergo impact ionization, amplifying the
primary current [,,; by a multiplication factor M, . This amplified current, I, is the reverse

photocurrent measured by the LIA.

The avalanche multiplication factor M (V) at a given reverse bias voltage V is calculated as:

Iph(V)
Ipri

MYV) = (3.8)

where M (V) is the multiplication factor at the specific reverse bias voltage V, Ip,; is the primary

photocurrent, measured at V = 0V, L, (V) is the photocurrent at the given reverse bias V.

The measurement procedure involves varying the reverse bias applied to the DUT while illuminating it
with modulated light. I,,; is measured at V=0V, and the corresponding I, is measured at different

biases. The photocurrent I, is determined using the equation:

I =220 (3.9)
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where Vy,j, is the photovoltage across a series resistor R. The choice of R is crucial; it must be small

enough (typically 100 Q) to minimize voltage drop but large enough to ensure a detectable signal.

Beyond standard photomultiplication measurements, ionization coefficients @ and § can be extracted
by analysing how M (V) varies with different wavelengths of illumination. Shorter wavelengths are
absorbed near the surface, generating electron-hole pairs closer to the high electric field region, while
longer wavelengths penetrate deeper into the structure, generating carriers further from the field. For
example, 99% of 455 nm light is absorbed within the InAlAs p* cladding layer, whereas longer
wavelengths create carriers deeper in the device. This depth-dependent carrier generation allows for the

estimation of @ and f by observing the differences in M (V) with varying wavelengths.

In materials where a > [, avalanche multiplication increases more rapidly with shorter wavelength
illumination because more electrons, which have a higher ionization probability, are generated closer
to the high field region. Conversely, longer wavelengths generate more holes, which have a smaller
ionization coefficient, leading to lower overall multiplication. This wavelength-dependent behavior
provides a powerful method for estimating @ and B, offering valuable insights into the material

properties and design of APDs.

3.6 Excess Noise Measurement

To experimentally determine the excess noise factor F, a precise measurement of the noise power in the
DUT is required. The experimental setup is designed to isolate and measure this noise by focusing on

key variables, such as the photocurrent and its variance, under controlled conditions.

The excess noise measurement setup, depicted in Figure 3.6, is adapted from the design by Lau et
al.[82], specifically tailored to assess the noise characteristics of APDs. In this setup, a laser source,
mechanically chopped at a frequency of 180 Hz, illuminates the DUT. The laser light is focused onto
the DUT, which has a diameter greater than 200 pm, producing a spot size of approximately 100 um.
The photocurrent generated by the DUT is amplified by a low noise transimpedance amplifier (TIA)

with a gain of 2.2 kV/A, converting the photocurrent into a proportional square wave voltage signal at
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the reference frequency. To avoid saturation of the TIA, the input photocurrent is carefully limited to

1.7 mA.

The chopping frequency of 180 Hz was selected to ensure that the modulated light signal falls well
within the detection bandwidth of the lock-in amplifier, minimizing interference from environmental
noise sources such as power line frequency (50 Hz). The gain of the transimpedance amplifier was set
to 2.2 kV/A to achieve a balance between sensitivity and dynamic range, ensuring accurate

measurement of the photocurrent without saturating the amplifier.

Following amplification, the voltage signal from the TIA is passed through a low-pass band filter with
a centre frequency of 10 MHz and a bandwidth of 4.2 MHz. This filtering process effectively removes
the high-frequency noise associated with the chopped signal, allowing the filtered signal to be further

amplified for analysis.

The amplified signal is then fed into a noise power meter, which converts it into a mean square value
representing the combined noise from impact ionization, dark current shot noise, and system noise. A
lock-in amplifier is used to measure the noise power from the noise power meter, providing precise
isolation of the relevant noise contributions. To prevent signal clipping during high noise measurements,
an attenuator is placed between the amplifier output and the noise power meter, ensuring accurate noise

power readings.
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Fig. 3.6 The schematics of the excess noise setup.

The excess noise factor F is a key parameter that quantifies the deviation of the noise power from that
expected in an ideal APD. F is defined as the ratio of the noise power from the device under test N 4,,;

to the noise power expected from an ideal APD N;;.4::

F = Naur (3.13)

Nideal

where N, is the measured noise power of the device under test, N;;.,; 1S the noise power expected

from an ideal APD.

Although Nj4.4; cannot be directly measured, it can be predicted using a non-avalanching silicon p-i-n
diode. Unlike APDs, which exhibit noise due to stochastic impact ionization, the noise from a silicon
p-i-n diode primarily originates from shot noise, making it an ideal baseline for comparison. The ideal

shot noise power Nigeq; for a primary current iy, and multiplication factor M is given by:
Nigeai = 2€ip, BM*G (3.14)

where B is the effective noise bandwidth, G is the system gain, and e is the electronic charge.
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This establishes the physical basis for ideal shot noise using a silicon p-i-n diode as a reference. In
practice, shot noise is measured and the relationship between shot noise power and primary

photocurrent is calibrated using a linear fit. The slope of this fit gives k;s, the shot noise per unit
photocurrent. Variations in temperature or system gain can cause slight changes in K., so calibration

is typically done immediately before or after key measurements. The shot noise is linearly proportional

to the primary photocurrent and is described by:
Nshot = kreflprimary +c (3.15)
where ¢ accounts for baseline or offset noise in the system.

In avalanche photodiodes (APDs), noise contributions come from both shot noise and excess noise. The
excess noise factor F quantifies how much additional noise is introduced beyond the intrinsic shot noise
due to stochastic variations in the avalanche gain process. The total measured noise power output for

an APD is given by:
Napp = 2ql,,FM?B (3.16)

where I, is the primary photocurrent, M is the avalanche gain, q is the electronic charge, and B is the
system's measurement bandwidth. This expression highlights how noise scales with both the
photocurrent and the multiplication factor. Rearranging this equation allows us to isolate the excess

noise factor as:

_ _Napp
= —quperB (3.17)

making it possible to compare the noise generated by the APD with that of an ideal noise source.

Since direct measurement of shot noise requires calibration, k,.; becomes crucial in relating the
measured noise power to the photocurrent. In this context, the term 2ql,,-B is replaced with L, kyf,

leading to a simplified expression for the excess noise factor:

— Narp__ (3.18)

Iprkresz
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This relationship shows that k,..r, obtained through the calibration process, normalizes the noise

measurements against the reference shot noise, allowing for accurate comparison between different

APDs or devices.

Additionally, variations in the system’s effective noise bandwidth (ENBW), which change with device
capacitance, must be accounted for. As the capacitance of the APD changes with bias, the system's
response—and thus the noise bandwidth—also changes. This variation can significantly affect noise
measurements. The noise bandwidth correction is applied to the excess noise factor equation, resulting

n:

_ _NappB(Capp)
- IprkreszB(Cref) (319)

where B(Cypp) represents the bandwidth as a function of the APD's capacitance, and Cyr is the

capacitance of the reference device used for calibration. This final adjustment ensures that the noise

measurements remain accurate, even as device characteristics such as capacitance vary during testing.

By incorporating these factors—shot noise calibration through k.., the influence of the excess noise
factor, and corrections for bandwidth changes due to capacitance—the noise measurements from APDs
can be precisely characterized. This method provides a robust framework for evaluating APD

performance across different conditions and ensures that the results are reliable and comparable.
3.7 Device fabrication methods

The fabrication of semiconductor devices involves a series of precise steps, each crucial for the device's
final performance. This section outlines the process used to fabricate the devices studied in this research,

detailing specific solvents and equipment employed.

The process begins with cleaving the semiconductor wafers into appropriately sized pieces. These
pieces undergo a thorough three-stage solvent cleaning process using: n-Butyl Acetate (CsHi20z2),
Acetone (CsHesO) and Isopropyl Alcohol (CsHzO). Each solvent serves to remove different types of

contaminants from the wafer surface, ensuring a clean substrate for subsequent processing steps.
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Following the cleaning process, metal contacts are deposited on the wafer using a high-vacuum
evaporation system. For this research, the metal contact typically comprised of 20 nm of Titanium (Ti)
and 200 nm of Gold (Au). This combination often forms a Schottky contact with n-doped semiconductor

substrates, though the specific electrical characteristics depend on the substrate material and doping.

Photolithography is performed using a standard UV exposure system. The process begins with spin-
coating photoresist onto the wafer surface, typically using a bilayer of PMGI and SPR350 in this
research. The photoresist is then exposed to UV light through a patterned metal mask. Following
exposure, the photoresist is developed using MF26A developer diluted in distilled water (ratio 1:0.7;
MF26A: DIW). This photolithography process is repeated multiple times during fabrication to create
different patterns for various device layers or features, allowing for precise control over the device

geometry and structure.

Following photolithography, additional Ti/Au metal layers are deposited using the high-vacuum
evaporation system. A lift-off procedure is then performed in a beaker of acetone, sometimes aided by
gentle agitation or the use of a pipette to introduce air bubbles, ensuring the removal of excess metal

and undeveloped photoresist.

The mesa etching process is crucial for isolating individual devices on the wafer. The wet etching recipe
used in this study consists of either [1 ml HCI]: [8 ml H20-]: [80 ml H20] or [1 ml H2SO4]: [8 ml H20-]:
[80 ml H20], depending on the materials to be etched. For more complex structures like SACM APDs,
multiple etching stages are sometimes necessary due to the different layers involved. The etch depth is
monitored using a Dektak Stylus Profiler, and the process is repeated as needed to achieve the desired
thickness. This approach allows for precise control over the device structure while accommodating the

varying etch rates of different semiconductor materials.

To protect the devices and prevent oxidation, a passivation layer is applied using SU-8 negative
photoresist. The process begins by coating the sample with SU-8, followed by the application of a mesa
mask pattern. The sample is then exposed to UV light, which hardens the exposed photoresist.

Subsequently, an SU-8 developer is used to dissolve the unexposed areas, leaving hardened photoresist
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around the optical windows. This passivation technique effectively protects the device structure while

maintaining access to the crucial optical interfaces.

Throughout the fabrication process, various characterization techniques, including profilometry and
microscopy, are employed to monitor and control the quality of each fabrication step. While these
specific materials and techniques were used in this research, it's worth noting that the exact chemicals,
exposure times, or metal thicknesses may be optimized based on particular device requirements and

materials involved in other studies.
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Chapter 4: The Absorption Coefficient in GaAsSb

and InGaAs

4.1 Introduction

Understanding the optical absorption coefficient is crucial for the design and optimization of
optoelectronic devices such as photodetectors (PDs), avalanche photodiodes (APDs), and modulators.
The absorption coefficient determines how efficiently a material absorbs light, which directly impacts
the performance of devices that operate in the infrared spectrum, particularly around 1550 nm—a key

wavelength used in telecommunications.

GaAssSbos and Ings3Gaos7As (hereafter referred as GaAsSb and InGaAs) are two semiconductor
materials with direct bandgaps of approximately 0.75 eV, making them ideal for absorption in the
infrared range. Both materials can be grown lattice-matched to Indium Phosphide (InP), which is critical
for achieving high-quality epitaxial layers with minimal defects, further enhancing their performance
in photonic devices. GaAsSb and InGaAs have become promising candidates for telecommunications
applications, particularly in systems that operate over the C-band (1530 nm ~ 1565 nm) and L-band

(1565 nm ~ 1625 nm) due to their efficient light absorption near these wavelengths.

The absorption properties of InGaAs have been extensively studied. Transmission measurements on
epitaxially grown InGaAs samples have shown absorption coefficients ranging from 30,000 cm™' to 20
cm ! across wavelengths from 1000 nm to 1700 nm[83]. Studies by researchers such as Humphreys et
al.[84] and Zielinski et al.[ 85] have demonstrated that doping concentrations, layer thickness, and band
structure significantly influence the material’s absorption characteristics. Further investigations by
Hahn et al.[86] highlighted how electron doping affects intrinsic absorption in InGaAs, shifting the

absorption edge due to phenomena like band-filling and band-gap shrinkage.
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In contrast, research on the absorption properties of GaAsSb has been more limited. Initial work by
Park and Jang[38] used transmission measurements on a 1 pm GaAsSb/InP heterostructure layer grown
by metalorganic vapor-phase epitaxy (MOVPE). However, comprehensive data on GaAsSb's absorption
coefficient across various conditions and device structures is still lacking. Given the material's potential
for telecom applications, there is a pressing need to explore its absorption behaviour more thoroughly,

especially when compared to the well-studied InGaAs.

As the demand for increased network bandwidth and capacity grows, the ability to expand operational
wavelengths in optical fibres beyond the traditional C-band into the L-band has become a priority[87].
This expansion places greater emphasis on materials like GaAsSb and InGaAs, whose absorption

coefficients at these wavelengths are critical for the performance of key devices, including photodiodes

and APDs.

In this chapter, we investigate and compare the absorption characteristics of GaAsSb and InGaAs, two
semiconductor materials critical for optoelectronic applications. By analyzing wavelength-dependent
photocurrents from p+-i-n+ structures, we obtained absorption coefficients over a wavelength range of
1200 nm to 1830 nm. The results demonstrate that both materials exhibit comparable absorption
coefficients, particularly at the telecom-relevant wavelength of 1550 nm, with GaAsSb and InGaAs
showing values of 8400 cm™ and 8100 cm™, respectively. Additionally, the Urbach energies of the two
materials were examined, revealing a slight difference. GaAsSb demonstrated a higher Urbach energy

compared to InGaAs, indicating a broader absorption tail.

4.2 Device structures

Table 4.1 The layer details of the two GaAsSb p-i-n photodiodes.

Layer | Material | Description | Doping density (cm™) | Thickness (nm)

GaAsSb-A | GaAsSb-B

6 InGaAs | p" contact 1 x 10%° 20 20
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5 InAlAs | p* cladding 2x 108 150 300
4 GaAsSb | p* cladding 2 x10'8 20 20

3 GaAsSb | UID 1x 10t 1000 1800
2 GaAsSb | n* cladding 2 x 108 100 100
1 InAlAs | n" cladding 1 x 10%° 500 500
0 InP Substrate SI - -

Table 4.2 The layer details of the two InGaAs p-i-n photodiodes.

Layer | Material | Description | Doping density (cm™) | Thickness (nm)
InGaAs-A | InGaAs-B

6 InGaAs | p*" contact 1x 1019 20 20

5 InP p" cladding 2 x10'8 500 500

3 InGaAs | UID 1x10% 1800 4800

2 InP n" cladding 2x 108 100 100

1 InAlAs | n" cladding 1 x 10%° 500 500

0 InP Substrate SI - -

In this study, two p-i-n structure photodiodes of InGaAs and two of GaAsSb were grown using

Metalorganic Vapour-Phase Epitaxy (MOVPE) and Molecular Beam Epitaxy (MBE), respectively.

The GaAsSb devices are labelled GaAsSb-A and GaAsSb-B, with intrinsic layer thicknesses of 1.0 pm
and 1.8 um, respectively. Their structures are detailed in Table 4.1. For the InGaAs devices, labelled
InGaAs-A and InGaAs-B, the intrinsic layer thicknesses are 1.8 um and 4.8 um, respectively, with their

layer details provided in Table 4.2. These variations in thickness allow for comparative analysis of

electric field distribution and absorption properties in both GaAsSb and InGaAs materials.
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Each structure consists of highly doped (>108 cm™) p* and n" cladding layers at the top and bottom
to facilitate efficient carrier injection and collection. The InGaAs devices use InP for the cladding layers,
while the GaAsSb devices use InAlAs cladding layers. Both materials ensure that no light absorption
occurs in the cladding regions over the wavelength range of interest, particularly around 1550 nm. A 20
nm highly p* doped InGaAs contacting layer was used for all devices to provide low-resistance

electrical contacts.

The fabrication process began with wafer cleaving and cleaning, followed by the deposition of a back
metal contact using a high-vacuum evaporation system. This contact, made from 20 nm Titanium (Ti)
and 200 nm Gold (Au), formed a Schottky contact with the n-doped InP substrate, ensuring low

resistance and efficient charge transfer.

After preparing the wafer surface, a standard photolithography process was employed to define the
contact areas and mesa structures. A layer of photoresist was spin-coated, exposed to UV light, and
developed using a diluted MF26A developer. A Ti/Au metal layer was then evaporated onto the top
surface of the wafer to form the contacts. Excess metal and undeveloped photoresist were removed

using a lift-off process in acetone.

The mesa structures were defined through additional photolithography steps, followed by wet etching
using a citric acid-based solution. The mesa diameters were varied from 500 um to 60 um to study the
effect of geometry on the device performance. The thickness of the etched layers was measured using

a stylus profiler to ensure precise control over the fabrication process.

To protect the devices from environmental degradation and minimize surface recombination, the
sidewalls were passivated with SU-8 negative photoresist, which was patterned and exposed to UV light.
This coating formed a protective layer around the optical windows, ensuring stable long-term device

performance.
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Fig. 4.1 Image of the fabricated GaAsSb photodiodes, with circular shape mesa, metal contact and

optical window.

X-ray Diffraction (XRD) was employed to verify the crystal quality and lattice matching of the GaAsSb
layers with the InP substrates. The results, shown in Figure 4.2, indicate high-quality epitaxial growth
with well-defined peaks corresponding to GaAsSb, InAlAs, and the InP substrate. Both GaAsSb-A and
GaAsSb-B samples show good lattice matching, with minimal strain evident from the peak positions.
However, slight variations in the intensity and sharpness of the GaAsSb peaks suggest minor differences
in crystal quality between the two samples. These results confirm that the precise control over the
growth conditions provided by the MBE system ensures uniformity in layer composition and thickness,

which is critical for achieving consistent device performance and extracting reliable characteristics.
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Figure 4.2 High-resolution X-ray diffraction (HRXRD) of GaAsSb layers grown on InP substrates,

comparing samples GaAsSb-A (black) and GaAsSb-B (red).

4.3.1 Capacitance voltage characteristics

To confirm the background doping and intrinsic layer widths, capacitance-voltage measurements were
undertaken as shown in Fig. 4.3. For all the layers, the capacitance scales with area and reduces rapidly
within 1 V indicating that the background doping level in the intrinsic region is low. The low
background doping in all these structures means that the electric field (and therefore the absorption
coefficient) can be assumed to be constant across the depletion region, simplifying the later

experimental analysis.
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Figure 4.3 The capacitance-voltage measurements of InGaAs and GaAsSb heterojunction

photodiodes.

Fig.4.4 shows the doping density as a function of depletion width calculated using Eqn. (3.3) in the two
InGaAs and two GaAsSb diodes, using their respective permittivity[88]. For 4.8 um InGaAs, the

doping density starts around 1 x 104

cm? at a depletion width close to 2.6 um and increases gradually,
reaching approximately 1 X 106 ¢m™ at around 4.8 um. For 1.8 um InGaAs, the doping density begins
near 1 x 10'® cm™ at a depletion width of around 1.1 pm, increasing to about 2 X 10%® cm™ as the
depletion width approaches 1.8 um. For 1.8 um GaAsSb, the doping density starts at approximately
9 x 10'* cm? at a depletion width near 1.0 pm, increasing steadily to slightly below 1 X 1018 cm™ as

the depletion width nears 1.8 pm. For 1.0 pm GaAsSb, the doping density is around 2 x 10> cm™ at a

depletion width of about 0.8 pm, showing a steep rise and exceeding 1 x 1018 cm™ at around 1.0 pm.
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Figure 4.4 the doping density profile calculated from capacitance measurements.

While Fig. 4.4 suggests that the 4.8 um InGaAs diode has a much lower intrinsic doping than the other
samples, this may not accurately reflect the actual doping profiles. The differences observed can be
attributed to several factors related to the growth process and measurement techniques. Epitaxy is
known for its precise control over material composition and doping levels, and under stringent growth
conditions, significant variations in UID levels between samples are unlikely. Minor differences due to
variations in substrate quality or chamber conditions can occur, but substantial doping differences are

improbable.

Additionally, the built-in voltage in p-i-n diodes creates an initial depletion region, especially in thinner
devices like the 1.0 pm GaAsSb. This can result in higher apparent doping densities at small depletion
widths due to the strong initial depletion, which may explain the lower apparent doping in the thicker

4.8 um InGaAs. Furthermore, the "Debye blurring" effect[46], which refers to the diffusion of charge
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carriers over the Debye length, can reduce the spatial resolution of capacitance-voltage measurements,

particularly in thinner devices like GaAsSb.

Given the controlled MBE growth conditions, the actual UID levels should remain uniformly low across
all devices. This is supported by the raw capacitance data, which drops rapidly within 1 V, indicating
low background doping in the intrinsic region. Therefore, the observed variations in doping are likely

due to measurement artifacts or built-in voltage effects, particularly in the thinner devices.

The low intrinsic doping enables relative uniform electric field inside the intrinsic region, as shown in
Fig. 4.5, the electric field calculated for the intrinsic region in the 4.8um InGaAs at 100V is fairly

uniform, varying only from 195 kV/cm to 208 kV/cm.
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Fig.4.5 The electric field profile of the 4.8um InGaAs at 100V

4.3.2 Current voltage characteristics

The forward and reverse dark current measurements were performed on the 1 um GaAsSb and 4.8 um
InGaAs diodes using the techniques described in the previous chapter. The results are displayed in Fig.
4.6 and Fig. 4.7. These measurements are crucial for understanding the quality of the p-i-n junctions

and the dominant recombination mechanisms within the devices.
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The forward dark current is a critical parameter that provides insights into the junction quality and
recombination mechanisms. For the InGaAs diode, the forward dark current increases exponentially
with the applied voltage and reaches compliance at around 0.6 V. This behaviour is typical of a well-
formed diode where the current is primarily governed by thermally generated carriers recombining

across the junction.

In contrast, the forward dark current in the GaAsSb diode deviates from the exponential trend after 0.4
V. This deviation suggests the presence of series resistance in the GaAsSb photodiodes. Series resistance

can limit the current flow, causing the observed deviation from the ideal exponential increase.

The ideality factors were measured at 1.1 for the 1 um GaAsSb and 1.4 for the 4.8 um InGaAs,
indicating that recombination in both devices is influenced by diffusion and recombination within the
depletion region. While these values suggest that the diodes are close to ideal performance, some non-
ideal behaviour is likely caused by recombination-generation processes in the depletion region and at
the interface. The difference in ideality factors between the diodes may also point to variations in

material quality and interface conditions.
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Fig. 4.6 The forward dark current (top left), forward dark current density with ideality factor (bottom
left), reverse dark current (top right), and reverse dark current density with tunnelling fitting (bottom

right) for lum GaAsSb photodiodes, the diameters are 500um, 350um, 250um, 200um, and 150um.
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Figure 4.7 The forward dark current (top left), forward dark current density with ideality factor (bottom

left), reverse dark current (top right), and reverse dark current density with tunnelling fitting (bottom

right) for 4.8um InGaAs photodiodes, the diameters are 500um, 350um, 250um, 200um, and 150um.
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The reverse dark currents are measured and shown in Fig. 4.6 and Fig. 4.7, the reverse dark currents
increase steadily with the applied reverse voltage after a threshold voltage, this is due to the band-to-
band tunnelling in the narrow bandgap semiconductors. Band-to-band tunnelling (BTBT) is a quantum
mechanical process where particles tunnels from the conduction band minimum (CBM) to the valence
band maximum (VBM) or vice versa through a barrier, which is formed because of the bending of the
band edges in the p-i-n junction region. The band-to-band tunnelling current becomes pronounced at

high electric field, especially for narrow bandgap materials like InGaAs and GaAsSb.

The electric field (E') was deduced from the applied voltage across the width of the intrinsic (7) region,
based on the assumption of a uniform electric field distribution in the undoped intrinsic layer (UID).
This assumption is supported by the relatively low background doping in the UID layer as discussed
above. The band-to-band tunnelling current in a reverse-biased direct bandgap semiconductor is given
theoretically by[89]:

£ 13
Lyn (V) = <(2me)2—qlEVA> exp <_ M) (4.7)

2F 3 qhE
h2Ey2

where E is the electric field, V is the applied voltage across the junction, A is the junction area, q is the
electron charge, h is the Planck’s constant, E is the bandgap, m, is the carrier effective mass, and 0y,

is a constant on the order of unity depending on the shape of the tunnelling barrier.

The parameters of the fitted tunnelling current are shown in Table. 4.3, the calculated curve of the
tunnelling current fitting is shown in Fig. 4.8. The band-to-band tunnelling currents observed in InGaAs
and GaAsSb materials display remarkable similarities, as the two materials have very similar bandgap
and electron mass. The onset of the tunnelling current is around 170k V/cm for both materials. At electric
fields exceeding 220 kV/cm for InGaAs and 250 kV/cm for GaAsSb, band-to-band tunnelling becomes
the predominant mechanism influencing the measured dark currents. The elevated dark current observed
in GaAsSb prior to tunnelling is attributed to side leakage, indicating a fabrication issue rather than an

intrinsic material property. This is supported by the fact that dark current in GaAsSb scales with the
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perimeter before engaging in band-to-band tunnelling, suggesting its association with edge-related

leakage currents, as opposed to area-dependent mechanisms seen in InGaAs.

According to Forrest et al. [89], the tunnelling parameter o;,,,, varies for different barrier shapes, being
1.11 for triangular barriers and 1.88 for parabolic barriers. This suggests that the nature of the barrier
significantly impacts the tunnelling process. The possibility of tunnelling through mid-bandgap traps
can also affect the prefactor and the height of the tunnelling current, indicating that defect states within

the bandgap play a role in the tunnelling mechanism.

The spread in gy, is expected due to different bandgap lineups, influenced by the choice of cladding
materials. These variations affect the junction properties and the effective tunneling barrier at the

interfaces of different layers.

Table 4.3 Summary of values of parameters used in the tunnelling current fitting.

Parameters InGaAs GaAaSb

Bandgap (eV) 0.745 0.745

Relative carrier effective mass | 0.041 [90], [91] | 0.0447 [91]

Tunnelling parameter (0y,,5,) 1.36 1.15
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Figure 4.8 Reverse dark current versus electric field, where the black solid line represents the 4.8 um
InGaAs and the red solid line denotes the 1um GaAsSb. Dashed lines are the fits to the band-to-band

tunnelling equation with a bandgap of 0.745 eV and tunnelling.
4.3.3 Photocurrent spectrum characteristics

For an accurate determination of the absorption coefficient, the wavelength dependence of the
photocurrent in the devices was measured using photocurrent measurement setup described in Chapter
3. The external quantum efficiencies at 0 V for wavelength from 1400nm in the two InGaAs and two
GaAsSb were shown in Fig. 4.10. The shape of the spectral response is confirmed by comparing the
measured photocurrent spectrum with the commercially available InGaAs photodiodes with the spectral
response provided by Thorlab[92]. The exact external quantum efficiencies confirm using a 1450nm

LED focused to a ~50um spot size on the device optical window.
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Fig. 4.10 The zero field absorption spectrum of the two InGaAs diodes and GaAsSb didoes.

For all the structures, the cladding layers materials have a much larger bandgap (InAlAs and InP), so
they can be considered transparent for wavelengths beyond 1um. Any light absorbed in the very thin
(20 nm) doped contact layers is assumed to only slightly reduce the calculated quantum efficiency by
~1% and is ignored. Therefore, the external quantum efficiency (EQE) generated from the intrinsic

region is given by
EQE (1) = (1 —R)e YW [1 — ¢ v(Mti] (4.8)

where R is the reflection loss of the top surface, y(4) is the wavelength dependent absorption
coefficient, t,, is the width of the top contact layer (~20 nm), ¢; is the width of intrinsic layer. The
reflection at the air-semiconductor interface is calculated using the reflectivity data obtained by F. R.
Bacher [83] while the reflectivity between the i-region and the cladding layers is neglected due to their
similar refractive indices, the refractive indices of the related materials on shown in Fig. 4.11. The

calculated reflectivity between InP/InGaAs and InAlAs/GaAsSb interface is < 0.4%.
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Fig. 4.11 Refractive indices of InGaAs[83], GaAsSb[93], InP[83], InAlAs[94].

4.4 Absorption coefficient in GaAsSb

The extracted 0 V absorption coefficients for InGaAs and GaAsSb from 1400nm are shown in Fig. 4.12.
These coefficients are almost identical (within experimental errors) for diodes with different intrinsic
(i-region) widths. Uncertainties in our measurements are small due to the phase sensitive techniques
enabling small values of photocurrent to be measured accurately. Systematic errors arising from small
uncertainties in absorption layer thickness (+0.05 pm from CV measurements) lead to an error of +£1%
in extracted absorption coefficients. The results also agree well with the published absorption
coefficients for InGaAs [83], [84], [86], and GaAsSb [38], but are shown here with absorption
determined down to 1 cm™ and extend to longer wavelength range. The absorption coefficients for

GaAsSb and InGaAs are 8400 cm™ and 8100 cm™! at 1550 nm respectively. Fig 4.12 shows that at
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zero bias, the absorption coefficient decreases almost exponentially with increasing wavelengths

beyond the bandgap, and the rate of decrease is similar in both materials and for different thicknesses.
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Figure 4.12 The extracted absorption coefficient of the two InGaAs photodiodes and two GaAsSb

photodiodes, also shown is the data from previous literatures[38], [83], [84], [86].

4.5 Discussion

The broadening of the absorption edge in both GaAsSb and InGaAs can be quantitatively described by
Urbach's rule, which relates the absorption tail below the bandgap to the Urbach energy E,,. The Urbach

energy can be calculated using the formula[95]:

_ [ain@)]t
B = [ d(hw) ] (4.9)

Where E,, is the Urbach energy, « is the absorption tail below the bandgap, Aiw is the energy of photon.
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For the materials investigated, the Urbach energy E,, was found to be 7.68 meV for the 4.8 pm InGaAs
sample and 7.92 meV for the 1.8 um InGaAs sample. These values are consistent with typical Urbach
energies observed in similar III-V semiconductor materials, though the values differ slightly based on
the intrinsic properties of the samples. The Urbach energies for the GaAsSb devices were slightly higher:
8.53 meV for the 1.8 um GaAsSb sample and 8.69 meV for the 1.0 um GaAsSb sample. The larger E,,
in GaAsSb may reflect a higher degree of disorder or the presence of more impurities in the material,

which results in a broader absorption tail compared to InGaAs.

It's important to note that these Urbach energy values were measured at room temperature
(approximately 300 K). The Urbach energy is temperature-dependent, typically increasing with
temperature due to enhanced phonon interactions and thermal broadening of energy states[96], [97].
At lower temperatures, the Urbach energy would be expected to decrease, reflecting reduced phonon
interactions and a sharper absorption edge[98]. Conversely, at higher temperatures, the Urbach energy

would likely increase, indicating a broader absorption tail due to enhanced thermal effects.

This absorption tail is observed at energies just below the bandgap, where the absorption coefficient
does not sharply drop to zero but rather exhibits an exponential decay. This phenomenon reflects the
influence of several intrinsic and extrinsic factors in the material. In both GaAsSb and InGaAs, this
long-wavelength broadening is believed to originate from optically induced electronic transitions,
which are assisted by multiple phonon absorptions in crystalline materials[99]. The absorption of
multiple phonons enables transitions in the presence of defects and impurities, which contribute to this
tailing behaviour. Additionally, internal electric fields caused by impurities or intrinsic defects, such as
vacancies, dislocations, and alloy disorder[100], are also responsible for the broadening of the
absorption edge. The presence of these defects distorts the periodicity of the crystal lattice, altering the

band structure and increasing the probability of sub-bandgap absorption.

For comparison, a study by Hahn et al.[86] reported a larger Urbach energy of 13 meV for n-doped

InGaAs layers, which highlights the significant impact of doping on the absorption characteristics.
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Doping introduces additional charge carriers and creates local electric fields within the material, further

enhancing the absorption below the bandgap and leading to a broader absorption tail.

The observed difference in Urbach energies between GaAsSb and InGaAs suggests that alloy
composition and material quality influence the optical behaviour of these materials. Although both
GaAsSb and InGaAs are ternary alloys, GaAsSb exhibits a greater degree of alloy disorder. This is due
to the larger atomic size difference between Ga, As, and Sb atoms compared to the size difference
between In, Ga, and As in InGaAs. The increased lattice strain in GaAsSb leads to more pronounced

scattering of carriers and phonons, contributing to the broadening of the absorption edge.

4.6 Conclusion

In this chapter, the absorption coefficients of GaAsSb and InGaAs p-i-n photodiodes were investigated,
with both materials demonstrating strong absorption around the critical 1550 nm telecom wavelength.
The results show that GaAsSb and InGaAs have comparable absorption properties, with coefficients of
approximately 8400 ¢cm™' and 8100 ¢cm™!, respectively, making them suitable for applications in
photodetectors and avalanche photodiodes (APDs). The devices exhibited low background doping and
consistent performance across different intrinsic layer thicknesses, ensuring reliable optical behaviour.
Overall, this chapter highlights the potential of both GaAsSb and InGaAs for high-performance
optoelectronic devices, particularly in telecommunications, and provides a foundation for further

optimization of these materials in future applications.
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Chapter 5 Impact Ionization in GaAsSb

5.1 Introduction

Avalanche photodiodes (APDs) are widely used in the short-wave infrared (SWIR) range for optical
communication and LiDAR[101] applications because of their ability to amplify weak input signals
through internal gain, thereby improving the signal-to-noise ratio (SNR). However, the effective
utilization of APDs requires careful management of inherent noise components, including dark current
and excess noise. Excess noise, which arises from the stochastic nature of the impact ionization process,
inevitably increases with gain. However, the rate of increase is slower when there is a significant
difference between the hole (f) and electron (@) impact ionization coefficients. Therefore, finding a
multiplier material with a favourable k factor (k = f/a for electron-initiated multiplication or a/f3

for hole-initiated multiplication) is crucial for enhancing the performance of an APD[27].

For 1550 nm applications, a common APD design is the Separate Absorption and Multiplication (SACM)
structure[ 102]. This allows for high multiplication in a wide-bandgap material while reducing the
electric field in the narrow-bandgap absorber. Commercially available SACM APDs are made with In
GaAs absorbers and InP multipliers[ 103]. However, the relatively high k-factor of InP (0.4-0.5)[104]
leads to significant excess noise due to the similar impact ionization coefficients of electrons and holes,

which ultimately limits the overall performance of the device.

Recent advancements have introduced alternative low-noise multipliers, such as AlAsSb (k =
0.005)[105], AlossGao.1sAsSb (k = 0.01)[106], and AllnAsSb (k = 0.018)[107], which are lattice-
matched to InP substrates and show potential for 1550 nm APDs due to their low excess noise. However,
these materials present specific challenges: AllnAsSb exhibits phase separation during growth, and

AlAsSD is highly susceptible to oxidation[105], resulting in elevated surface dark currents. AlGaAsSb,
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with 85% Al content, mitigates oxidation-related issues while maintaining low noise, making it a

promising candidate for next-generation APDs[ 108].

A critical challenge in APD design is minimizing the conduction band offset (4z.) between the absorber
and multiplier. AlGaAsSb, despite being a low-noise multiplier, has a substantial Ag. (~0.5 eV) when
paired with InGaAs absorbers, which hinders carrier transport and reduces quantum efficiency
(QE)[88]. This necessitates a higher operating bias to achieve efficient performance. In contrast,

GaAsSb offers significant advantages as an absorber.

As illustrated in Fig. 5.1, GaAsSb paired with AlgssGao1sAsSb results in a much smaller Ag,
facilitating smoother carrier transport, improved QE, and a reduced operating bias. With strong
absorption in the 1400—-1660 nm range and a lower conduction band offset, GaAsSb is well-suited for

APDs used in optical communication and LiDAR applications.
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Figure 5.1 The band alignment offset for Aly.ssGao.1sAsSb with InGaAs, and Alp.ssGa.154sSb with

GaAsSh.

Controlling the electric field in the GaAsSb absorber is critical to prevent unwanted impact ionization
and tunnelling, both of which can degrade the performance of SACM APDs[109]. While multiplication
is primarily handled by the low-noise AlogsGao.1sAsSb layer, any multiplication occurring within the

GaAsSb absorber increases noise and reduces the frequency response. To optimize the performance of
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GaAsSb/AlGaAsSb SACM structures, it is essential to carefully manage the electric field in the

absorber region.

In this chapter, the high-field characteristics of GaAsSb photodiodes are systematically explored.
Specifically, multiplication measurements of p-i-n GaAsSb photodiodes are used to assess impact
ionization. By determining impact ionization characteristics, this study provides key insights that will
guide the optimization of GaAsSb-based SACM APDs for improved performance in 1550 nm optical

communication and LiDAR applications.
5.2 Experiment Details

The avalanche photodiode (APD) devices used in this study are structured as p-i-n APDs with a GaAsSb
unintentionally doped (UID) intrinsic region, as detailed in Table 4.1. Two devices, referred to as
GaAsSb-A and GaAsSb-B, were grown with variations in the thickness of the GaAsSb UID region and
the cladding layers. The p-i-n structure consists of highly doped p™" and n"" contact layers, with the
GaAsSb UID intrinsic region serving as the multiplication region where avalanche breakdown and

impact ionization processes occur.

To achieve the necessary level of accuracy in device characterization, Capacitance-Voltage (C-V)
measurements were employed. This technique is particularly well-suited for determining doping
concentrations and intrinsic region thicknesses in semiconductor devices. The C-V measurement
technique involves applying a range of reverse bias voltages to the device and measuring the resulting
capacitance. As the reverse bias increases, the depletion region widens, causing a decrease in

capacitance.
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Fig. 5.1 The measured capacitance per unit area for GaAsSb-A and B, with fitted curves.

The C-V measurements revealed several important characteristics of the fabricated devices. By
incorporating sample structures and permittivity (€,, = 14.3[88]) into the calculation model (detailed
in Chapter 3), the calculated C-V curves were fitted to the measured data, with the closest fit shown as
lines in Fig. 5.1. For GaAsSb-A, the measured intrinsic region thickness was 1010 nm, slightly higher
than the nominal value of 1000 nm. GaAsSb-B showed a match between the measured and nominal
thickness of 1800 nm. This level of accuracy is crucial for understanding device behaviour and
validating the fabrication process. The doping density was found to be as low as 1 X 101> cm™ for
GaAsSb-A and 9 x 10'* cm™ for GaAsSb-B. These low doping densities in the UID region are
essential for maintaining a relatively uniform electric field across the depletion region, which is crucial
for optimal APD performance. Both devices exhibited high doping levels of

1 X 10 cm>in the n” and p* regions, ensuring good ohmic contacts and efficient carrier injection.
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Table 5.1 Sample Structure of GaAsSb APD Devices (Nominal vs. Measured Values)

GaAsSb-A GaAsSb-B
UID region

nominal measured nominal measured
UID region doping density (cm™) | - 2 x 1015 - 9 x 1014
UID region thickness (nm) 1000 1010 1800 1800
n" and p* region doping (cm™) - 1x10%® |- 1x 108

5.3 Avalanche Multiplication Measurements

The avalanche multiplication measurements for Devices A and B were conducted to extract the electron
(«) and hole () impact ionization coefficients. These coefficients are essential for understanding how
internal gain and noise evolve in GaAsSb-based APDs under different bias conditions. The
multiplication factor M, defined as the ratio of the total photocurrent to the primary photocurrent,
quantifies the internal gain within the device, which is driven by the impact ionization process in the

high-field regions.

The photomultiplication measurements for the GaAsSb APD devices were conducted using methods as
described in Chapter 3. To comprehensively characterize the devices, multiple wavelengths of light
(532, 980, and 1300 nm) were employed to illuminate all layers of the structure. A lock-in amplifier
was utilized to measure the relative change in photocurrent across various devices with different
diameters, ensuring the repeatability of results and confirming that the multiplication measurements

were independent of incident power. The multiplication factor M was calculated as:

M= (5.1)
Iy
Lyr = kV +b (5.2)
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where Iy, is the total photocurrent measured and I, is the primary photocurrent corrected for any
baseline shifts due to depletion edge movement or responsivity changes. To ensure accuracy, baseline
correction was applied to the multiplication measurements, especially at low bias voltages where
tunnelling and non-multiplicative effects are significant. A simplified linear correction Eqn. (5.2), which

closely aligns with the Woods correction[ 110], was used for all data to ensure consistent and accurate
analysis.
This method corrects for changes in the primary photocurrent as the depletion edge moves further into

the cladding layers with increasing reverse bias. The corrected multiplication values account for any

non-multiplicative current increase due to the extension of the depletion region.

2800

2600 + ® 532nm Y
— Linear correction baseline

2400
2200 A ®
2000 -
1800 +

1600 ~

LIA reading (A.1U.)

1400 + o

200 - o’
1000 TmH—o—om“—'—’i
800

Volatge (V)

Fig. 5.2 Example of baseline correction for avalanche multiplication.
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Fig. 5.3 Measured multiplication in GaAsSb-A and B under three different wavelengths, 532, 980, and

1300 nm.

Fig. 5.3 presents the multiplication (M) as a function of reverse bias for Devices A and B under
illumination at three distinct wavelengths: 532 nm, 980 nm, and 1300 nm. This comprehensive set of
measurements provides crucial insights into the avalanche multiplication process in these GaAsSb

photodiodes.

The results clearly demonstrate that shorter wavelengths, particularly 532 nm, lead to higher
multiplication values. This phenomenon can be attributed to the injection of carriers in the cladding
layers. Due to the large band-offset, any carriers generated in the top InGaAs contact layer do not
contribute to the overall photocurrent, effectively isolating the multiplication process to the layers
beneath this contact. For the 532 nm illumination, a significant portion of the light is absorbed in the
top p+ InAlAs cladding layer. The absorption characteristics of these InAlAs layers are estimated in the

as 6x10* cm™! (similar to InP). For Device A, with its 150 nm p+-InAlAs cladding layer, the total
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absorption (including the 20 nm p++ InGaAs layer) is approximately 92.1% of the incident light. For
device B, with its thicker 300 nm p+-InAlAs cladding layer, absorbs a total of 96.9% of the incident
light. Given the high absorption in both devices, they each exhibit nearly pure electron injection profiles,
as the photogenerated electrons drift into the multiplication region while the holes are collected at the

p+ contact.

The longer wavelengths of 980 nm and 1300 nm penetrate deeper into the device structure, particularly
the GaAsSb layers where the primary absorption and multiplication processes occur. These wavelengths
experience minimal absorption in the top InGaAs and InAlAs layers, with the primary absorption
occurring within the UID GaAsSb and n--GaAsSb layers. This absorption profile generates electron-
hole pairs predominantly in the intrinsic region and the n-type layer of the device, resulting in a mixed
carrier injection profile for both Device A and Device B, with photogenerated electrons and holes both

contributing to the multiplication process.

The characterization results of GaAsSb-A and B consistently show higher gain values with shorter
wavelength illumination. This trend strongly indicates that the electron ionization coefficient («) is

greater than the hole ionization coefficient (f) in GaAsSb.
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Fig. 5.4 (left)M-1 vs reverse bias and (right) 1/M vs reverse bias for GaAsSb-A and B under three

different wavelengths, 532, 980, and 1300 nm.

To identify the onset of impact ionization in GaAsSb, M — 1 was plotted for Device A and B on a

logarithmic scale as a function of reverse bias, as shown in Fig. 5.4 (a). This approach provides a
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sensitive method for detecting the initial stages of multiplication, as even small increases in M result in

noticeable changes on the logarithmic scale.

The avalanche threshold voltage (V7) is defined arbitrarily as the point where M —1 = 0.01,
corresponding to a multiplication factor M = 1.01. For Device A, Vi occurs at 15 V, while for Device B,
it occurs at 30 V. Despite the difference in applied voltages, both of these threshold points correspond

to a similar electric field (E,,,) of approximately 150 kV/cm in the GaAsSb layer.

The 1/M plot, in Fig. 5.4 (b), is useful for examining behaviour near avalanche breakdown. As the
reverse bias voltage increases and M grows rapidly, 1/M approaches zero, signalling breakdown. For

the GaAsSb devices, breakdown occurred at 30 V for GaAsSb-A, increasing to 52 V for GaAsSb-B.
5.4 Impact Ionization Coefficient

The impact ionization coefficients of GaAsSb were determined by iteratively fitting multiplication
curves measured on Devices A and B using two different lasers (532 nm and 980 nm). This fitting
process employed the Random Path Length (RPL) model[111], which uses the known doping
concentrations and thicknesses of the device layers, as detailed in Table 5.1. The RPL model effectively
simulates the multiplication process across the electric field profile, accurately predicting carrier
multiplication for a range of multiplication factors from M=1.01 to M=50. However, this model does
not account for carrier history or dead-space effects, assuming that the impact ionization rates depend

solely on the local electric field strength within the device[112].

For the mixed injection case (in GaAsSb-A), where both electron and hole ionizations contribute, the
absorption coefficients of InAlAs and GaAsSb at 532 nm and 980 nm were included as additional fitting
parameters. These coefficients are essential because they determine the carrier generation profiles under
different optical injection conditions. By incorporating these parameters, the model can accurately
represent the varying absorption characteristics of the materials, ensuring precise fitting of the

multiplication data to real device behaviour.
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The best fit to the experimental multiplication curves for Devices A and B, shown in Figure 5.5 (a) and
(b). The parameterized a and S of GaAsSb for field range from 150 kV/ecm < £ < 300 kV/cm are

shown in Fig. 5.5 and parameterized by:

@(E) = 10 x 107 exp (— (4'76;106)0'8) em™? (5.1)
B(E) =2 x 107 exp (— (4'76;106)0.8) em™! (5.2)

The k of GaAsSb is found to vary between 0.03 — 0.05 over the electric field range studied, where k
represents the ratio of hole to electron ionization rates (8 /a). This value is consistent with the behaviour
observed in InGaAs, where hole and electron ionizations are relatively balanced. However, this k is an
order of magnitude higher than that observed in AlGaAsSb[113] (where k = 0.01), indicating that

GaAsSb has a much stronger hole ionization process compared to materials like AlIGaAsSb.
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Fig. 5.5 Measured and fitted multiplication (M) and inverse multiplication (M—1) curves for GaAsSb-
A and GaAsSb-B at three different wavelengths (532 nm, 980 nm, and 1300 nm). The solid lines

represent the fitting to the experimental data.
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5.5 Discussion

When comparing the impact ionization coefficients a (electron ionization) and f (hole ionization)
between GaAsSb and InGaAs[114], notable differences arise in both their values and behavior under
varying electric fields. Figure 5.6 illustrates the impact ionization coefficients (a and ) of GaAsSb and
InGaAs as a function of the inverse electric field. It shows the differences in the ionization behaviours

between the two materials, with GaAsSb demonstrating lower 8 and a varying a at different fields.
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Figure 5.6 Impact ionization coefficients (a and ) of GaAsSb and InGaAs[114] as a function of the

inverse electric field.

In the 165-210 kV/cm (for inverse electric field > 4.7 x 107® cm/V) electric field range, InGaAs
exhibits a higher electron ionization coefficient a than GaAsSb, and its a decreases only slowly with
decreasing electric field. This behaviour is attributed to the large I'-L and I'-X inter-valley separations

in InGaAs (~0.785 eV and 1.082 eV, respectively)[115]. These large energy separations prevent
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electrons from readily accessing higher-energy satellite valleys at lower fields, thus slowing down the
decrease in a. As a result, InGaAs maintains higher electron ionization rates at moderate electric fields,
contributing to its higher multiplication at lower fields. However, at electric fields above 220 kV/cm,
InGaAs shows a much stronger field dependence for «, as a larger number of final states in the satellite
valleys become available for ionization. This transition is characterized by a steeper increase in o, as

the higher energy states in these satellite valleys become accessible to electrons.

In contrast, GaAsSb has much smaller I'-L (0.121 eV) and I'-X (0.232 eV) inter-valley separations[ 116],
meaning that electrons can more easily transition into satellite valleys even at relatively low electric
fields. This results in a more pronounced electron ionization behaviour in GaAsSb at fields above 210
kV/cm, where it can exhibit a larger a than InGaAs. However, this is more than the typical electric field

that the absorption region operates on.

The hole ionization coefficient 8, however, remains lower in GaAsSb than in InGaAs across the entire
field range. This difference can be attributed to the larger A4S, (split-off energy) in GaAsSb (~0.391 eV),
compared to 0.345 eV in InGaAs[116]. This larger split-off energy makes it harder for holes in GaAsSb
to gain the necessary energy to ionize, resulting in a significantly smaller § value. The reduced hole
ionization, not only leading to lower multiplication gain in GaAsSb, also reduces noise from hole-

initiated ionization processes, which can be advantageous in low-noise applications.

Table. 5.2 The spin splitting energy, energy differences between the bottom of the conduction

band valley and the bottom of satellite valleys.[116]

InGaAs GaAsSb
I'-L (eV) 0.785 0.121
I-X (eV) 1.082 0.232
A4S, (eV) 0.34 0.391
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Fig. 5.7 shows the product of @ X w, where w is the thickness of a 1 um absorber, for both InGaAs and
GaAsSb as a function of the electric field. This figure highlights how electron multiplication arises from
an electron traveling through a 1 pm thick absorber in each material, alongside the tunnelling dark
current density. The electron multiplication in GaAsSb is lower at electric fields below 210 kV/cm, with
a multiplication factor of 1.038 at 175 kV/cm compared to 1.138 for InGaAs. The results indicate that
GaAsSb has significantly lower multiplication compared to InGaAs at electric fields below 210 kV/cm,
which correlates with its lower electron ionization coefficient a in this region. This behaviour is
particularly advantageous for reducing noise and limiting tunnelling currents, making GaAsSb more

suitable for applications requiring low noise and high signal clarity at moderate fields.

At low electric fields, tunnelling current rather than impact ionization tends to dominate APD
performance. The calculated tunnelling current is shown as lines in Fig. 5.7, for both GaAsSb and
InGaAs, maintaining the electric field below 175 kV/cm in the absorber region is necessary to keep
tunnelling dark currents below 1 X 107 A/cm2. However, GaAsSb has lower @ compared to InGaAs
at these fields means that it generates less impact ionization, which translates into reduced gain but also
lower noise. This makes GaAsSb more suitable for applications requiring low noise and high signal

clarity at moderate fields.

At higher fields, both GaAsSb and InGaAs experience increasing tunnelling currents, but GaAsSb is
capable of withstanding higher electric fields before impact ionization becomes problematic. This
robustness against early ionization, and reduced band offset when grown with AlIGaAsSb, makes
GaAsSb a strong candidate for SACM APDs designed to operate in high-field environments, such as

long-range LiDAR or high-bandwidth optical communication systems.

90



10° ¢ 3 102
1‘ @ GaAsSb ]

’g | @ InGaAs
= | GaAsSb o~
N - InGaAs 10° &
: forh ¥ =
5 § 3
= 10 5
% 9@ o
- 3 =
7 [ 110"
g P 5 =
8 I
S

-3 L | 2 | 10-6

150 160 170 180 190 200 210
Electric Field (kV/cm)
Fig. 5.7 A comparison of the multiplication arising in a 1um thick absorber of GaAsSb and InGaAs as
a function of the electric field. Also shown is the tunnelling dark current density for these two

materials as a function of the electric field.

5.6 Conclusion

This chapter has explored the impact ionization properties of GaAsSb in comparison to InGaAs,
highlighting their respective strengths and weaknesses for SACM APD applications. Key findings

include:

GaAsSb exhibits a lower electron ionization coefficient (a) than InGaAs at electric fields below 210
kV/cm. While this results in reduced multiplication, it also significantly reduces noise, making GaAsSb

ideal for low-noise applications where maintaining signal clarity is critical.

At electric fields above 210 kV/cm, GaAsSb has smaller inter-valley separations enable higher electron

ionization rates, allowing it to achieve competitive multiplication without the need for excessively high
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fields. This makes GaAsSb well-suited for applications requiring high-field operation and moderate to

high gain, such as long-range optical communication and LiDAR.

The consistently lower hole ionization coefficient () in GaAsSb, due to its larger split-off energy, helps
reduce noise from hole-initiated ionization. This behaviour is beneficial for designing APDs that require

low-noise operation in environments with high signal sensitivity.

In both GaAsSb and InGaAs-based devices, managing tunnelling currents is crucial to maintaining low
dark current levels. By keeping the electric field in the absorber region below 175 kV/cm, both materials
can limit tunnelling dark currents to acceptable levels, although GaAsSb showed lower multiplication

at these fields, translates to lower noise overall.

In conclusion, GaAsSb presents a compelling alternative to InGaAs for SACM APD designs, offering
lower noise at moderate fields and strong multiplication performance at higher fields. These
characteristics provide a clear pathway for optimizing GaAsSb-based APDs in telecommunication and
LiDAR applications, where balancing noise, gain, and field management is critical for device

performance.
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Chapter 6 The Electroabsorption in GaAsSb and

InGaAs

6.1 Introduction

The manipulation of absorption properties in a semiconductor through the application of electric fields,
known as electroabsorption, is a critical phenomenon in the realm of optoelectronics. The
electroabsorption effect, described independently by Franz[50] and Keldysh[51], introduces an
electric-field-dependent absorption tail in bulk semiconductors. This phenomenon occurs through
photon-assisted tunnelling of electrons from the valence to conduction bands. One of the primary
applications of the electroabsorption effect is in electroabsorption modulators (EAMs). By applying an
electric field to modulate the absorption of light in semiconductors, EAMs can achieve high-speed

optical intensity modulation[117]. Researchers have investigated various III-V semiconductor
materials as potential candidates for EAMs, such as GaAs[118], InGaAsP[54], and GeSn[119],

studying their potential to provide efficient modulation at different wavelengths relevant for optical

communications.

Beyond modulation, the electroabsorption effect enables photodetectors to operate at wavelengths
slightly longer than the semiconductor's bandgap, expanding the spectral range for photodetection
[120]. The effect has also proven useful for extracting information about semiconductor properties,
including band structure, built-in electric fields, strain, and temperature dependence of the bandgap.
Time-resolved electroabsorption measurements can even reveal ultrafast electric field dynamics in

semiconductors with sub-picosecond resolution[121].

In the context of telecommunications, two materials have garnered significant attention: GaAsosSbo.s
(InGaAs) and Ing s3Gao 47As (GaAsSb). Both possess direct bandgaps of approximately 0.75 eV and can

be grown lattice-matched to InP, making them ideal candidates for absorber materials in 1550 nm
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applications. The growing demand for increased network bandwidth and capacity has driven the
expansion of operational wavelengths in optical fibres from the C-band (1530 nm ~ 1565 nm) to the L-
band (1565 nm ~ 1625 nm). These wavelengths lie close to the band edges of InGaAs and GaAsSb,

where absorption coefficients can be significantly influenced by external electric fields.

Despite extensive research on the zero-field absorption properties of InGaAs and GaAsSb, there has
been a notable lack of investigation into their electroabsorption effects. This gap in knowledge is critical,
as the sensitivity to electric fields is a crucial consideration when employing these materials in various
optoelectronic devices, including photodiodes, avalanche photodiodes (APDs), optical modulators, and

switches.

This chapter aims to address this critical knowledge gap by providing a comprehensive study of the
electroabsorption effects in InGaAs and GaAsSb. By utilizing thick epitaxially grown absorption layers
of these materials in a p+-i-n+ configuration, we investigate the changes in absorption just above and
below the band edge for electric fields up to 200 kV/cm. Through the measurement of wavelength-
dependent photocurrents, we experimentally determine the electroabsorption coefficient for
wavelengths extending up to 2200 nm. This research will not only advance our understanding of these

specific materials but also contribute to the broader field of optoelectronics and semiconductor physics.
6.2 Experiment details

For the electroabsorption coefficient measurements in this chapter, only the GaAsSb-A (1.0 um) and
InGaAs-B (4.8 um) p-i-n photodiodes were studied. These devices were chosen because they can
withstand higher reverse bias voltages, enabling the application of electric fields exceeding 200 kV/cm.
Detailed structural information for these photodiodes is provided in Chapter 4, where their zero-field
absorption coefficients were also analysed. Both devices were grown using Metalorganic Vapour-Phase
Epitaxy (MOVPE) for InGaAs and Molecular Beam Epitaxy (MBE) for GaAsSb, with highly doped

p+ and n+ cladding layers to facilitate efficient carrier collection. InP was used as the cladding material
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for the InGaAs device, and InAlAs was used for GaAsSb, ensuring that no absorption occurs in the

cladding regions within the wavelength range of interest.
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Fig. 6.1 Cross-sectional schematics of (a) InGaAs and (b) GaAsSb heterojunction photodiodes.

To investigate the electric-field-dependent absorption behaviour, voltage-dependent photocurrent
measurements were conducted. The photodiodes were subjected to varying reverse bias voltages to
generate a uniform electric field across the intrinsic region. Reverse bias voltages up to 120 V were

applied to the InGaAs-B device and up to 24 V to the GaAsSb-A device, allowing the electric fields to
exceed 200 kV/cm in both cases.

A broadband light source was used, and the light was directed through a monochromator to select
wavelengths ranging from 1200 nm to 2200 nm. The photocurrent response was recorded using a lock-
in amplifier to ensure high sensitivity across all voltages and wavelengths. The external quantum
efficiency (EQE) spectra were first measured at zero bias to establish a baseline for the inherent
absorption properties. The measurements were then repeated at incrementally higher bias voltages,

observing the Franz-Keldysh effect, which results in a redshift and broadening of the absorption edge
under increasing electric fields.

The EQE spectra for InGaAs-B (4.8 pm) and GaAsSb-A (1 um), presented in the fig. 6.2, show this
behaviour clearly. In the InGaAs-B device, the EQE at zero bias (black curve) reveals the inherent
absorption characteristics, with an absorption edge around 1600 nm. As the reverse bias voltage

increases, the absorption edge shifts toward longer wavelengths, consistent with the electroabsorption
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effect. Beyond 40 V, the entire EQE curve starts to increase significantly, particularly at longer
wavelengths, reaching up to 120 V. The increasing electric field causes a pronounced enhancement in

EQE, indicating stronger photon-assisted tunnelling and a widening of the absorption edge.

In the GaAsSb-A device, similar behaviour is observed, though at lower voltages. The EQE measured
at 0 V (black curve) shows an absorption edge near 1550 nm. As the reverse bias voltage increases from
3 Vto 24 V, the EQE shows a gradual broadening of the absorption edge, but the increase in EQE is
more modest compared to InGaAs. Nonetheless, the electroabsorption effect is evident, particularly
beyond 12 V, where the redshift becomes more pronounced, and the EQE at longer wavelengths

increases slightly.
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Fig. 6.2 The external quantum efficiency of the (top) 4.8um InGaAs and (down) lum GaAsSb at

various reverse bias.

6.3.1 Field dependent absorption coefficient

An important factor in interpreting the EQE data is the influence of avalanche multiplication,
particularly in the InGaAs-B device. While GaAsSb-A exhibits lower multiplication due to its shorter
intrinsic region, InGaAs-B is more prone to avalanche effects under moderate electric fields. This is not
only because InGaAs has a slightly higher low-field impact ionization coefficient compared to GaAsSb
(as discussed in Chapter 5), but also because the longer intrinsic region in the InGaAs-B device allows
carriers to travel a greater distance before being collected. The increased travel distance gives carriers
more opportunities to undergo impact ionization, resulting in a higher multiplication gain. This effect
amplifies the photocurrent and distorts the measured EQE beyond the changes caused solely by
electroabsorption. To account for this, a correction factor, M,,;,, was applied to remove the effects of

avalanche multiplication and isolate the electroabsorption-induced changes in the photocurrent.
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The EQE spectra presented in Fig. 6.3(a)(c) show the corrected data after removing multiplication
effects using M,,;,. In the logarithmic plot, the absorption tail becomes clearly visible, and a softening
of the slope with increasing reverse bias can be observed. As the reverse bias voltage increases, the
absorption edge shifts toward longer wavelengths, with a noticeable increase in absorption beyond 1660

nm and a slight decrease in absorption below 1660 nm.

The electric field dependent absorption coefficients which are deduced from the unmultiplied EQE
spectra are shown by the symbols in Fig. 6.3 (b)(d). For both InGaAs and GaAsSb the absorption
coefficients increase with electric field at wavelengths beyond 1660 nm in InGaAs and 1650 nm in
GaAsSb, leading to a softening of the roll-off slopes, and a red-shift of the cut-off edge. The energy
where these electroabsorption curves intersect each other (i.e. are almost independent of electric field)
is sometimes referred to as the “neutral point” [122] and this gives values for InGaAs (0.747 eV) and
GaAsSb (0.751 eV) that are in close agreement with literature values for E;. At the highest electric
fields investigated of 200 kV/cm, the absorption coefficients at 2000 nm have increased from effectively
zero to 96 ¢cm’! for InGaAs and 66 cm for GaAsSb, indicating their potential for high contrast

waveguide modulation at this wavelength.
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6.3.2 Error Analysis of the M ;, Approximation

In this section, we examine the accuracy of the approximation used for the multiplication correction
factor M,,,;, and its potential sources of error. The approximation assumes that multiplication is
relatively uniform across all wavelengths, significantly simplifying the correction process in the
external quantum efficiency (EQE) measurements. This assumption holds well at longer wavelengths,
where the absorption coefficient is small, resulting in minimal multiplication effects. However, at
shorter wavelengths, the absorption coefficient increases, leading to a corresponding rise in My,
which is not accounted for in the constant correction method. This introduces slight inaccuracies,
particularly at shorter wavelengths where the absorption coefficient, and thus the multiplication factor,

varies more significantly.
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Fig. 6.4 Voltage-dependent gain curves for different absorption coefficients (y). The multiplication
decreases as y lowers from 9000 cm™" to 100 cm™, resulting in slower gain increases at lower y

values.
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Fig. 6.4 illustrates the relationship between multiplication and applied voltage for different values of
the absorption coefficient y. As y decreases from 9000 cm™! to 100 cm ™!, the multiplication curves shift
downward, showing that the gain increases more slowly at lower y. For smaller y values, the
multiplication efficiency decreases, meaning the device gain becomes more dependent on the mixed
multiplication processes, especially at higher voltages. This behaviour demonstrates that lower

absorption coefficients lead to closer alignment with the true uniformly generated M,,,;..

To more accurately reflect the wavelength-dependent nature of the absorption, a wavelength-dependent
multiplication factor was generated for the range of 1500 nm to 2200 nm. This was done through an
iterative fitting process. First, the absorption coefficient for a specific wavelength was fed into the RPL
(Random Path Length) gain calculation model, producing a gain value. Then, another gain was
calculated by dividing the unmultiplied EQE (derived from the input absorption coefficient) by the
measured multiplied EQE. The input absorption coefficient was adjusted iteratively until the two gain
values closely matched. This method allowed us to account for the actual variations in absorption and

multiplication across the wavelength range, rather than assuming a constant factor.

100

ir\
o,
"o,
o *
N
< b,
) .
Q ()
5 “
‘ § 10 4 ..‘,
& )
5] 0..
g e,
=
E L
< 0
= %,
& e,
= %
g %,
g8 14 L
< L
m %
e  wavelength independent correction .-
*  wavclength dependent correction
T T T T T T

1500 1600 1700 1800 1900 2000 2100 2200

Wavelength (nm)

Fig.6.5 The unmultiplied external quantum efficiencies for the 4.8um InGaAs at 205 kV/cm,

comparison between the wavelength independent correction and wavelength dependent correction.
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Fig. 6.5 compares the unmultiplied EQE using both constant correction (black curve) and wavelength-
dependent correction (red stars). Beyond 1650 nm, the difference between the two methods is negligible,
as the absorption coefficient remains low and M,,;, does not vary much. The case shown in Fig. 6.5
represents the thickest InGaAs structure under the highest field conditions, where the variation in gain
versus absorption is the largest. Therefore, at lower voltages and for the 1 um GaAsSb structure, the
error is even smaller. The error introduced by assuming a constant M,,;, remains below 10%, making

its impact on the unmultiplied EQE minimal in the wavelength range of interest.

Although the wavelength-dependent correction offers a more accurate reflection of the multiplication
factor at shorter wavelengths, where the absorption coefficient is larger, the constant correction provides
reliable results under high-field conditions and longer wavelengths, where electroabsorption is most
significant. Therefore, while a wavelength-dependent M,,,;, is more precise, the constant correction
used in this study is a valid and practical approximation, ensuring that the measured changes in EQE
accurately reflect variations in the electroabsorption coefficient rather than overestimations from

avalanche multiplication.
6.4.1 The theoretical calculation for electroabsorption effect

To understand the effect of the electric-field on the absorption coefficients, we have attempted to model
the electroabsorption due to the Franz-Keldysh effect. The Franz-Keldysh effect, first described by
Franz [50] and Keldysh [51] in the late 1950s, involves the tilting of the conduction and valence bands
due to an electric field, leading to quantum mechanical tunnelling of electrons from the valence band
to the conduction band. Tharmalingam [52] and Callaway [53] introduced an effective mass
approximation and used an Airy function for the numerical calculation of the oscillations and decay

with photon energy of the electroabsorption coefficient.

The equations to determine the electroabsorption coefficients as given by Tharmalingam [52] and

Callaway [53] are:
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y(ho, F) = 4 x 3 || S48 _ glai(p) ] 61

where
B = B x (E; — hw)F~2/3 (6.2)

Ai(p) is the Airy function, F is the electric field, hw is the energy of the photons, and Ej; is the bandgap

energy. A is given by Alping [54] as:

A= ()" 6.3)

nhw \mgy

while B is given by both Stillman [55] and Alping [54] as:

3 5 (2u)!/3
B=11x10 (mo) (6.4)
where my is the free electron mass, u is the reduced mass defined by y = nTe::r:‘, where m,* and m*
e h

are the relative electron and hole masses, and n is the refractive index. The pre-factor C in Eqn. (4.13),
which is associated with the inter-band matrix elements, is a tuneable parameter to be aligned with the

empirical zero field absorption coefficient data [118], [123].

The Airy function Ai(f), central to the equation, is the mathematical solution to the Schrodinger
equation under a linear potential, representing the electric field's perturbation of the crystal's electronic
states. The use of the Airy function indicates a one-dimensional treatment of the effect, simplifying the

complex three-dimensional reality of the crystal lattice. The airy function is defined by[124]:

Ai(B) = \/i%fooo cos (%u‘?’ + up) du (6.5)

The calculation result is shown in Fig.6.6.
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Fig. 6.6 The calculated curve of the Airy function.

Inherent in this model is the presumption of a parabolic band structure near the band edge, a
simplification that facilitates the mathematical treatment of the absorption modification. This approach,
while streamlining the theoretical description, does not detract from the equation's efficacy in capturing
the essence of the electroabsorption effect: the shift and broadening of the optical absorption edge that

is experimentally observable and technologically exploitable in devices where electric field control of

optical properties is paramount.

However, there are limitations to the model due to these assumptions. The weak field approximation
does not hold in cases of very strong electric fields, where non-perturbative effects such as Zener
tunnelling become significant[125]. Furthermore, many semiconductors exhibit non-parabolic bands,
especially at energies far from the band edge, affecting the accuracy of the electroabsorption effect
predictions[ 126]. Electron-electron and electron-phonon interactions, which can lead to phenomena
such as bandgap renormalization and excitonic effects, are not captured by the simple electroabsorption

effect equation. Additionally, temperature effects that cause bandgap narrowing at high temperatures
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are typically not considered[96]. Finally, impact ionization, a non-linear effect more pronounced at

higher electric fields, is not accounted for in the electroabsorption model.

6.4.2 Comparison between calculated and measured

electroabsorption coefficients

The comparison between calculated and measured electroabsorption coefficients has long been a
challenge, with several studies reporting poor agreement between these values. A significant issue is
the uncertainty surrounding the bandgap values used in these models. For example, Leeson et al.[123]
found that using the conventionally accepted bandgap of 1.42 eV for GaAs did not yield satisfactory
fits to the experimental data of Wight et al.[ 122]. This inconsistency suggests that models relying solely

on the conventional bandgap may not accurately represent the electroabsorption behaviour of certain

materials.

One key factor contributing to this mismatch is the use of an effective bandgap (E4,), which is smaller
than the traditionally accepted value. Recent work by Bhowmick et al.[127] demonstrated that fitting
a material’s absorption coefficient requires the use of an effective Eg, value, typically 12-17 meV

smaller than the conventionally accepted bandgap. This finding has significant implications for

electroabsorption modelling, as it suggests that Eg, should be adopted consistently in such calculations

to improve agreement with experimental results. For example, the effective bandgap of InGaAs was
found to be 0.733 eV (1690 nm), smaller than its neutral point of 0.747 eV (1660 nm), as shown in

Table 6.1. This reduction in Ej has been crucial for obtaining accurate fits to experimental data across

various materials.
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Table 6.1 The parameters for the calculated absorption coefficient of InGaAs and GaAsSb. Also

included is the neutral point for the electroabsorption coefficients.

InGaAs GaAsSb
Refractive index, n 3.56 3.65
C 7.2 x 10* 6.5 x 10*
Effective reduced mass, u | 0.0278 0.0330

Effective Bandgap, Eg, 0.733eV (1690nm) | 0.738eV (1680nm)

Neutral point, E, 0.747eV (1660nm) | 0.751eV (1650nm)

In addition to the effective bandgap (Eg.), the calculation of electroabsorption coefficients also depends
on the reduced effective mass (p), which plays a critical role in the accuracy of these models. As seen
in equations (6.1) to (6.4), the reduced mass not only influences the overall magnitude of the
electroabsorption coefficients but also determines how these coefficients change with increasing electric
field. Kingston[117] suggested that semiconductors with similar values of p exhibit comparable rates
of change in electroabsorption behaviour. By using published values for the electron, light-hole, and
heavy-hole masses in InGaAs[90] and GaAsSb[91], we calculated the reduced masses (3, and pyy)
for both materials, as shown in Table 6.2. Several studies[122], [123], [128] have used a single
effective reduced mass in their calculations, and our findings indicate that using an average value
(0.0278 for InGaAs and 0.0330 for GaAsSb, as given in Table 4.1) provides the best fit to our
experimental data. Leeson and Payne[123] calculated the electroabsorption coefficient of InGaAs using
a larger value of u=0.038. While using this value of p with the equations presented in this work gives
similar electroabsorption coefficients to Leeson and Payne[123], the absolute values do not agree with
the experimental results shown in Fig. 6.7 or the calculations with pu = 0.0278. Furthermore, a

comparison of the electroabsorption between InGaAs and GaAsSb shows that InGaAs experiences a
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slightly larger change with electric field due to its smaller reduced mass, reinforcing the importance of

w in accurately modelling electroabsorption coefficients.

Table 6.2 Summary of mass parameters used for InGaAs and GaAsSb

InGaAs GaAsSb
Electron mass, m, 0.041 0.0447
Light hole mass, m;, 0.052 0.066
Heavy hole mass, my, 0.363 0.455
Light-hole electron reduced mass, p;p 0.0227 0.0267
Heavy-hole electron reduced mass, py; | 0.0368 0.0407

Other adjustable parameters, such as the constant C and the refractive index (n), also play significant
roles in obtaining accurate fits. These parameters, alongside the effective bandgap, are integral to
calculating the electroabsorption coefficients, which in turn are plotted as a function of wavelength. The
calculated values show excellent agreement with experimental data, particularly at higher electric fields,

underscoring the validity of this modelling approach.

To further validate the model, we replicated the electroabsorption coefficients calculated by other
researchers, such as Seraphin [11] for GaAs using a reduced mass (p) of 0.065 and Leeson [9, 22], who
employed the model of Rees [12]. While Leeson applied this model to both GaAs and InGaAs, using p
values of 0.065 and 0.038 respectively, it is noteworthy that some discrepancies between theory and
experiment persist in other works. For instance, Stillman [19] and Wight [23] reported poor agreement
between their experimental and theoretical results for GaAs, suggesting that these results should be

approached cautiously when interpreting electroabsorption behaviour in similar materials.
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Fig. 6.7 The extracted and calculated absorption coefficients under various reverse bias for

(a)InGaAs and (b) GaAsSb photodiodes.
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The results of our study show that the electroabsorption coefficients calculated using the effective
bandgap and the parameters in Table 6.1 align closely with experimental data at higher electric fields.
Similar levels of agreement were found for both InGaAs-A and GaAsSb-B, suggesting that this
modelling framework can be reliably extended to other devices with InGaAs or GaAsSb absorption
regions. However, at lower electric fields, we observed a slight discrepancy between the calculated and
measured values due to Urbach broadening, which limits the accuracy of the model in this regime.
Despite this limitation, the overall agreement between the model and the data supports the conclusion
that using the effective bandgap (Ej.) and the appropriate reduced mass (p) improves the accuracy of
electroabsorption coefficient calculations. Moreover, this physics-based model, with a few adjustable
parameters, allows for empirical fits to experimental data, making it a valuable tool for device design

and optimization in semiconductor technologies.

6.5 Discussion and conclusion

This work shows that, incorporating InGaAs and GaAsSb in a SACM structure introduces a new
performance constraint due to the variations of absorption coefficients, noticeable even when these
materials are subjected to a relatively low electric field of 150kV/cm—a level at which many InGaAs
SACMs operate at[129], [130]. This work also shows that measuring the photocurrent spectra of a
SACM APD structure will give accurate information on the electric field within the absorber region and

can be used to optimise the device design.

Fig. 6.8(a) shows how the absorption coefficients decrease with increasing electric field at wavelengths
of 1550 nm and 1600 nm. At 1600nm the absorption coefficients decrease from 7113 cm™ to 5225 cm"
'in InGaAs and from 7101 cm™ to 5710 cm™ in GaAsSb as the electric field increases from zero to 150
kV/cm. For a 1um thick absorber region, this change at 1600nm will lead to a notable decline in the
internal quantum efficiency (IQE), dropping from 50.8% to 40.7% for InGaAs, and from 50.8% to

43.45% for GaAsSb. This decrease is less pronounced at 1550 nm. In reality, both the electroabsorption
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reduction and avalanche multiplication may be happening simultaneously to the photons absorbed in

the absorber region at high electric fields, making the overall effect less obvious (especially in InGaAs).

Fig. 6.8 (b) also shows that wavelengths beyond the optical bandgap can be detected with increasing
efficiency as the electric field increases. These properties could be exploited in waveguide devices to
extend the wavelength of conventional short wavelength infrared detectors and APDs albeit at the

expense of higher dark currents due to tunnelling.
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Figure 6.8 The electroabsorption coefficients as a function of electric field for InGaAs(circles) and
GaAsSb(triangles) at a) 1550nm(black), 1600nm(red), also shown is the tunnelling dark current
density for these two materials as a function of the electric field. b) increasing absorption coefficient

with electric field at 1700nm(green), 1800nm(blue), 1900nm(purple) and 2000nm(cyan).

In this chapter, we have conducted experimental measurements and theoretical modelling of the
electroabsorption coefficients in bulk InGaAs and GaAsSb under electric fields up to approximately
200 kV/cm. The measurements reveal substantial changes in the absorption properties both above and
below the bandgap energies of these materials. The theoretical modelling of the electroabsorption effect
aligns closely with the experimental results, confirming the model's accuracy. These findings enhance
our understanding of how electric fields impact the absorption characteristics of InGaAs and GaAsSb,

which is crucial for the development of high-performance photodetectors, modulators, and other
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optoelectronic devices. By optimizing these materials for use in optical communication systems, this

research provides significant contributions to the field of optoelectronics.
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Chapter 7 Characteristics of GaAsSb/AlGaAsSb

SACM APD

7.1 Introduction

In the pursuit of high-performance Avalanche Photodiodes (APDs) for telecommunication and sensing
applications, a key challenge arises from the trade-off between achieving high sensitivity and
maintaining low excess noise. Materials such as 85% AlGaAsSb[108] and InP[131] exhibit excellent
characteristics in terms of avalanche multiplication factor and excess noise. However, their detection
wavelength range is limited by their relatively large bandgap (1.5 €V, equivalent to 830 nm), which is

not ideal for typical telecommunication wavelengths ranging from 1300 to 1650 nm.

To overcome this limitation while maintaining low excess noise, the Separate Absorption, Charge, and
Multiplication (SACM) architecture in Avalanche Photodiodes (APDs) has proven effective. SACM
APDs are designed to optimize performance in high-speed and high-sensitivity applications by dividing
the device into three specialized regions: the absorption region, the charge region, and the multiplication
region. In the absorption region, incoming photons generate electron-hole pairs. The charge region,
either undoped or lightly doped, extends the electric field uniformly and controls the injection of carriers
into the multiplication region. Here, the photocurrent is dramatically amplified through impact

1onization.

The separation of the absorption and multiplication zones allows each to be optimized for its specific
function, leading to significantly improved device performance. SACM APDs excel in applications
requiring high bandwidth and low-noise operation, such as optical communication systems, LiDAR,
and high-speed photometry, where they outperform conventional APD designs with lower noise, higher
gain, and faster response times.

Mclntyre’s local field theory defines the excess noise factor (F) using the equation[27]:
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F(M) = kM + (1-k)(2—7) (7.1)

Here, ‘k’ represents the ratio of ionization coefficients for holes () and electrons («), expressed as k =
g when the multiplication is initiated by electrons. The excess noise factor sets a limit on the maximum
useful multiplication achievable for a given device. Therefore, high-sensitivity APDs that require a large
signal-to-noise ratio (SNR) must use avalanche materials with a low 'k' value. Materials with
significantly different ionization coefficients between electrons and holes not only reduce noise but also

enhance bandwidth by minimizing the number of transits through the multiplication region[ 132].

Silicon avalanche photodiodes (APDs), widely used for visible to near-infrared wavelengths up to 950
nm, are known for their performance, sensitivity, reliability, and cost-effectiveness. However, the 1550
nm wavelength has gained prominence for extended-distance applications due to reduced solar
background radiation and scattering, as well as the ability to use higher laser powers while maintaining
eye safety[133]. Traditional APD designs for 1550 nm operation typically employ a narrow bandgap
material, such as InGaAs, for the absorption region and a wide bandgap material, like InP[35] or
InAlAs[134], for the multiplication region, integrated on an InP substrate within a Separate Absorption,
Charge, and Multiplication (SACM) configuration. In these designs, the electric field in the absorber is
kept low to minimize tunnelling current and impact ionization, while a high electric field in the

multiplication region ensures sufficient energy for impact ionization.

Despite their widespread use, commercially available linear mode APDs operating at 1550 nm often
face performance limitations due to high excess noise (F > 10 at M = 25)[18] arising from similar
ionization coefficients for electrons (a) and holes (f) at high electric fields[131]. Additionally,
undesirable low-field ionization in the InGaAs absorption region negatively affects the gain-bandwidth
product[130] and contributes to excess noise[135]. This limitation restricts the maximum useful

multiplication and overall device performance.
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Alternative materials, such as HgCdTe and InAs, have demonstrated very low excess noise at 1550 nm
but require cooling to reduce dark current due to their small bandgap[136], [137]. AllnAsSb, lattice-
matched to GaSb, exhibits low excess noise at room temperature beyond 1500 nm but demands complex
digital alloy growth techniques[138]. Yi et al.[101] demonstrated exceptionally low excess noise with
a k value of 0.005 in a 1550 nm AlAsSb p-i-n structure, though the high aluminum content in this alloy

leads to oxidation.

Alp35Gag.1sAsSb (AlGaAsSb) has emerged as a promising alternative, showing reduced surface dark
currents and very low excess noise characteristics[ 108]. The choice of absorber material plays a crucial
role in the performance of SACM structures. As mentioned in previous chapter, using GaAsSb as the
absorber material with an Al gsGag.1sAsSb multiplication region offers several advantages. The smooth
transition between the conduction and valence bands in GaAsSb and AlyssGao.1sAsSb avoids abrupt
bandgap discontinuities, facilitating easier carrier movement, reducing the likelihood of carrier
entrapment, and increasing device speed. Additionally, the transition from GaAsSb to Al.ssGao.1sAsSb
primarily requires adjustments in the group III elements, simplifying the process of achieving lattice-
matched growth. In contrast, InGaAs, with its type II band alignment, presents a significant challenge
due to the large conduction band offset (~1 eV) between the last grading layer and the Aly3sGao.1sAsSb

multiplier, complicating the grading process and potentially affecting device efficiency and speed.

The excess noise and multiplication characteristics of AlyssGao.1sAsSb p-i-n diodes with different
avalanche region thicknesses have been extensively studied recently[139]. It was concluded that a 1
um p-i-n structure exhibits low excess noise and is suitable for LIDAR applications due to its ability to
operate at high multiplication values. Building on these insights, this work presents an SACM
architecture using a novel GaAs sSbos/ AlogsGao.1sAsSb (GaAsSb/AlGaAsSb) structure, which offers

significant improvements in multiplication and excess noise for operation at 1550 nm.

In this chapter, a SACM structure based on a GaAsSb absorber and an 85% AlGaAsSb multiplier is
fabricated and thoroughly characterized in terms of its electrical and optical performance. The

GaAsSb/AlGaAsSb structure was chosen for its ability to deliver high gain with low excess noise,
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crucial for applications in the 1550 nm wavelength range. The characterization focuses on the
capacitance-voltage (C-V), current-voltage (I-V), quantum efficiency (QE), and multiplication
characteristics. Through these measurements, the advantages of using a GaAsSb absorber in
combination with an AlGaAsSb multiplication region are demonstrated, showing that this structure is
capable of significantly improved performance for telecommunication and sensing applications,

particularly in high-sensitivity, low-noise scenarios.
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Fig. 7.1 the schematics of GaAsSb/AlGaAsSb SACM APD:s.

7.2 Device structure

The GaAsSb/AlGaAsSb SACM APDs were grown via molecular beam epitaxy on a semi-insulating
InP substrate using random alloy (RA) growth technique. For the group V cells, RIBER VAC 500 and
Veeco Mark V valved crackers were employed for As and Sb, respectively. As summarized in Table 7.1,
this structure included a nominal 500 nm GaAsSb absorber and 1000 nm AlGaAsSb, incorporating a
35 nm charge sheet layer with p-type doping of 6 X 1017 cm. This doping ensures a low electric field
in the absorber, preventing tunnelling, while maintaining a high electric field in the multiplication region
to facilitate avalanche multiplication. The energy bands are graded using various compositions of

AlGaAsSD to enable smooth carrier migration from the absorber to the multiplication region. Device
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fabrication involved standard photolithography and wet etching in a solution composed of 40 ml citric
acid:10ml phosphoric acid:10ml H>0,:240 ml deionized water. This process etches the devices into a
clear mesa shape with diameters ranging from 60 um to 500 um, and the surface was passivated using

SU-8. Ti/Au was deposited on the top and bottom contact layers for ohmic contact.

Table 7.1 The layer details of the SACM APDs

Layer Material Doping density/cm™ Thickness/nm
Top contact InGaAs 1% 101 p** 20
Cladding InAlAs 5% 108 p* 100
Absorber GaAso.5Sbo.s UID 500
Grading Aly2sGag.15AsSb UID 30
Grading Aly.ssGag.1sAsSb UID 30
Grading AlyssGag.1sAsSb UID 30
Charge sheet Al ssGao.1sAsSb 6 x 1017 p 35
Multiplier Alo.s5Gao.15AsSb UID 1000
Contact AlogsGao.15AsSb 5x 10 n* 100
Buffer InAlAs 1x 10 n* 500
Substrate InP Semi-insulating N/A

7.3 IV and CV characteristics

The capacitance-voltage (C-V) measurements and doping profile analysis of the GaAsSb/AlGaAsSb
SACM APD, as illustrated in Figure 7.2, provide crucial insights into the device structure and electrical
characteristics. Fig. 7.2(a) illustrates the capacitance per unit area for different sized devices (D500,

D350, D200, and D150). The overlapping curves demonstrate excellent consistency in the capacitance
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per unit area across various device dimensions, this scaling behaviour validates the accuracy of the mesa

etching process and the uniformity of the epitaxial layers.

All devices show a similar trend in capacitance reduction as the reverse bias voltage increases. The
capacitance per unit area gradually decreases from about 7 nF/cm? at zero bias to approximately 4.5
nF/cm? at 30 V. A sharp drop in capacitance is observed around 40 V for all device sizes, indicating the

punch-through voltage where the depletion region extends into the absorption layer.

Fig. 7.2(b) shows the C-V fitting for the D200 device. The close agreement between the measured data
(black dots) and the simulated fit (red line) validates the accuracy of the Poisson-based electric field
simulation. This simulation is based on the device structure detailed in Table. 7.2, which outlines the
material composition, permittivity, doping density, and thickness of each layer in the SACM APD. The
absorber and multiplication regions have thicknesses of 450 nm and 1050 nm, respectively, with
corresponding doping levels of 4.5 x 10'* cm™ and 4 x 10'* cm3. The charge sheet, a critical component
in SACM APDs for field control, was found to be 59 nm thick with a p-type doping concentration of 6

% 10'7 cm3. This results in a total charge within the charge sheet of approximately 3.54 x 102 cm™.

Table 7.2 The simulated structure for Poisson CV calculation

Material Permittivity | Doping density/cm™ Thickness/nm
InGaAs (Top contact) 14 1x 1019 p** 20

GaAso sSby s (Absorber) 14 45x10% p 450

Alp25Gag 15AsSb (Grading) 13 2x10%p 30

Al 55Gao.15sAsSb (Grading) 12 4x10%p 30
AlpssGag.1sAsSb (Grading) 11.4 5x 1016 p 30
AlosGao.1sAsSb (Charge sheet) 11.4 6 x 107 p 59
AlossGaosAsSb (Multiplier) 11.4 4% 10 p 1050
AlosGao.1sAsSb (Bottom Contact) | 11.4 5x 101 n™ 100
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Figure 7.2(c) showed the doping profile as a function of depletion width for different device sizes
extracted directly from the C-V measurements. The charge sheet is clearly visible as a peak in the doping
profile, centred around 1.1 pm depletion width. The peak doping density in the charge sheet is
approximately 3-4 x 10'” cm™3, aligning closely with the designed value. By integrating the area under

this peak, we can estimate the total charge in the charge sheet region as 2.7 x 102 cm™2,
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Fig. 7.2 The capacitance-voltage measured of the SACM APDs with different size.

The electric field distribution in this SACM APD structure is shown in Fig. 7.3, where the AlGaAsSb
multiplication region supports an electric field of over 600 kV/cm at breakdown voltage, allowing for

strong avalanche multiplication. Meanwhile, the GaAsSb absorber operates in a low-field region (<180
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kV/cm) to minimize tunnelling currents, maintaining low dark current while allowing efficient carrier

multiplication.
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Fig.7.3 The electric field profile of the SACM APDs at punch through voltage and breakdown voltage.

The forward and reverse current-voltage (I-V) characteristics of GaAsSb/AlGaAsSb SACM APD
devices with varying diameters are shown in Figure 7.4. The forward current (Figures 7.4(a) and 7.4(b))

scales with area for bias below 1 V, but bends over as the forward bias approaches 1.5 V.

Figures 7.4(c) and 7.4(d) depict the reverse dark current and its density, respectively. Before punch-
through, the dark current scales with the device perimeter, suggesting that surface leakage mechanisms,
such as generation and recombination at defects or perimeter states, dominate. After punch-through, the
dark current scales better with the area of the devices, as shown in Figure 7.4(d), indicating that
generation and recombination processes in the bulk GaAsSb absorption layer dominate the current. The
punch-through voltage (V,;) is around 42 V, while the avalanche breakdown voltage (V) occurs at
approximately 68 V. Slight variations in these voltages across devices can be attributed to edge effects

and non-uniformities in doping and layer thickness.
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The reverse dark current density remains relatively low up to 40 V, ranging from 107¢ A/cm? to 10°°

A/cm?. Beyond punch-through, the current density increases as the electric field penetrates the absorber.

At 54V (just after punch-through), the reverse dark current density is 0.1 mA/cm™.
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Fig.7.4 The IV characteristics of the SACM APD:s.

120



7.4 Experiment results

Fig. 7.5 illustrates the avalanche multiplication characteristics of the SACM APD under different
reverse biases at 1450 nm. Fig.7.5(a) shows the measured dark current and total photocurrent for the
SACM APD at various illumination power levels from a 940 nm LED. The dark current remains
minimal across the voltage sweep until near breakdown voltage, indicating effective suppression of
dark current by the device. For the highest optical power, the photocurrent exceeds the dark current by
more than three orders of magnitude, indicating a large signal-to-noise ratio. This establishes a clear
distinction between dark current and photocurrent, allowing for the reliable calculation of gain by

subtracting the dark current from the total measured current.

Figure 7.5(b) shows the gain calculated from the SMU measurements in Figure 7.5(a) alongside the
gain measured using a Lock-In Amplifier (LIA). The solid lines represent the gain derived from the
SMU sweep by subtracting the dark current from the total current, with the reference gain set at M=3.6
at 54 V. The open symbols represent the gain measured using the LIA technique, using the phase-
sensitive detection method described in Chapter 3. The close match between these two methods

confirms the reliability of both approaches for measuring gain.

Figure 7.5(c) presents the measured dark current and gain along with the fitted gain from the Random
Path Length (RPL) model. The RPL model uses the electric field distribution profile derived from
capacitance-voltage (CV) modelling and the impact ionization coefficients of AlIGaAsSb, which were
published previously[ 108]. The experimental gain, represented by symbols, shows strong agreement
with the modelled gain (red curve) across the voltage range, particularly for voltages exceeding 54 V.
The multiplication is determined to be M=3.6 at 54 V, and the predictions agree well with the measured

data up to a gain of M=1150.
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Fig. 7.5 (a) Dark current and photocurrent under different 940 nm illumination powers. (b) Gain
calculated from SMU measurements compared with LIA measurements, showing good agreement. (c)

Current density and gain for different device sizes, with the RPL model fitting.

Fig. 7.6 presents the measured responsivity and quantum efficiency (QE) spectra of the SACM APD
across a range of reverse bias voltages. Figure 7.6(b) illustrates the corresponding quantum efficiency
(QE) for the same set of reverse biases. At lower reverse biases (41 V to 46 V), the QE remains relatively
low, especially at longer wavelengths, due to limited avalanche multiplication. However, as the reverse

bias increases to around 54 V and beyond, the QE rises significantly, reaching over 1000% at higher
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voltages. At 54 V, the EQE is measured as 77%, with calculations based on a 450 nm thick absorber
and an absorption coefficient of 8100 cm™ suggesting an EQE of approximately 21.4% at unity gain.
This corresponds to a multiplication gain of around 3.6, aligning well with the multiplication simulation
results for 1550 nm. As a results, under maximum multiplication conditions (M = 1150), the device

achieved an exceptionally high quantum efficiency of 24610%.

Additionally, as the reverse voltage increases, the cutoff wavelength extends towards 1900 nm due to
the electroabsorption effect, which broadens the absorption edge of the material. This shift enhances

the APD’s ability to detect longer wavelengths, making it suitable for applications involving infrared

light detection.
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Fig. 7.6 (a) Responsivity and (b) EQE of the SACM APD across different reverse biases.
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Fig. 7.7 illustrates the measured excess noise factor as a function of multiplication for the SACM APD
and compares it with a 1 pm thick 85% AlGaAsSb p-i-n diode. The excess noise measurements were
conducted using a transimpedance amplifier-based circuit, operating at a centre frequency of 10 MHz
with a bandwidth of 4.2 MHz. Calibration of shot noise was achieved using a reference silicon
photodiode (SFH2701), which lacks multiplication, allowing for accurate determination of the excess
noise factor by comparing the measured noise power of the SACM APD with that of the silicon device

at a given photocurrent. The details methodology is described in detail in Chapter 3.

The measured excess noise of the SACM structure is presented in Fig. 7.7, showing excellent noise
performance across a range of multiplication values. The excess noise remains low up to a
multiplication factor of 150, demonstrating a substantial advantage over conventional APDs. Notably,
the device does not follow MclIntyre’s local theory, where the excess noise factor typically rises more

rapidly with increasing multiplication.
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The excess noise factor F of the SACM APD is approximately 5 times lower than that of a commercial
InP APD. This substantial reduction in noise highlights the superior performance of the AIGaAsSb-
based multiplication region. When compared to commercial silicon (Si) APDs, the SACM APD
demonstrates similar excess noise characteristics at multiplication values below 25. However, for
multiplication values greater than 25, the SACM APD outperforms the Si APD, exhibiting lower excess
noise. This is particularly noteworthy, as Si APDs are renowned for their low noise in the visible
spectrum, but they typically require much higher operating bias voltages to achieve such low noise

factors.

The ability of the SACM APD to maintain lower excess noise at higher multiplication values, combined
with its operation at lower bias voltages, makes it highly advantageous. Furthermore, the AlGaAsSb
multiplication region provides a significant benefit in terms of extended detection wavelengths, as Si
APDs are limited to shorter wavelengths, typically in the visible range. In contrast, the SACM APD
operates efficiently in the near-infrared region, making it a more promising solution for applications

that require both low-noise performance and sensitivity at extended wavelengths.

7.5 Discussion and Conclusion

In Table 7.3, a comparison is made between the GaAsSb/AlGaAsSb SACM APD developed in this
work and other commercially available InGaAs APDs with a 200 um diameter. The state-of-the-art
InGaAs/InP device (G14858-0020AA)[103] is noted for its low dark current and a similar breakdown
voltage to the SACM APD. However, this work achieves a significantly higher multiplication factor of
1150, nearly 30 times greater than the InGaAs/InP device, while maintaining an excess noise that is 6.5

times lower at M=25.

The thin 500 nm GaAsSb absorber used in this study yields a quantum efficiency (QE) of 21.4% at
unity gain without the use of an anti-reflection (AR) coating. By incorporating a thicker 2 um GaAsSb
absorber with an AR coating in the SACM structure, the QE could be improved to 87% at unity gain,
with only a slight increase in dark current and a marginal reduction in speed. Additionally, integrating
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a thicker InGaAs or GaAsSb absorber in a SACM configuration with this type of multiplication region
could result in even better overall performance. The comparison in Table 7.3 highlights key parameters,
such as breakdown voltage and excess noise, demonstrating that the SACM APD developed in this
study offers superior performance. With a maximum multiplication factor of 1150 and an excess noise
factor of around 2 at M=25, the SACM APD shows a considerable improvement in noise and
multiplication compared to commercial APDs, which typically exhibit higher excess noise and lower

gain.

In conclusion, the GaAsSb/AlGaAsSb SACM APD presented in this chapter, which is lattice-matched
to InP, offers high gain and low excess noise, significantly enhancing sensitivity for 1550 nm detection.
These characteristics represent a substantial advancement over current commercial APDs, providing a
promising solution for applications like lidar systems and other technologies that require high sensitivity

and fast response times.

Table 7.3 Comparison of this work with the commercial device.

Excelitas | Hamamatsu Hamamatsu SACM
Parameters (G14858- .

(C30662) | (G8931-20) 0020AA) (This study)
Device diameter 200 um 200 um 200 um 200 um
Spectrum range ~1.7um ~1.7um ~1.7um ~1.7um
Capacitance @Max
Depletion 2.5pF 1.5pF 2 pF 2 pF
Breakdown Voltage 50V 55V 65V 66V
Choa 140mV/K | 110 mV/K | 100 mV/K N/A
Bandwidth 0.85GHz | 0.9GHz 0.9 GHz N/A
Max Multiplication ~20 ~30 ~30 1150
Excess noise @ M = 25 (3)'4@M:1 ~13 ~13 ~2
Dark current @ M =25 i/ISanAO@ 2280nA 20nA 214nA
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In summary, this chapter presents the development and characterization of a GaAsSb/AlGaAsSb SACM
APD lattice-matched to InP, demonstrating high gain and exceptionally low excess noise. This device
achieves significant improvements in sensitivity for 1550 nm detection compared to state-of-the-art
commercial APDs, with a much higher multiplication factor and drastically lower excess noise. These
advanced characteristics make the GaAsSb/AlGaAsSb SACM APD an ideal candidate for applications
requiring high sensitivity and fast response times, such as LiDAR systems, high-speed optical

communication, and advanced photodetection technologies.
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Chapter 8 Conclusion and future work

8.1 Conclusion

This thesis has demonstrated the significant potential of GaAsSb/AlGaAsSb Separate Absorption
Charge and Multiplication (SACM) avalanche photodiodes (APDs) for high-performance
optoelectronic applications, particularly in the short-wave infrared (SWIR) spectrum and at the 1550
nm telecom wavelength. GaAsSb demonstrated advantages over InGaAs-based devices in terms of

noise reduction, field-dependent absorption, and controlled multiplication.

Accurate absorption measurements showed that GaAsSb and InGaAs have comparable absorption
coefficients around 1550 nm, with values of approximately 8400 cm™ and 8100 cm™, respectively.
These results confirm the suitability of both materials for photodetectors operating in the telecom C-
and L-bands. Additionally, GaAsSb devices exhibited low dark current, supporting their viability as an

alternative to InGaAs.

Electroabsorption studies conducted at 1550 nm and 1600 nm revealed a reduction in absorption
coefficients as the electric field increased. For instance, at 1600 nm, the absorption coefficient for
InGaAs decreased from 7113 cm™ to 5225 cm™, and for GaAsSb, it decreased from 7101 cm™ to 5710
cm™! as the electric field rose from 0 to 150 kV/cm. This reduction in absorption impacts the internal
quantum efficiency (IQE), with InGaAs showing a drop in IQE from 50.8% to 40.7%, and GaAsSb
from 50.8% to 43.45% in 1 um devices. Although the decrease is less pronounced at 1550 nm, this
demonstrates how increasing the electric field in the absorber region influences the overall device

performance.

Multiplication measurements indicated that GaAsSb offers lower electron multiplication than InGaAs
at electric fields below 210 kV/cm. Specifically, at an electric field of 175 kV/cm, the electron
multiplication factor for GaAsSb was measured at 1.038, compared to 1.138 for InGaAs. This behaviour,

tied to lower electron ionization coefficient (o) in GaAsSb at this field range, results in significantly
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lower multiplication but also correlates with reduced noise and limited tunnelling currents. These
characteristics make GaAsSb particularly advantageous for applications requiring low noise and high

signal clarity at moderate fields, where excessive multiplication can introduce unwanted noise.

GaAsSb/AlGaAsSb SACM APDs demonstrated high multiplication (M > 1200) and low excess noise
(F <7 at M = 200) at room temperature. Compared to commercially available InGaAs/InP devices,
these APDs offered a 40-fold improvement in maximum multiplication and a 6.5 times reduction in
excess noise at M = 25. Additionally, photocurrent spectral measurements enabled accurate
optimization of the electric field distribution within the absorber region, which is crucial for minimizing

tunnelling currents and maximizing quantum efficiency.

8.2 Future work

This thesis has demonstrated the design and characteristics of GaAsSb/AlGaAsSb Separate Absorption
Charge and Multiplication (SACM) APDs for high-performance optoelectronic applications. However,
several areas require further exploration to fully optimize device performance and explore new

materials and structures. Future research should focus on the following key areas:
1. Impact Ionization Coefficients in n-i-p GaAsSb Devices

Developing n-i-p GaAsSb devices could enable more accurate determination of impact ionization
coefficients, particularly for the hole ionization coefficient (). Current data on B in GaAsSb remains
incomplete. n-i-p structures allow for pure hole injection through top illumination, in contrast to p-i-n
devices with only possible mixed injection and pure electron injection. This would provide more

accurate determination of hole-initiated ionization.
1. Temperature Dependence and Varshni Shift in GaAsSb

Future studies should investigate the temperature dependence of GaAsSb, particularly how its bandgap

shifts with temperature (Varshni effect), by conducting low-temperature measurements down to 20K
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and high temperature up to 350K. Such studies will provide valuable insights into the dark current,

ionization coefficients, and breakdown voltage (Cbd) under varying temperature conditions.

While low temperatures may improve avalanche gain and reduce noise, the expansion of the bandgap
at lower temperatures could shrink the device's detection range, especially in the short-wave infrared
(SWIR) spectrum. Careful consideration is needed to balance the advantages of low noise with the

potential trade-off of limited detection range.

2. Electroabsorption for Electric Field Determination in SACM Structures

The electroabsorption effect in GaAsSb and InGaAs could be used to accurately measure the electric
field distribution within SACM structures, where direct measurements are difficult. By analysing the
shift and broadening of the absorption edge, researchers could determine the electric field in both
vertical and planar SACM structures in real-time. This would enable the development of more accurate

models of field behaviour and allow for the optimization of absorption and multiplication processes.

3. Optimization of Device Speed and Bandwidth

Response speed is critical for the performance of GaAsSb/AlGaAsSb SACM APDs in high-speed
communication systems. Future work should focus on measuring the bandwidth of these devices using
fast pulsed lasers to avoid the limitations of commercial LEDs. By analysing the cut-off frequency and
signal rise time, the high-speed characteristics of these APDs can be better understood and optimized

for faster response times.

4. InGaAs/GaAsSb Type-II Superlattices (T2SL) for Wavelength Extension

Future research could explore InGaAs/GaAsSb Type-II Superlattices (T2SL) as potential absorbers to
extend the operational wavelength of SACM APDs up to 3 um. T2SL structures, made by alternating
layers of InGaAs and GaAsSb, can be grown on InP substrates using well-established III-V growth
techniques. Tailoring the well and barrier thicknesses in these superlattices could allow for longer-

wavelength applications, such as gas detection and SWIR sensing.
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Investigating the electroabsorption properties of the proposed T2SL structures would provide insights
into how the electric field influences absorption in these systems. The potential for quantum confined
electroabsorption effect in these superlattices is especially intriguing, as it could enable precise control

over light absorption and emission at the quantum level.

5. Photon Counting and High-Sensitivity Applications

A promising area for further exploration is the operation of GaAsSb/AlGaAsSb SACM APDs as Single-
Photon Avalanche Diodes (SPADs) in Geiger mode. Given the devices' high gain and low excess noise
characteristics, they present strong potential for photon-counting and single-photon detection
applications. Future research should focus on measuring photon detection efficiency (PDE) and dark
count rate (DCR) to evaluate their performance in photon-counting mode, particularly in the 1550 nm

wavelength range.

Operating the devices above breakdown voltage would enable single-photon avalanche events, with
both passive and active quenching circuits needed to control and reset the avalanche. Comparative
studies with commercially available InGaAs/InP SPADs could quantify improvements in noise
performance, gain, and timing jitter. These investigations would pave the way for utilizing GaAsSb-
based SPADs in applications like LIDAR, low-light imaging, and quantum cryptography, where single-

photon detection is critical.
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