Design and Investigation of High Speed and High

Power InGaAs/InP One-Sided Junction Photodiodes

Jie Xu

A Thesis
In the Department
of

Electrical and Computer Engineering

Presented in Partial Fulfillment of the Requirements
For the Degree of
Doctor of Philosophy (Electrical and Computer Engineering) at
Concordia University

Montréal, Québec, Canada

May 2020

© Jie Xu, 2020



CONCORDIA UNIVERSITY
School of Graduate Studies

This is to certify that the thesis prepared

By: Jie Xu

Entitled: Design and investigation of high speed and high power InGaAs/InP one-
sided junction photodiodes

and submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy (Electrical and Computer Engineering)

complies with the regulations of the University and meets the accepted standards with

respect to originality and quality.
Signed by the final examining committee:

Chair

Dr. Muthukumaran Packirisamy

External Examiner

Dr. Martin Rochette

External to Program

Dr. Pablo Bianucci

Examiner
Dr. Abdel R. Sebak

Examiner
Dr. Glenn Cowan

Supervisor
Dr. John Xiupu Zhang

Supervisor

Dr. Ahmed A. Kishk
Approved by:

Dr. Wei-Ping Zhu, Graduate Program Director
July 22, 2020

Dr. Mourad Debbabi, Dean, Faculty of Engineering and Computer Science



ABSTRACT

Design and Investigation of High Speed and High Power InGaAs/InP One-Sided
Junction Photodiodes

Jie Xu, Ph.D.
Concordia University, 2020

Photodiodes convert optical signals into electrical signals and are widely used in
optical fiber communication systems, photonics generation of millimeter-wave (MMW)
and terahertz (THz) wave signals, radio-over-fiber wireless communication systems, etc.
In these applications, photodiodes play a key role. Nowadays, the well known uni-
travelling carrier photodiodes (UTC-PDs) have been widely used in the aforementioned
applications since its first invention in 1997. Over the past two decades, the performance
of UTC-PD and its derivatives has been improved continuously. However, the epitaxial
layer structures become more and more complex.

To simplify the structure and improve the performance of photodiodes, a high-speed
one-sided junction photodiode (OSJ-PD) with low junction capacitance is proposed for the
first time. The OSJ-PD is proposed based on the structure of the InGaAs Shottky barrier
photodiode (SB-PD) and UTC-PD. It has been demonstrated that the OSJ-PD has the
characteristics of the simple epitaxial layer structure, high speed, high output power, and
low junction capacitance. The OSJ-PD with 300 nm absorption layer thickness has
achieved a bandwidth of 64 GHz (without considering the external circuit) and a
photocurrent density of 2.4x10°> A/cm? under a 10 V bias voltage.

A modified InGaAs/InP one-sided junction photodiode (MOSJ-PD) is further

presented for the first time. The MOSJ-PD is proposed from OSJ-PD by inserting a cliff

iii



layer into the absorption layer. Compared with the modified uni-travelling carrier
photodiode (MUTC-PD), the MOSJ-PD has the advantages of simpler epitaxial layer
structure and lower junction capacitance. In MOSJ-PD, the space charge effect at high
light intensity is further suppressed. Thus, both 3-dB bandwidth and output current are
improved simultaneously.

Based on the newly proposed OSJ-PD structure, an evanescently coupled one-sided
junction waveguide photodiode (EC-OSJ-WGPD) is proposed and investigated
numerically. The EC-OSJ-WGPD has a simple structure, while the characteristics of high
speed and high output power are maintained. The designed EC-OSJ-WGPD with an
absorption layer thickness of 350 nm achieves a bandwidth of 44.5 GHz (without
considering the external circuit) and a responsivity of 0.98 A/W.

A unique equivalent circuit model (Circuit Model B), which combines the
Technology Computer-Aided Design (TCAD) and microwave circuit simulation, is
adopted to analyze the frequency response of InGaAs/InP photodiode. This methodology
demonstrates high accuracy in the frequency response analysis. The OSJ-PD and MOSIJ-
PD with a diameter of 5 um achieve bandwidths of 119 and 120 GHz, which are 5.3% and
6.2% higher than the well known MUTC-PD. The EC-OSJ-WGPD achieves a bandwidth

of 65.5 GHz.
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Chapter 1 Introduction

1.1 Introduction

High-speed and high-power photodiodes are critical components for optical fiber
communication systems [1], photonics generation of millimeter-wave (MMW) and
terahertz (THz) wave [2-7], and radio-over-fiber wireless communication systems [7-11].
The specific applications include analog photonics links [12], photodiode emitters
(photodiodes integrated with antennas) [13-17], high speed measurements [18], THz
spectroscopy [3,5], wireless communications [8,9,19], and imaging [20].

The function of photodiodes is to convert an optical signal (digital or analog) into an
electrical signal (photocurrent). Thanks to the development of Erbium-Doped Fiber
Amplifier (EDFA), the optical amplifier can achieve a high gain of over 30 dB with a large
bandwidth of over 1 THz. Optical to electrical converter must be capable of generating
broadband and high power electrical signals to improve the overall system performance.
Photodiodes absorb incident photons and generate electron and hole pairs (EHPs).
Photogenerated EHPs are separated by the internal electric field and then collected by the
external circuit. Photodiodes with high output power can eliminate the need for bulky and
expensive electrical post-amplifiers [21].

In the absence of incident light, photodiodes still have an output current /s (dark
current). The photo-induced current (/pn) is usually determined by the incident optical

power (Pinc) and can be expressed as Ipn=R:Pinc, Where R is the responsivity (unit: A/W).



1.2 Applications of the high speed and high power photodiodes
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Figure 1-1 Schematic diagram of a long-haul analog photonic system [12].
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Figure 1-2 (a) Frequency range of THz region and (b) various THz signal sources [4].
The applications of high speed and high power photodiodes are so broad that we
cannot introduce all of them here. The typical applications in optical fiber communication,
THz signal generation, and wireless communication are briefly introduced. The block
diagram of a long-haul analog photonic system [12] is shown in Figure 1-1. An analog
electrical signal is modulated onto an optical carrier in the electrical-to-optical (E/O)

converter and transmitted in an optical fiber that may include optical amplification. The



optical fiber has advantages, including low-loss transmission with typically 0.2 dB/km
attenuation and lightweight. Recovery of the transmitted optical signal employs a

photodiode, which should have broad bandwidth and high output power.
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Figure 1-3 Block diagram of the MMW/THz-wave generator using optical heterodyne
technique [10].
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Figure 1-4 Prospective application scenario for a long-range, high-capacity wireless

communication link at terahertz frequencies [9].

Figure 1-2 shows the frequency range of the THz regime and summarizes various
approaches for THz signal generation. The THz regime is referred to as the frequency gap
between microwave and infrared light, which is typically between 100 GHz and 30 THz

[4]. The THz electromagnetic spectrum is less utilized mainly because of the lack of signal



source and detector [21]. As shown in Figure 1-3, uni-travelling carrier photodiode (UTC-
PD) employs heterodyne of two optical signals with different wavelengths to generate THz
signal. And UTC-PD is an excellent candidate for THz signal source. The output powers
of UTC-PD at 100 GHz and 1 THz are around 20 mW and 10 uW [4].

Due to the high carrier frequency of the THz wave signal, it can provide a high data
rate for wireless communication systems. A single input and single output wireless
communication system operating at 237.5 GHz is shown in Figure 1-4. The UTC-PD
output is radiated over a beam-focusing antenna. The experimental results show a data rate
of 100 Gbit/s over a distance of 20 m. It’s expected to pave the road for wireless

communication systems with a data rate of Tbit/s over a distance of >1 km [9].

1.3 Motivation

In the aforementioned applications and systems, high speed (bandwidth) and high
output power (photocurrent) are two essential requirements for the photodiodes.
Nowadays, the UTC-PD and its variants have become the workhorses in the
aforementioned systems, and exhibit very high bandwidth and high output power. Aimed
at further improving the performance and providing attractive alternative photodiode
structures, this Thesis proposes and investigates two fundamental photodiode structures,
namely, the InGaAs/InP one-sided junction photodiode and the modified InGaAs/InP one-
sided junction photodiode.

Moreover, aimed at providing a reliable and accurate analysis methodology, the
frequency response of a photodiode is analyzed from the perspective of the microwave

circuit. Compared to the conventional analysis methodology, which only considers the



influence of the carrier transit time and resistance-capacitance (RC) charging time, this
unique methodology also includes the influence of the external microwave circuit. It has
been demonstrated that the external microwave circuit has a significant influence on the
photodiode’s frequency response. Thus, not only the photodiode itself but also the external
microwave circuit should be considered during the design and fabrication of the

photodiode.

1.4 Thesis overview

This chapter briefly introduces the basics and applications of the high speed, high
power photodiodes, and the structure of the thesis.

In chapter 2, the basic principles of InGaAs/InP photodiodes are presented.

In chapter 3, the underlying basic knowledge (equations and physical models) of the
physics-based device simulation software (Silvaco Atlas) is briefly discussed. The material
properties of InGaAs, InP, and InGaAsP are given. Also, the optoelectronic simulator
(Luminous) is introduced.

In chapter 4, a high-speed InGaAs/InP one-sided junction photodiode (OSJ-PD) with
low junction capacitance is designed and analyzed for the first time. The newly designed
OSJ-PD has a simple structure while maintaining the characteristics of high speed and
high power.

In chapter 5, a modified InGaAs/InP one-sided junction photodiode (MOSJ-PD) is
presented for the first time. The MOSJ-PD is proposed from the OSJ-PD by inserting a

cliff layer into the absorption layer. In MOSJ-PD, the space charge effect at high light



intensity can be suppressed. Thus, both 3-dB bandwidth and output current can be
improved simultaneously.

In chapter 6, an evanescently coupled one-sided junction waveguide photodiode (EC-
OSJ-WGPD) is proposed and investigated numerically. Comprehensive analyses of the
EC-OSJ-WGPD, including photogeneration rate, internal optical power distribution,
energy band diagram, internal electric field, photocurrent, and 3-dB bandwidth, are
presented.

In chapter 7, the equivalent circuit model of InGaAs/InP photodiodes is investigated.
The equivalent circuit model, which includes the tuning effect of the external circuit,
demonstrates high accuracy in the frequency response analysis of InGaAs/InP photodiodes.
The frequency responses of OSJ-PD, MOSJ-PD, and EC-OSJ-WGPD are analyzed using
the equivalent circuit model (Circuit Model B).

In chapter 8, a summary and future work are discussed.



Chapter 2 Fundamentals of InGaAs/InP Photodiodes

This chapter briefly introduces the basic principles of the semiconductor
photodetectors, with emphasis on the InGaAs/InP materials-based photodiodes. The basic
knowledge introduced in this chapter can facilitate the understanding of the following

chapters in the design and analysis of the InGaAs/InP photodiodes.

2.1 Types of semiconductor photodetectors

Many semiconductor-based photodetector structures have been demonstrated, and

they can be classified into the following categories [22]:

Ohmic contact —

Figure 2-1 Schematic diagram of a photoconductor [23].

B Bulk: photoconductors (photoresistors);

B PN junction based: PN photodiodes, PIN photodiodes (PIN-PDs), UTC-PDs,
OSJ-PDs, avalanche photodiodes (APDs), phototransistors;

B Metal-semiconductor junction based: Schottky barrier photodiodes, metal-

semiconductor-metal photodiodes (MSM-PDs).



The photoconductor structure is shown in Figure 2-1, light is absorbed by the bulk
semiconductor material, and a large number of EHPs are generated. With the increase of
EHPs, electrical conductivity also increases. Photoconductors are simple, low-speed

devices, and are not suitable for high-speed telecommunication applications [22].

!

dcp]etion@ hv
p-type l

Figure 2-2 Schematic diagram of a PN junction photodiode [22].

Metal “finger”

Figure 2-3 Schematic diagram of an MSM photodetector [24].

In PN junction based photodiodes, photogenerated EHPs are separated by an internal
electric field. PN photodiode is the simplest photodetector structure and is shown in Figure

2-2. Photons are absorbed in the depletion region, n-type region, and a p-type region. Since



the depletion region is narrow, and the carrier diffusive process is slow, the frequency
response is poor and is limited by the carrier transit time [22].

As shown in Figure 2-3, the MSM-PDs utilize interdigitated electrodes on top of a
light absorption material, which forms back-to-back Schottky barrier diodes. The MSM-
PDs have a much lower capacitance per unit area than PIN-PDs, and the bandwidth is often
carrier transit time-limited [24]. The carrier transit time is determined by the spacing
between interdigitated electrodes. The MSM-PDs have the characteristics of high speed
and ease of integration. But MSM-PDs suffer from low quantum efficiency because part
of the incident light will be reflected back by the electrodes. This drawback limits its

application.

2.2 Photodetector materials

E, w~E, o)
Figure 2-4 Photon absorption in a semiconductor [25].

When light is injected into a semiconductor material, the light may be absorbed or
pass through the semiconductor, depending on the photon energy and the semiconductor
bandgap energy E. (Note: light can also be absorbed by impurities or scattered inside the
semiconductor; these behaviors are not considered in this thesis for simplicity.) As shown
in Figure 2-4, if the photon energy E= hv>Eg, photons will be absorbed, and EHPs will be

generated. The semiconductor’s absorption coefficient a is a function of photon energy /v



and material’s bandgap energy E. The absorption coefficient as a function of wavelength
for several semiconductors is given in Figure 2-5.
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Figure 2-5 Absorption coefficient versus wavelength of several semiconductors [25].

Many semiconductor materials are adopted for different applications. Silicon (Si) is
a commonly used photodetector material for the light wavelength from 0.4 to 1.0 pm.
Germanium (Ge) is used for a longer wavelength of up to 1.8 pum. For high speed and high
power photodetectors, I1I-V materials are more important. Ino.s3Gao.47As has a cutoff
wavelength of 1.65 um and is widely used for optical communications at 1.3 and 1.55 pm.
GaAs has a cutoff wavelength of 0.9 um and is used for visible and near-infrared light
photodetector [26].

The energy E versus wavenumber k diagrams of GaAs and Si are given in Figure 2-
6. For GaAs, both the maximum valence band energy and the minimum conduction band

energy occur at the same k value. A semiconductor with this property is called a direct



bandgap semiconductor. For direct bandgap semiconductor materials, the transition

between the conduction band and valence band does not involve the change in crystal

momentum. For silicon, the maximum valence band energy and the minimum conduction

band energy do not occur at the same k value. A semiconductor with this property is called

an indirect bandgap semiconductor. The transition in indirect bandgap material involves

the change in crystal momentum. Silicon and germanium are indirect bandgap materials,

while InGaAs and GaAs are direct bandgap materials. Direct bandgap materials typically

have a higher absorption coefficient than indirect bandgap materials.
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Figure 2-6 Energy-band structures of (a) GaAs and (b) Si [25].
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In this thesis, we mainly study the PN junction based photodiodes, including PIN-PD,

UTC-PD, and OSJ-PD. And the semiconductor materials used for these photodiodes are

InGaAs, InGaAsP, and InP.



2.3 Photodiode structures

In the design of photodiodes, speed, power, and responsivity are three major
performance characteristics, which should be considered carefully. In the early stage,
surface illuminated PIN-PD is widely used in optical communication systems [27-32].
However, with the increasing demand for the optical communication data rate, PIN-PD
cannot satisfy the requirements anymore. Various photodiode structures have been

developed to boost the optical communication system performance.

2.3.1 Geometric structure

Light

p contact ring

n contact layer

n contact metal

Figure 2-7 Schematic structure of a surface illuminated photodiode.

Researchers have made lots of efforts to improve the photodiodes’ performance, and
several photodiode structures have been developed, such as surface illuminated
photodiodes, waveguide photodiodes, travelling wave photodiodes [22], etc. This thesis
mainly focuses on the study of surface illuminated and waveguide photodiodes, and their

schematic structures are given in Figures 2-7 and 2-8.
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p contact metal
Active layer

n contact metal

n contact metal

Input light

Figure 2-8 Schematic structure of a waveguide photodiode.
2.3.2 Epitaxial layer structure

Ve<0

g=0 = Wp

=W+ Wp

Figure 2-9 Schematic structure (above) and energy band diagram (below) of a PIN
photodiode with a reverse bias voltage of Vr. (Ja is diffusion current, and Jar is the drift

current.)

The epitaxial layer structure of a photodiode has a significant influence on the

performance. In the early days, PIN-PD has been widely used for optical communication

13



systems. It achieves a bandwidth of over 100 GHz [28,32]. The schematic structure and
energy band diagram of a PIN-PD are given in Figure 2-9. EHPs are generated in the
depletion region and then separated by the internal electric field. Since holes are slow-
moving carriers, the performance of a PIN-PD, such as 3-dB bandwidth and saturation

photocurrent, is mainly limited by holes.

Electron
Anode ‘/. barrier
pt InGaAs cap layer E, _I_I
p* InGaAsP barrier layer %
p InGaAs absorption 1
layer "
: E,
Cathode | 7~ InP electron drift layer <—®/ E,
Hole
barrier
S.I. InP substrate
E,
(a) (b)

Figure 2-10 The epitaxial layer structure (a) and energy band diagram (b) of a UTC-
PD.

To overcome the drawback of the PIN-PD, UTC-PD was proposed in 1997 [33]. The
epitaxial layer structure and energy band diagram of a UTC-PD is given in Figure 2-10.
EHPs are generated in the p InGaAs absorption layer, and then electrons will diffuse
towards the collector layer and drift to the n contact layer. The 3-dB bandwidth and
saturation photocurrent can be improved in UTC-PD since electrons are the only active

carriers in UTC-PD.
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2.4 Photodiode characteristic parameters

2.4.1 Quantum efficiency and responsivity

The quantum efficiency # of a photodiode indicates the photodiode’s ability to

convert optical energy into electrical energy, which is defined as:

__ number of electron and hole pairs contributing to the photo—induced current

— 2.1)
number of incident photons
I,/
n= e 74 % 100 %

where Ipn is the photo-induced current, Pinc is the incident optical power, g is the
elementary charge, / is the Planck’s constant, and v is the frequency.

Instead of the quantum efficiency #, the responsivity R (A/W) is often used.
Pine (2.3)

2.4.2 Frequency response

The response speed of a photodiode is usually limited by the carrier transit time t;,
and RC charging time 7. In the depleted region of a photodiode, electrons and holes
travel at saturation velocity. In the undepleted region, the transportation of electrons and

holes is the diffusion process. The diffusion process is usually slower than the drift process.

2.4.3 Linearity

For an ideal photodiode, the output photocurrent /px is linear with the incident optical

power Pinc. A photodiode is linear if the responsivity R is constant. However, in reality, a



photodiode is linear only within a range of the incident optical power. The minimum
incident optical power is determined by the minimum detectable optical power. The
maximum incident optical power is determined by the maximum optical power with which

the photodiode can handle before saturation occurs.
2.4.4 Maximum reverse bias voltage

The maximum reverse bias voltage is the voltage above which photodiode breakdown

occurs. Any photodiode should be biased below this voltage.
2.5 Photodiode speed and power limitations

1

S = 27T+ T (2.4)

Generally speaking, the speed of a photodiode is mainly determined by the carrier
transit time 7t and RC charging time tg.. The 3-dB bandwidth f3is can be
approximately expressed as Equation (2.4). In order to increase the bandwidth, both t,,
and tgc should be decreased. As shown in Figures 2-11(a) and 2-12(a), the carrier transit
time in UTC-PD is mainly limited by electrons, while the carrier transit time in PIN-PD is
mainly limited by slow-moving holes. To reduce holes transit time in PIN-PD, the
thickness of the absorption layer should be reduced. To reduce electrons transit time in
UTC-PD, the thickness of the absorption layer and the collector layer should be reduced.
However, the reduction of absorption layer thickness and collector layer thickness in UTC-
PD lowers the responsivity and increases the junction capacitance. The reduction of

absorption layer thickness in PIN-PD lowers the responsivity and increases the junction



capacitance also. Thus, compromise should be made between carrier transit time and

junction capacitance.
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Figure 2-11 (a) Band diagram of PIN-PD and (b) space charge effect of PIN-PD at a
high light intensity.
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Figure 2-12 (a) Band diagram of UTC-PD and (b) space charge effect of UTC-PD at a
high light intensity.

The output power of a photodiode is mainly limited by the space charge effect and

thermal management. As shown in Figures 2-11(b) and 2-12(b), at a high light intensity, a



large quantity of EHPs are generated in UTC-PD and PIN-PD. As a result, the internal
electric field is reduced by the EHPs, and the output photocurrent saturates. The space

charge effect has an adverse effect on both 3-dB bandwidth and output photocurrent.

Incident light
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S.1. InP Substrate

n contact layer
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Cliff Iir

CPW-Signal
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Figure 2-13 Schematic cross-section view of a photodiode flip-chip bonded onto a
diamond substrate [34].

CPW-GND CPW-GND

At high light injection conditions, a large amount of heat is generated, and the
photodiode may burn out at high temperatures. The heat dissipation can be improved by
flip-chip bonding the photodiode onto high thermal conductivity materials, such as AIN
and diamond substrates. Figure 2-13 shows the schematic cross-section view of a

photodiode flip-chip bonded onto a diamond substrate.

2.6 Summary

In this chapter, the fundamentals of InGaAs/InP photodiodes were introduced. Firstly,
the types of semiconductor photodetectors and photodetector materials were introduced.
Secondly, the geometric structure (surface illuminated photodiode and waveguide

photodiode) and epitaxial layer structure (PIN photodiode and UTC photodiode) were

18



illustrated. Thirdly, the figures of merit of photodiodes were explained. Finally, the speed

and power limitations for photodiodes were discussed.



Chapter 3 Physics-based Device Simulation

Silvaco Atlas is a physics-based device simulation software, which predicts the
electrical characteristics based on the device’s physical structure and bias condition. The
software approximates the operation of the device onto a two- or three-dimensional grid
(Appendix A), consisting of a number of grid points called nodes. Then, a set of differential
equations derived from Maxwell’s Equations is applied onto this grid to simulate the
transport of carriers inside the device. The physics-based simulation is predictive and can
provide insight into the device. The simulation can capture and visualize theoretical
knowledge. Moreover, the simulation is much faster and cheaper than performing
experiments. These features make the physics-based simulation a very important
methodology in the study of semiconductor devices. In this chapter, the physics equations
and models related to the simulation of InGaAs/InP photodiode are introduced. The

material properties of InGaAs, InP, and InGaAsP are also given in this chapter.

3.1 Basic equations

Silvaco Atlas is a fully numerical simulator that uses a set of fundamental equations
for the calculation within the simulation domain. These equations, which link together the
electrostatic potential and the carrier densities consist of Poisson’s equation, the continuity
equations, and the transport equations. Poisson’s equation relates variations in the
electrostatic potential to local charge densities. The continuity and the transport equations
describe the details that the electron and hole densities evolve as a result of transport

processes, generation processes, and recombination processes.
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3.1.1 Poisson’s equation

Poisson’s equation is one of the basic equations that must be solved during the device
simulation and is given by [34]

V- (V) = —p (3.1)
where v is the electrostatic potential, ¢ is the permittivity, and p is the space charge density.
The space charge density p is the sum of contributions from all mobile and fixed charges,
including electrons, holes, and ionized impurities. p is given by

p=q[n—p+X(Ngs —Np)] (3.2)
where n and p are the mobile carrier densities, i.e., electron and hole concentrations, and
N; and Nj are the concentrations of the ionized acceptors and donors, respectively. g is
the elementary charge. Poisson’s equation relates the electrostatic potential to the space
charge density. The electric field can be calculated from the gradient of the potential and
is given by

E=-7y (3.3)
During the device simulation, the carrier concentrations and the potential at each grid

point with a given bias are calculated.
3.1.2 Carrier continuity equations

The continuity equations for electrons and holes are given by [34]

on _ 1

E—;V-]:+Gn—Rn (3.4)
op _ 1 -
="V T tG—R, (3.5)
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where ]—n and ]7, are the electron and hole current densities; G» and G, are electron and

hole generation rates; R» and R, are electron and hole recombination rates.
3.1.3 The transport equations

The current density equations are also called the transport equations. The Drift-
Diffusion Model is the simplest model for charge transport. The drift-diffusion model is
adequate for nearly all devices that are technologically feasible. The current flow in the
semiconductor device is due to the combination of drift carriers and diffusion carriers.
Drift carriers are driven by the electric field, and diffusion carriers are driven by the
concentration gradient. The electron and hole current densities using the drift-diffusion
model are given by [34]

Jn = aunnE + qDyVn (3.6)
Jp = auppE — qD,Vp (3.7)
where ]TL and ]7, are electron and hole current densities; n and p are electron and hole
concentrations; u» and up are electron and hole mobilities; D, and D, are electron and hole

diffusion coefficients, and ¢ is the elementary charge. The diffusion constants are related
to mobilities by Einstein relation (D = kBqﬂ, where ks is Boltzmann’s constant, 7 is the

temperature, and g is the electronic charge).

In summary, Poisson’s equation, the carrier continuity equation, and the transport
equations are a set of coupled differential equations that must be solved simultaneously
during the device simulation. Once the mesh of the device structure and the bias are
specified, these equations must be solved at each grid point of the device structure. Then,

the electron and hole concentrations and electrostatic potential at each grid point of the
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device structure can be obtained. From these results, the electric field and current density

can be calculated throughout the device.

3.2 Mobility models

Electrons and holes inside the semiconductor devices are accelerated by the electric
field but influenced by various scattering processes. The mobility of electrons and holes
are functions of the local electric field, lattice temperature, doping concentration, and so
on. In the simulation of InGaAs/InP photodiodes, concentration dependent mobility model

and parallel field mobility model are included.
3.2.1 Concentration dependent mobility model

Generally speaking, the mobility of electrons and holes decreases with an increase in
doping concentration due to ionized impurity scattering. Based on the work of Caughey
and Thomas, the doping- and temperature-dependent low-field mobilities can be specified
by the following equations [34].
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where N is the local (total) impurity concentration in cm™, and 77 is the temperature in
Kelvin. This model is activated by specifying ANALYTIC in the MODELS statement in
Silvaco Atlas code. This model is used along with the CONMOB model since CONMOB

specifies doping dependent low field mobilities of electrons and holes.
3.2.2 Parallel field mobility model

At the low electric field, the carrier velocity increases linearly with the electric field.
However, due to various scattering processes, including lattice vibrations, impurity ions,
and other imperfections, the carrier velocity saturates at the high electric field. The model
used in Silvaco Atlas to represent the reduction in the carrier mobility with an increasing
electric field is called the parallel field mobility model FLDMOB. The following equations
are used to implement field dependent mobility for electrons and holes, which can provide

a smooth transition between low field and high field behavior [34].

_ 1
BETAN
1

BETAN (3.10)

UnoE )
1+(VSATN

pn(E) = tno

1BETAP

1
— o \BETAP (3.11)

HpoE
1+(VSATP)

where E is the parallel electric field; uno, and upo are the low field electron, and hole

Hp(E) = o

mobilities, respectively, derived from the Caughey-Thomas model; VSATN, and VSATP

are the saturation velocities, and BETAN and BETAP are fitting parameters.
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3.3 Carrier generation-recombination models

Carrier generation and carrier recombination are processes by which carriers
(electrons and holes) are created and eliminated. The semiconductor material will return
to equilibrium after being disturbed from it through the carrier generation-recombination
process. For undoped semiconductor, the electron and hole concentrations are given by

Nog = Po = Nie (3.12)

where nic is the intrinsic carrier concentration and is given by

Njp = \/]We‘z% (3.13)
where N: and N, are the effective density of states in the conduction band and valence band.
Eg is the energy bandgap. For p-type semiconductor, N4 >> ni. and Np= 0, where N4 and
Nbp are acceptor and donor concentrations, respectively. The carrier concentrations can be

calculated by the following equations:

Do = Ny (3.14)
2
ng = ’fV—A (3.15)

For n-type semiconductor, Np>>nie and N4=0. The carrier concentrations can be

calculated by the following equations:

ny = N (3.16)
2
Do = ;—D (3.17)

In the simulation of InGaAs/InP photodiodes, Shockley-Read-Hall (SRH)

concentration-dependent lifetime model and Auger recombination model are included.

25



3.3.1 SRH concentration-dependent lifetime model

Phonon transitions occur in the presence of a trap (or defect) within the forbidden
bandgap of the semiconductor. This is a two-step process, the theory of which was first
derived by Shockley and Read and then by Hall. The recombination occurs when an
electron falls into a "trap," an energy level within the bandgap caused by the presence of
a foreign atom or a defect. The trap cannot accept another electron as long as it’s filled.
The electron occupying the trap energy can fall into an empty state in the valence band,
thereby completing the recombination process. This process can either be deemed as a
two-step transition of an electron from the conduction band to the valence band or also as
the annihilation of the electron and hole which meet each other in the trap. The minority
carrier lifetime has a doping dependence, and it decreases with an increase in impurity

concentration. The Shockley-Read-Hall recombination can be modeled as [34]

2

— pn—nie

Rsry = s —ETRAP. " - ETRAP (3.18)
Tn[p+nie exp( KTy )] Tp[n Nje exp( KT )]

where

Ty = ——— (3.19)

+(NSRHN)

TAUPO

T, =—x—
1% N
1+(NSRHP)

(3.20)

Here, ETRAP is the difference between the trap energy level and the intrinsic Fermi level,
T1 is the lattice temperature in Kelvin, TAUNO and TAUPO are the electron and hole
lifetimes, and N is the impurity concentration. This model is activated using the CONSRH

parameter of the MODELS statement.
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3.3.2 Auger recombination model

The SHR recombination is dominant at low carrier concentration or low light
injection. However, at high carrier concentration or high light injection, electrons and
holes are more likely to interact directly, which leads to Auger recombination. Auger
recombination is a process in which an electron and a hole recombine in a band-to-band
transition, but now the resulting energy is given off to the third particle (an electron or
hole). The involvement of a third particle affects the recombination rate, and Auger
recombination is different from band-to-band recombination. The standard Auger
recombination can be modeled as [34]

Rauger = AUGN (pn? — nnf,) + AUGP(np? — pn},) (3.21)

where the model parameters AUGN and AUGP are user-definable Auger coefficients.

3.4 Material properties

In this thesis, the InGaAs/InP photodiodes are designed for the optical fiber
communication systems working at 1550 nm wavelength. InGaAs is adopted for the
absorption layer, and InP is adopted for the collection layer and substrate. InGaAsP, which

is lattice matched to InP, is adopted for the transition layers.
3.4.1 Energy bandgap

The photon energy corresponds to 1550 nm wavelength is 0.8 eV. Ino.s3Gao.47As with
an energy bandgap of 0.73 eV is used to absorb light. All layers except the absorption layer
should have energy bandgaps larger than 0.8 eV so that light won’t be absorbed in these

layers. The energy bandgap for Ini-xGaxAsyP1-y material is given by [35]
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E, = 1.35 + (0.642 + 0.758x)x + (0.101y — 1.101)y — (0.28x — 0.109y + 0.159)xy (3.22)
In order to be lattice matched to InP, the InixGaxAsyPiy material must satisfy the

following equation [35]

01896y
"~ 0.4176—0.0125y

(3.23)

where x and y are the compositions of Ga and As.

3.4.2 Heterojunction energy band offset

Conduction Band (CE)

Valence Band (VB)

Straddling Gap Staggered Gap Broken Gap
(type 1) (type Il) (type )

Figure 3-1 Band alignments types at a heterojunction interface (type I, type II, and type
1.

The behavior of semiconductor heterojunctions depends on the alignment of the
energy bands at the interface. As shown in Figure 3-1, the interfaces of such
heterojunctions can be categorized into three types: straddling gap (type 1), staggered gap
(type II), and broken gap (type III). The most common type is the straddling gap, known
as type I heterojunction. The electron affinity rule (also known as Anderson's rule) is used
to construct energy band diagrams at heterojunctions between two semiconductors. It
states that during the construction of an energy band diagram, the vacuum levels of the
semiconductors on either side of the heterojunction should be equal. As shown in Figure
3-2, the heterojunction is formed by two different semiconductor materials having

different bandgaps (i.e., Ec: and Ec2), different work functions (i.e., ¢; and ¢2), and
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different electron affinities (i.e., yz and y2). The electron affinity of a material is the energy

difference between the edge of the conduction band and the near-surface vacuum. The

work function is the minimum energy needed to remove an electron from a solid to a point
in the vacuum. The band discontinuities of a heterojunction are given by

AE. = x1 = X2 (3.24)

AE. + AE, = E;, — Egy (3.25)

This ideal situation is known as the electron affinity rule. There is still some uncertainty

about the applicability of this rule, but it provides a good starting point for the discussion

of heterojunctions [25].

vacuum level
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Figure 3-2 Heterojunction between two semiconductor materials with type-1 band

alignment (a) in isolation (b) in contact.
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The energy band alignment (4E¢ and 4E\) at the hererojunction should be considered
carefully in the photodiode design since the energy band discontinuities can prevent the
electrons and holes from traveling smoothly and rapidly in a semiconductor device. To
realize high speed and high output power photodiodes, the energy band discontinuity
should be minimized.

For InixGaxAsyPi1y/InGaAs heterojunction, which is lattice matched to InP, the
energy band offset (4E. and 4E)) can be expressed as follows [35].

AE.(y) = 0.271 — 0.268y + 0.003y? (3.26)

AE,(y) = 0.35 — 0.502y + 0.152y? (3.27)

The electron affinity for Inos3Gaos47As is 4.58 eV, and the electron affinity for Ini-

xGaxAsyP1y can be obtained from the above equations. For InixGaxAsyPi.y/InP
heterojunction, the energy band offset (4E. and 4Ev) can be expressed as follows [35].

AE, = 0.268y + 0.003y? (3.28)

AE, = 0.502y — 0.152y2 (3.29)
3.4.3 Majority carrier relaxation time

In a heavily doped semiconductor material, excess majority carriers will return to
thermal equilibrium status within dielectric relaxation time, which is very short. The

dielectric relaxation time is given by [25]
Ty = X0 (3.30)

where ¢r is relative permittivity, ¢o is the permittivity of free space, and o is conductivity
given by

o = q(puy + npy) (3.31)
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In InGaAs/InP UTC-PD, the InGaAs absorption layer is p-type, and the doping
concentration is supposed to be p=1x10'® cm™. The corresponding hole mobility is ;=203
cm?/(V-s), and the permittivity of InGaAs is 13.9. Therefore, the calculated dielectric
relaxation time is 7=3.8 ps. The dielectric relaxation time is so short that holes have a

minor influence on UTC-PD’s performance.

3.4.4 Optical property

[7/0

-
-~
-
L.

0 X —

Figure 3-3 Light intensity versus distance for large and small .

As mentioned in Section 2.2, if the energy E of the injected photons is larger than the
semiconductor’s energy gap Eq (E=h v =FEy), the injected photons will be absorbed, and
EHPs will be generated. When the light is injected into a semiconductor material, the light
intensity will decay exponentially when it passes through the semiconductor material. The
light intensity at a distance x can be calculated by [25]

L,(x) = [,pe™%* (3.32)
where /o is the incident light intensity at x=0, « is the absorption coefficient, and x is the
traveling distance of light in the semiconductor material. As shown in Figure 3-3, the light

is absorbed more rapidly in the semiconductor material with a large a.
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Figure 3-4 Real and imaginary refractive index of (a) InGaAs and (b) InP versus photon
energy [35].
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Figure 3-5 Real refractive index of InGaAsP versus wavelength for different material
composition (energy bandgap) [37].
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The optical property of the semiconductor material can be described as n+ik, where n
is the real part, and £ is the imaginary part of the refractive index. The relation between a
and k can be expressed as a=4nk/A. The n and k parameters of InGaAs and InP at 300K
are obtained from [35] and are shown in Figure 3-4. At a wavelength of 1550 nm, the n
and k values for InGaAs are 3.56 and 0.075, respectively. Since the photon energy at 1550
nm (0.8 eV) is smaller than the energy gap of InP (1.35 eV), the k& value for InP is 0, and
light won’t be absorbed. The » value for InP is 3.17.

The real refractive index n- of InGaAsP at a given photon energy E can be calculated

by [36]
v =a) s+ A ED Ty
P =AY VG R (333)
+B(y)+;—oaa? (T —300)
where
f(@)=Q-V1+z-+1-2)/7
z=E[E,/(T) (3.34)
2= EJ(E,(T)+A,)

and

A(y) =8.616—3.886y
B(y) = 6.621+3.461y

A, =0.118+0.225y (eV)
2
E,(300)=1.35-0.72y +0.12y* (eV)

A(y) and B(y) are fitting coefficients, &o is the dielectric constant of free space, and ¢ is
the high-frequency dielectric constant. £ is the photon energy of the light. Eg(7) is the

energy gap of InGaAsP at temperature 7, and 4o is the split-off valence bandgap at 300
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K. Since we only consider the material property at 300 K, the above calculation for
Equation (3.33) can be simplified. The real refractive index n of InGaAsP for different
compositions can also be obtained from Figure 3-5, and the value agrees well with

Equation (3.33).

3.5 Luminous: optoelectronic simulator

Luminous is a general-purpose program for light propagation and absorption, which
is integrated into Silvaco Atlas. Luminous calculates optical intensity profiles within the
semiconductor device, and the intensity profiles are then converted into photogeneration
rates. This unique feature allows users to simulate electrical responses to optical signals
for various optical detectors. In Luminous, there are four physical models for light
propagation, including ray tracing (RT), the transfer matrix method (TMM), the beam
propagation method (BPM), and finite difference time domain (FDTD) method. Ray
tracing is used in the following Silvaco Atlas simulations.

Optoelectronic device simulation can be split into two distinct models that are used
to calculate simultaneously at each DC bias point [34].

1. Ray tracing model using the real part of the refractive index to calculate the optical
intensity at each grid point.

2. Absorption or photogeneration model using the imaginary part of the refractive
index to calculate the carrier concentration at each grid point.

Then, an electrical simulation is performed to calculate the terminal currents.

The schematic for ray tracing in 2D device simulation is shown in Figure 3-6. An

optical beam is specified using the BEAM statement. The origin of the beam is defined by
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parameters X.ORIGIN and Y.ORIGIN. The ANGLE parameter specifies the propagation
direction of the beam. MIN.WINDOW and MAX.WINDOW parameters define the
illumination window. As shown in Figure 3-6, the [llumination Window is automatically
clipped to the edge of the device. The beam is automatically split into a series of rays so
that all of the rays cover the entire width of the illumination window.
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Figure 3-6 Schematic of the ray tracing in 2D [34].

3.6 Summary

In this chapter, the underlying basic equations and physical models of the physics-
based device simulator (Silvaco Atlas) were introduced briefly. The material properties of
InGaAs, InP, and InGaAsP, including energy bandgap, energy bandgap offset, carrier
relaxation time, and optical property, were also presented. Finally, the schematic of ray

tracing in Luminous 2D device simulation was introduced.
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Chapter 4 High-Speed InGaAs/InP One-Sided Junction

Photodiodes with Low Junction Capacitance

4.1 Introduction

The photodiode is the key component for various applications. Thanks to the
development of EDFA, by combining high-speed photodiode and powerful EDFA, THz
and MMW signals can be generated directly from photonics links. Compared with other
THz and MMW signal generation techniques [21], this approach can eliminate the need
for bulky and expensive electrical post-amplifiers. Thus, the overall bandwidth can be very
broad, and the overall system complexity can be reduced. Moreover, the photodiode can
be integrated with a photonic integrated circuit (PIC) component and even with a planar
antenna for various applications [8,9,38,39].

Since photodiode is the main limitation for the overall performance of the
aforementioned systems, there is an urgent need for high speed and high output power
photodiodes. Before the invention of UTC-PD, PIN-PD [27-32] has been used for fiber-
optic communications, since it has a broad bandwidth of 67 GHz [27] and over 100 GHz
[28,32]. However, for conventional PIN-PD, both holes and electrons are active carriers.
Since the holes drift at a lower velocity, the performance of PIN-PD, such as bandwidth,
is limited by holes. And thus, there is an inevitable tradeoff between output power and
other characteristics.

To overcome the inherent drawbacks of PIN-PD, UTC-PD was first developed in

1997 [33]. Since UTC-PD utilizes fast carrier electrons as the only active carriers, the
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speed and output power are improved significantly compared to PIN-PD. In UTC-PD, the
absorption layer and depletion layer are separated, which decouples the bandwidths
determined by transit time and resistance-capacitance charging time. With the increasing
demand for wireless communications, the MMW frequency range from 40 GHz to 300
GHz has attracted more and more attention. MMW-over-fibre (MoF) technique is a
promising solution for such wireless communication systems. Nowadays, UTC-PD has
been widely used for MoF links. It has been demonstrated that the UTC-PD at C-band
wavelength range can have a bandwidth from 20 GHz to 315 GHz [40-48]. All UTC-PD
structures, such as stepped doping [40,44,46] or linear-graded doping [41-43,45] in the
absorption layer, modified UTC-PD (MUTC-PD) [40], triple transition region photodiode
(TTR-PD) [48], and near-ballistic UTC-PD (NBUTC-PD) [41-43,45] have been proposed
from the basic UTC-PD structure [33].

To simplify the epitaxial layer structure and improve the performance of photodiodes,
a high-speed OSJ-PD with low junction capacitance is proposed and studied here. The
OSJ-PD can be an excellent photodiode for optical fiber communications, radio-over-fiber
wireless communication systems, MMW, and THz signal generation schemes. The OSJ-
PD is proposed based on the concept of the InGaAs Schottky barrier photodiode (SB-PD)
[49-53] and UTC-PD [33]. However, since the Schottky barrier height of InGaAs is very
low (about 0.2 to 0.3 eV), the dark current of InGaAs SBD is high [51]. This drawback
has dramatically limited the applications of InGaAs SB-PD, and there are very few reports
on it. Extensive studies have been conducted to overcome this drawback, and different
approaches have been adopted to increase the InGaAs Schottky barrier height. These
approaches include cryogenic processing of metal deposition [54,55], chemical

passivation [56], employing a thin cap layer of InAlAs, InP, Al2O3, GaAs or InGaP to
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increase barrier height [57-61], adding a thin counter-doped p*-InGaAs layer on n-InGaAs
[61-63], etc. However, cryogenic processing and chemical passivation require additional
fabrication steps, and employing a thin cap layer will result in energy band discontinuity.
Thus, an OSJ-PD structure is desirable without complicating the fabrication process and
causing energy band discontinuity.

In this chapter, the OSJ-PD is proposed and studied by theoretical analysis and
Technology Computer-Aided Design (TCAD) simulation. Firstly, the epitaxial layer
structures and the energy band diagrams of UTC-PD and OSJ-PD are illustrated and
compared. Then, the simulated characteristics of UTC-PD and OSJ-PD, including internal
electric field distribution, energy band diagram, electron and hole concentration, electron
and hole current, frequency response, photocurrent, and junction capacitance are presented

and compared.

4.2 Device design and operation

An asymmetrical pn junction is called a one-sided junction, either a p*n junction or
an n'p junction, where p* and n* indicate heavily doped semiconductor. The schematic
diagram of a p*n junction is given in Figure 4-1. For the p*n junction, x, <x» and W =x,
where x, is the depletion width in p™ region, x is the depletion width in n region, and W is
the total depletion width. The heavily doped semiconductor is similar to metal, which has
no depletion [64]. As shown in Figure 4-1, almost the whole depletion region extends into
the low-doped n region and the depletion region in the heavily doped p* region is
negligible. The OSJ-PD structure is similar to the SB-PD structure [49-53] since the

heavily doped p contact layer is similar to metal. The epitaxial layer structure of the
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designed OSJ-PD is given in Table 4-1. In order to make a comparison, the epitaxial layer
structure of the conventional UTC-PD is given in Table 4-2. The detailed numerical
modelling study of the conventional UTC-PD is given in [65]. Obviously, the OSJ-PD has

a much simpler structure, which can lower the cost for epitaxial layer material growth.

Table 4-1 Epitaxial layer structure of the OSJ-PD.

Bandgap Thickness Doping level Dopant

Layer Material V) (nm) (em?) type

P Contact InGaAs 0.734 50 1x10% P
Absorption  InGaAs 0.734 300 5x10% Undoped
Spacer InGaAsP  0.882 20 5x10" Undoped
Spacer InGaAsP  1.105 20 5x101 Undoped
Collector InP 1.35 300 2x10' N

N Contact InP 1.35 800 8x10'8 N

Table 4-2 Epitaxial layer structure of the UTC-PD [65].

) Bandgap Thickness Doping level Dopant
Layer Material 3
e nm cm e
(eV) (nm) (cm™) typ

P Contact  InGaAs 0.73 50 3x10" P

Block InGaAsP 0.85 20 2x10" P
Absorption  InGaAs  0.73 220 1x10'® P

Spacer InGaAs 0.73 8 1x10% Undoped
Spacer InGaAsP 1.00 16 1x10% Undoped
Spacer InP 1.35 6 1x101 Undoped
Clff InP 1.35 7 1x10'® N
Collector InP 1.35 263 1x10'® N
Subcollector InP 1.35 50 5x10'8 N

N Contact  InGaAs 0.73 10 1x10" N
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a

Figure 4-1 Space charge density of a one-sided p*n junction.

The designed OSJ-PD is a backside illuminated photodiode, operating at around 1550
nm light wavelength. From top to bottom, the OSJ-PD epitaxial layer structure consists of
a heavily doped p-type InGaAs contact layer, a lightly doped n-type InGaAs absorption
layer, two lightly doped n-type InGaAsP spacer layers, a lightly doped n-type InP collector
layer and a heavily doped n-type InP contact layer. This simple structure can be grown by
Metal-organic Chemical Vapor Deposition (MOCVD) or Molecular beam epitaxy (MBE).

To better understand the operating mechanism and the advantages of the OSJ-PD, the
energy band diagram of the OSJ-PD is given in Figure 4-2(c). The energy band diagrams
of the PIN-PD and UTC-PD are also given in Figures 4-2 (a) and (b) for comparison. Light
is injected into the bottom N contact layer and passes through the collector layer, which is
composed of wide energy gap material InP, and then absorbed in the absorption layer,
which is composed of narrow energy gap material InGaAs. The electron and hole pairs are
generated in the absorption layer and then separated and swept away quickly by the strong
electric field in the absorption layer. This phenomenon differs significantly from the

conventional UTC-PD [65], which utilizes electrons as the only active carriers. In the
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UTC-PD, electron and hole pairs are generated in the absorption layer, and minority carrier
electrons will diffuse/drift to the collector layer. Since electrons’ diffusive velocity in the
absorption layer is usually lower than the drift velocity in the collector layer, the bandwidth
of UTC-PD is mainly dominated and limited by electrons’ travelling time in the absorption
layer [66].

Block Absorption
P Contact

P Contact N\, Absorption

Spacer Cliff
N Contact
Collector

Subcollector

(@)

(b) N Contact
P Contact

" . Absorption

Collector

(c) N Contact
Figure 4-2 Energy band diagram of (a) PIN-PD, (b) UTC-PD, and (c) OSJ-PD.

In the OSJ-PD, since all the active layers are depleted, the slow diffusion process can

be eliminated. Both electrons and holes travel at saturation velocity or faster. The
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saturation velocities of electrons and holes in InGaAs are 2.5x107 ¢cm/s and 5x10° cm/s
respectively, and the saturation velocities of electrons and holes in InP are 2.6x107 cm/s
and 6.6x10° cm/s respectively [35,66-68]. As shown in Figure 4-2(c), the travelling
distance of holes is much shorter than that of electrons. Even though the saturation velocity
of holes is slower than that of electrons, the travelling time of electrons and holes can be
tuned by carefully designing the thickness of an absorption layer and a collector layer.
Generally speaking, the speed of a photodiode, i.e., 3-dB bandwidth, is mainly determined
by,
fo= 1

e, (4.1)
where T, is carrier transit time and 7g. is RC charging time. The output power of a
photodiode is mainly determined by the space charge effect and thermal management. In
OSJ-PD, since the absorption layer and collector layer are separated, the carrier transit
time and RC charging time can be adjusted independently. Thus, the OSJ-PD can be
designed with a comparable bandwidth to UTC-PD. Because the OSJ-PD is reversely
biased at high voltage and the internal electric field is high, the space charge effect can be

reduced as well, and thus high output power is achievable.

4.3 Physics model for OSJ-PD

TCAD simulation is used to design and analyze OSJ-PD. The physics-based device
simulator ATLAS has been used to predict device performance and provide an in-depth

insight view into the physics of device operation [34]. Device characteristics are obtained
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by solving the Poisson’s equation (Equation 3.1), the continuity equation (Equations 3.4
and 3.5), and the transport equation (Equations 3.6 and 3.7) of electrons and holes.

The electrical and optical properties of InGaAs and InP materials are taken from
[35,67,68,69-73]. Basic models included in TCAD simulation are concentration-
dependent lifetime model CONSRH, concentration-dependent mobility model
ANALYTIC, parallel electric field dependent mobility model FLDMOB, Shockley-Read-
Hall recombination minority carrier lifetime model SRH, and Auger recombination model
AUGER. In order to verify the accuracy of our simulation models and configurations, we
have compared our simulation results with [65,69], and similar results can be reproduced.
To make the simulated results comparable, all devices' area is set to 20 um?, and load
resistance is set to 50 Q. Excluding contact layers, the UTC-PD has a thickness of 590 nm,

and the OSJ-PD has a comparable thickness of 640 nm.

4.4 Device characteristics

4.4.1 Reverse bias voltage and internal electric field

Photodiode serves as an Optical-to-electrical (O/E) converter. In order to get high
output, reverse bias voltage should always be applied. However, a high reverse bias
voltage could result in device breakdown. The breakdown electric fields of InGaAs and
InP are around 2x10° V/cm and 5x10° V/cm, respectively [72]. In conventional UTC-PD
given in Table 3-2, the depletion region is the spacer layers, cliff layer, and collector layer.
The total depletion width is around 300 nm. As shown in Figure 3-3(a), at bias voltages of

-2 Vand -4 V, the electric fields in spacer and cliff layers are around 200 kV/cm and 250
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kV/cm respectively, and the electric fields in the collector layer are around 100 kV/cm and

150 kV/cm respectively.
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Figure 4-3 Internal electric field distribution of (a) UTC-PD and (b) OSJ-PD with

different reverse bias voltage.
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For the OSJ-PD, the situation is completely different. Since all the active layers are
depleted, a large reverse bias voltage can be applied without causing device breakdown.
The internal electric field of OSJ-PD simulated at a bias voltage of 0, 2, 4, 6, 8, and 10 V
is shown in Figure 4-3(b). The one-sided junction structure (similar to Schottky diode,
since heavily doped p contact layer is similar to metal.) can produce a 25 kV/cm built-in
electric field in the absorption layer without any bias voltage. At a high reverse bias voltage
of 10 V, the maximum internal electric field is around 200 kV/cm. Since the depletion
width is very large, about 640 nm, the device cannot be broken-down even at a large
reverse bias voltage of 10 V, and a large bias voltage can produce higher output current.

Thus, the OSJ-PD is suitable for applications that require high RF output power.

4.4.2 Energy band diagram

The energy band diagrams of UTC-PD (Table 4-2) and OSJ-PD (Table 4-1) with and
without reverse bias voltage are given in Figure 4-4. Obviously, the operation mechanisms
of UTC-PD and OSJ-PD are different. In UTC-PD, the electric field in the absorption layer
is almost zero, and a block layer is used to prevent the photogenerated electrons from
diffusing towards the contact layer. In OSJ-PD, the electric field in the absorption layer is
strong enough, and photogenerated electron and hole pairs will be swept out of the
depletion region quickly. Thus, there is no need for a block layer, which is necessary for
conventional UTC-PD. Electrons and holes will drift towards n and p contact layers,
respectively. This feature differs significantly from the conventional UTC-PD and greatly
simplifies the epitaxial layer structure. In UTC-PD, a cliff layer is used to increase the

electric field and facilitate the travelling of electrons at the interface between the
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absorption layer and the collector layer. In OSJ-PD, the electric field is too high so that

electrons can travel through spacer layers easily, even without a cliff layer.
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Figure 4-5 (a) Electron and (b) hole concentration profiles of UTC-PD with 4 V reverse
bias voltage at different light intensities.
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4.4.3 Electron and hole concentration
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Figure 4-6 (a) Electron and (b) hole concentration profiles of OSJ-PD with 10 V reverse

bias voltage at different light intensities.

48



For the UTC-PD, the electron and hole concentration profiles across the device are
given in Figure 4-5. Light is absorbed in the absorption layer, and EHPs are generated in
this layer. Photogenerated electrons diffuse towards spacer layers and then drift through
spacer and collector layers under a high electric field. As shown in Figure 4-5(a), electron
concentration across the device increases with injected light intensity. However, the
electron concentration in the collector layer stops to increase when light intensity goes
beyond 5x10° W/cm?. A large amount of electrons begin to accumulate in the absorption
layer, and saturation occurs. Since holes are majority carriers in the heavily doped p-type
absorption layer, photogenerated holes respond very fast within the dielectric relaxation
time, and excess holes will return to equilibrium by the conduction process. As shown in
Figure 4-5(b), the hole concentration across the device is almost constant at different light
intensities. The variation of hole concentration in the collector layer is mainly due to light
absorbed in the 10 nm InGaAs contact (etch stop) layer. Therefore, the photoresponse of
a UTC-PD is mainly determined by electron transportation.

For the OSJ-PD, the electron and hole concentration profiles across the device are
given in Figure 4-6. The absorption layer is totally depleted. Photogenerated electron and
hole pairs are separated by the internal electric field, and electrons and holes drift towards
n-type and p-type contact layers, respectively. The photoresponse of an OSJ-PD is
determined by both electrons and holes, which is significantly different from a UTC-PD.
Thanks to the shorter travelling distance of holes, though holes travel at a relatively low
saturation velocity of 5x10° cm/s, they won't slow down the overall speed. As shown in
Figure 4-6(a), the electron concentration increases with injected light intensity. However,
electrons in the absorption layer start to accumulate when light intensity reaches 6x10°

W/cm?, and electron concentration in the collector layer stops to increase. As shown in
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Figure 4-7 Internal electric field of (a) UTC-PD with 4 V reverse bias voltage and (b)
OSJ-PD with 10 V reverse bias voltage at different light intensities.
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Figure 4-6(b), the hole concentration across the device is almost constant at different light
intensities, except in the absorption layer. In the absorption layer, hole concentration
increases with injected light intensity. Obviously, hole accumulation doesn't occur from a
low light intensity of 1x10* W/cm? to a high light intensity of 6x10° W/cm?. Holes start to
accumulate near the interface between the absorption layer and the spacer layer at a light
intensity of 7x10° W/cm?. At high light intensity, not only holes but also electrons
accumulate. The electrons accumulation is mainly caused by conduction band
discontinuity between InGaAs and InP. When a large number of electrons accumulate, the
internal electric field starts to drop. Once the internal electric field drops to below 40
kV/em, the travelling velocity of holes starts to decrease, and holes accumulation occurs.
Since there isn't any valence band discontinuity between the p contact layer and absorption
layer, holes can travel easily from the absorption layer to the p contact layer, and holes

accumulation is not prominent.

4.4.4 Internal electric field at different light intensities

The internal electric field of UTC-PD with 4 V reverse bias voltage versus different
injected light intensities is given in Figure 4-7(a). When light intensity reaches 5x10°
W/cm?, the electric field at the interface of the absorption layer and spacer layers drops to
zero, and electrons start to accumulate. It agrees well with the phenomenon in Figure 4-
5(a) that electron concentration in the collector layer doesn't increase with injected light
intensity when it goes beyond 5x10° W/cm?.

The internal electric field of OSJ-PD with 10 V reverse bias voltage versus different
injected light intensities is given in Figure 4-7(b). When light intensity reaches 6x10°

W/cm?, the electric field at the interface of the absorption layer and spacer layers drops to
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below 40 kV/cm, and both electrons and holes start to accumulate. It agrees well with the
phenomenon in Figure 4-6(a) that electron concentration in the collector layer doesn't

increase with injected light intensity when it goes beyond 6x10°> W/cm?.

4.4.5 Frequency response
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Light Intensity (W/cm?)
Figure 4-8 Simulated 3-dB bandwidth of UTC-PD and OSJ-PD versus light intensity.

The frequency responses of the UTC-PD and OSJ-PD are obtained by small-signal
analysis in TCAD simulation and are given in Figure 4-8. For both UTC-PD and OSJ-PD,
because of the space charge effect, the 3-dB bandwidth drops when injected light intensity
increases. However, their mechanisms for bandwidth degradation are different. For UTC-
PD, electrons are driven by the concentration gradient in the absorption layer. As shown
in Figure 4-5(a), an electron concentration gradient is prominent when light intensity is
below 4x10° W/cm?, and the gradient vanishes at light intensities above 5x10° W/cm?.

The variation of the electron concentration gradient in Figure 4-5(a) agrees well with the
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change of 3-dB bandwidth in Figure 4-8. For OSJ-PD, both electrons and holes are driven
by an internal electric field. As shown in Figure 4-7(b), the internal electric field drops to
zero at a light intensity of 7x10° W/cm?. The variation of the internal electric field in
Figure 4-7(b) corresponds well with the change of 3-dB bandwidth in Figure 4-8.

As shown in Figure 4-8, the UTC-PD with a 220 nm absorption layer and 263 nm
collector layer has a bandwidth of 33.5 GHz at a low light intensity, while the OSJ-PD
with 300 nm absorption layer and 300 nm collector layer has a bandwidth of 64 GHz at a

low light intensity.

4.4.6 Photocurrent

The simulated DC photocurrent densities of the UTC-PD and OSJ-PD versus injected
light intensity with different bias voltages are given in Figure 4-9. The UTC-PD can
achieve a photocurrent density of more than 1.1x105 A/cm? with a bias voltage of 4 V.
The OSJ-PD can achieve a photocurrent density of more than 2.4x10° A/cm? with a bias
voltage of 10 V. In reality, the maximum current density can be improved by thermal
management, i.e., flip-chip bonding the photodiode onto high thermal conductive
substrates such as AIN or Diamond. Obviously, the reverse bias voltage has a significant
influence on the photocurrent, and the photocurrent density usually increases with bias
voltage. However, the bias voltage should be lower than the breakdown voltage of the
device. Mainly due to the much higher bias voltage, the saturation photocurrent of the
OSJ-PD is much higher than the UTC-PD. It's worth mentioning that the space charge
effect in the UTC-PD and OSJ-PD can be relaxed by MUTC-PD structure and MOSJ-PD

structure, respectively.
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Figure 4-9 Simulated DC photocurrent density versus light intensity with a different
reverse bias voltage of (a) UTC-PD and (b) OSJ-PD.

54



4.4.7 Junction capacitance

Since the overall speed of the photodiode is determined by transit time and RC
charging time (Equation 4.1), another effective way to improve speed is to reduce the RC
charging time. The RC charging time can be expressed as,

Tre = (Rs + R ) (G + Cp) (4.2)
where Rs, R, Cj, and Cp are series resistance, load resistance, junction capacitance, and
parasitic capacitance, respectively. Photodiode with a lower junction capacitance leads to
a higher speed. The photodiode junction capacitance is similar to parallel plate capacitance,
which is given by

ErEoA
d

C= (4.3)

where ¢, €0, A, and d are the relative permittivity, the permittivity of free space, area of
the junction, and depletion width, respectively. The photodiode has a multilayer dielectric,
and the calculation of a multilayer dielectric capacitor is given in Appendix C. In the UTC-
PD, the depleted region is the spacer layers, cliff layer, and collector layer. In the OSJ-PD,
the depleted region is the absorption layer, spacer layers, and collector layer. Since the
depletion width of OSJ-PD is usually larger than UTC-PD, for a device with the same area,

the junction capacitance of OSJ-PD can be lower than UTC-PD.

4.5 Conclusions

In this chapter, a novel concept, one-sided junction photodiode, is proposed. The
concept of OSJ-PD is different from the UTC-PD in the epitaxial layer structure, internal
electric field distribution, energy band diagram, and operation mechanism. It has been

demonstrated that the OSJ-PD has the characteristics of the simple epitaxial layer structure,

55



high speed, high output power, and low junction capacitance. The OSJ-PD with 300 nm
absorption layer thickness has achieved a bandwidth of 64 GHz (without considering the
external circuit) and a photocurrent density of 2.4x10°> A/cm? under a 10 V bias voltage.
The OSJ-PD can become an attractive choice for high-speed fibre-optic communication
systems, radio-over-fibre wireless communication systems, and THz and MMW

generation schemes in the future.
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Chapter 5 Modified InGaAs/InP One-Sided Junction
Photodiodes with Improved Response at High Light

Intensity

5.1 Introduction

Photodiodes convert optical signals into electrical signals and are widely used in
optical fiber communication systems, photonics generation of MMW and THz wave, and
radio-over-fiber wireless communication systems. Photodiodes must be capable of
generating broadband and high power electric signals to improve the overall system
performance. UTC-PD is an excellent candidate for high speed and high power
applications since its first invention in 1997. In UTC-PD, light is absorbed in the p-type
absorption layer, and electrons are the only active carriers, thus minimizing the influence
of slow holes transportation. Consequently, high speed and high power can be achieved
by UTC-PD.

Generally speaking, the maximum output power of the photodiode is limited by the
space charge effect and heat dissipation. The space charge effect at high light intensity can
be reduced by bandgap engineering [40-48,74-78], and heat dissipation can be improved
by flip-chip bonding the photodiode onto high thermal conductivity materials, such as AIN
and diamond substrates [17,41-43,45,47,74]. To suppress the space charge effect and
improve performance characteristics, many derivative structures of UTC-PD have been

designed, such as stepped doping [40,44,47] or linear-graded doping [41-43,45] in the
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absorption layer, MUTC-PD [40,74,77,78], TTR-PD [48], partially depleted absorption
layer [75] and nonuniform doping in the collector layer [76].

The OSJ-PD is briefly introduced in this chapter. Compared with UTC-PD, the OSJ-
PD has the advantages of simpler epitaxial layer structure and lower junction capacitance,
while the high speed and high power characteristics are maintained. Similar to UTC-PDs,
the OSJ-PDs also suffer from space charge effect at a high light intensity. To improve the
space charge effect at a high light intensity, a MOSJ-PD is proposed for the first time by
inserting a cliff layer into the absorption layer of OSJ-PD.

In this chapter, the MOSJ-PD is proposed and designed by theoretical analysis and
TCAD simulation. The performance characteristics of MOSJ-PD are studied carefully.
First, the epitaxial layer structure and the energy band diagram of MOSJ-PD are illustrated.
Next, the considerations for TCAD simulation are explicitly explained. Then, the space
charge effect at high light intensity is analyzed, and the effect of the cliff layer is studied.
After that, the simulated characteristics of MUTC-PD [78], OSJ-PD, and MOSJ-PD,
including internal electric field distribution, energy band diagram, frequency response,
responsivity, photocurrent, junction capacitance, are presented. Finally, discussions and

comparisons between MUTC-PD, OSJ-PD, and MOSJ-PD are made.

5.2 Device design and operation

The epitaxial layer structure of the OSJ-PD and MOSIJ-PD are given in Table 5-1 and
Table 5-2, respectively. The main difference is the absorption layer. A lightly doped p-
type cliff layer is inserted into the absorption layer of OSJ-PD, and the energy band

diagram can be modified to suppress the space charge effect. In order to make a
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comparison between MOSJ-PD and MUTC-PD, the epitaxial layer structure of MUTC-

PD [78] is given in Table 5-3, and the energy band diagram of MUTC-PD is given in

Figure 5-1.
Table 5-1 Epitaxial layer structure of the OSJ-PD.
. Bandgap Thickness Doping Dopant
Layer Material 3
(eV) (nm) level (cm™) type
P Contact InGaAs 0.734 50 1x101 P
Absorption InGaAs 0.734 280 6x10" N
Spacer InGaAsP 0.882 20 6x10" N
Spacer InGaAsP 1.105 20 6x10"° N
Collector InP 1.35 300 2x101'6 N
N Contact InP 1.35 800 8x10'8 N
Table 5-2 Epitaxial layer structure of the MOSJ-PD.
. Bandgap Thickness Doping Dopant
Layer Material 3
(eV) (nm) level (cm™) type
P Contact InGaAs 0.734 50 1x10% P
Absorption InGaAs 0.734 50 1x10'° N
Cliff
. InGaAs 0.734 230 4x10'® P
(Absorption)

Spacer InGaAsP 0.882 20 3x10'6 N
Spacer InGaAsP 1.105 20 3x101° N
Collector InP 1.35 300 3x101° N
N Contact InP 1.35 800 8x10'8 N

As shown in Figure 5-1, for MUTC-PD, stepped doping in the absorption layer is
used to accelerate the slow diffusive transport process of electrons. A cliff layer is inserted
between the spacer layer and the collector layer, which can increase the electric field in
the depleted absorption layer. Thus, the space charge effect can be suppressed, and the

output current can be increased. In MOSJ-PD, a cliff layer is inserted between the
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absorption layer and the spacer layer. Different from the MUTC-PD, the cliff layer in
MOSIJ-PD also serves as the absorption layer. In MOSJ-PD, the electric field in the cliff
layer is very high, which reduces the space charge effect and increases the output current.
Obviously, the MOSJ-PD has a much simpler epitaxial layer structure than the MUTC-
PD. The epitaxial layer material can be grown by MOCVD or MBE. The simple structure
can reduce the cost of epitaxial layer material growth. And the fabrication process flow of

MOSIJ-PD is precisely the same as MUTC-PD.

Table 5-3 Epitaxial layer structure of the MUTC-PD [7§].
Thickness Doping level

Layer Material Bandgap (eV) Dopant type
(nm) (cm?)

P Contact InGaAs 0.73 50 2x10" P
Block InP 1.35 100 2x1013 P
Spacer InGaAsP 1.13 10 2x10'8 P
Spacer InGaAsP 0.89 10 2x10'8 P

Absorption InGaAs 0.73 50 2x10!8 P
Absorption InGaAs 0.73 50 1x10'8 P
Absorption InGaAs 0.73 50 5%10"7 P
Absorption InGaAs 0.73 30 1x10'6 N
Spacer InGaAsP 0.89 10 1x101® N
Spacer InGaAsP 1.13 10 1x101® N
Cliff InP 1.35 30 3x10"7 N
Collector InP 1.35 300 1x101® N
Subcollector InP 1.35 100 1x10'8 N
N Contact InP 1.35 1000 1x10" N

From top to bottom, the MOSJ-PD epitaxial layer structure consists of a heavily
doped p-type InGaAs contact layer, a lightly doped n-type InGaAs absorption layer, a
lightly doped p-type InGaAs cliff layer, two InGaAsP spacer layers, a lightly doped n-type

InP collector layer and a heavily doped n-type InP contact layer. By inserting a cliff layer
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into the OSJ-PD, the energy band diagram and internal electric field can be modified. Thus,

improvement in 3-dB bandwidth and output current at high light intensity can be realized.

Spacer Layers

Block Layer
Absorption Layer
P Contact Layer

Spacer Layers

Collector Layer

Subcollector Layer
N Contact Layer

Figure 5-1 Energy band diagram of the MUTC-PD [78].

P Contact Layer

Spacer Layers
Collector Layer

N Contact Layer

Figure 5-2 Energy band diagram of the OSJ-PD.
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Figure 5-3 Energy band diagram of the MOSJ-PD.

To better understand the operation mechanism and the difference between OSJ-PD
and MOSJ-PD, the energy band diagrams of OSJ-PD and MOSJ-PD are given in Figures
5-2 and 5-3, respectively. The designed OSJ-PD and MOSJ-PD are back-sided illuminated
photodiodes, operating at around 1550 nm light wavelength. Since InP and InGaAsP are
wide bandgap materials, the light at 1550 nm won’t be absorbed in these layers. Light is
injected into the bottom N contact layer and passes through the collector layer and spacer
layers, and then the light is absorbed in cliff and absorption layers. The EHPs are generated
in the absorption and cliff layers, and then EHPs are swept away quickly by the strong
electric field in the absorption and cliff layers. The difference between OSJ-PD and MOSJ-
PD is that the electric field in the cliff layer of MOSJ-PD is higher than the OSJ-PD.
Consequently, the space charge effect in MOSJ-PD can be suppressed at a high light
intensity.

Similar to OSJ-PD, both electrons, and holes in MOSJ-PD travel at saturation

velocity or faster. The saturation velocities of electrons in InGaAs and InP are 2.5x10cm/s
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and 2.6x107cm/s respectively. The saturation velocities of holes in InGaAs and InP are
5x10°cm/s and 6.6x10°cm/s, respectively. In OSJ-PD, the electric field in the absorption
layer collapses at a high light intensity, while in MOSJ-PD, the collapse of the electric
field occurs until a higher light injection condition and thus the performance of MOSJ-PD

can be improved.

5.3 Simulation considerations

The design of MOSJ-PD is verified by TCAD simulator ATLAS, which is based on
the physics model of the semiconductor device. ATLAS can be used to predict the
performance of the device and provide a deep insight view into the physics process of the
device [34]. In TCAD simulation, the characteristics of the device are obtained by solving
the Poisson’s equation, the transport equation, and the continuity equation of electrons and
holes [34]. In our simulation, concentration-dependent lifetime model CONSRH,
concentration-dependent mobility model ANALYTIC, parallel electric field dependent
mobility model FLDMOB, Shockley-Read-Hall recombination minority carrier lifetime
model SRH, and Auger recombination model AUGER are included. The electrical and
optical properties of InGaAs and InP materials are taken from [35,67,68,69-73,79], and
the parameters used in our simulation are given in Appendix B. In this chapter, the area of
device and load resistance are set to 20 um?, and 50 Q, respectively. And the injected light
wavelength is set to 1550 nm.

The TCAD simulation can be used to predict the performance of semiconductor
devices. However, there is always a discrepancy between the simulated results and

experimental results. It's shown in [65,66,80,81] that the simulated results utilizing the
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drift-diffusion model are underestimated compared with the experimental results. It has
been demonstrated that the coplanar waveguide (CPW) pad [45,82] and external
packaging circuit [83] also have influences on the performance. Even if the same devices
are utilized, when combined with different CPW pads and packaging circuits, the results
can be different. To our knowledge, the influences of the CPW pad and packaging circuit
cannot be simulated in TCAD simulator. This should be one of the reasons which result in
discrepancy.

To verify the reliability of the parameters and models used in our simulation, we have
compared our simulation with the simulation results in [65,69], and good agreement has

been achieved.

5.4 Space charge effect in OSJ-PD and MOSJ-PD

5.4.1 Space charge effect in OSJ-PD

At low light injection conditions, photogenerated EHPs are swept out of the depleted
region quickly, and there is no performance degradation. However, at high light injection
conditions, the concentration of photogenerated EHPs is very high, which can result in
electric field collapse and thus performance degradation. An effective way to suppress the
space charge effect is bandgap engineering, which is realized by controlling the
composition and doping of semiconductors. Utilizing bandgap engineering, the internal
electric field can be modified to counterbalance with the space charge effect. Thus, electric

field collapse and output saturation can be relaxed at high light injection conditions.
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Figure 5-4 Internal electric field of OSJ-PD at the different light intensity with a reverse
bias voltage of 10 V.

To have an insight view of the space charge effect in OSJ-PD, the internal electric
field at different light intensities is given in Figure 5-4. The electric field in the absorption
layer decreases with the increase of light intensity. Because there is a discontinuity in the
conduction band between the absorption layer and collector layer, a large number of
electrons are accumulated at the interface, which results in the decrease of the electric field.
The decrease of the electric field will slow down the travelling speed of holes and makes
the situation even worse. As a result, at high light injection, the 3-dB bandwidth decreases
and output current saturates. The 3-dB bandwidth versus varying light intensity is given
in Figure 5-5. The bandwidth drops to 6.4 GHz and 3.3 GHz at light intensities of 7x10°
W/cm? and 8x10° W/cm?, respectively. In InGaAs, holes travel at saturation velocity under
a high electric field. Once the electric field drops to about 40 k V/cm, the travelling
velocity of holes will start to drop. The reduction of bandwidth (Figure 5-5) agrees well

with the reduction in an electric field (Figure 5-4), which verifies the simulation.
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Figure 5-5 3-dB bandwidth of OSJ-PD at the different light intensity with a reverse bias
voltage of 10V.
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Figure 5-6 Internal electric field of MOSJ-PD at the different light intensity with a

reverse bias voltage of 10 V.
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5.4.2 Effect of the cliff layer in MOSJ-PD
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Figure 5-7 3-dB bandwidth of MOSJ-PD at the different light intensity with a reverse
bias voltage of 10 V.

To suppress the space charge effect in OSJ-PD, a cliff layer is inserted into the
absorption layer. As shown in Figure 5-6, the internal electric field of MOSJ-PD is
modified to counterbalance with the space charge effect. The electric field at the interface
between the absorption layer and the collector layer drops slower than the OSJ-PD at a
high light intensity. As shown in Figures 5-4 and 5-6, the collapse of the electric field
occurs at a light intensity of 7x10°W/cm? in OSJ-PD and 9x10°W/cm? in MOSJ-PD. The
full collapse of the electric field occurs at a light intensity of 1.1x10°W/cm? in OSJ-PD
and 1.2x10°W/cm? in MOSJ-PD. The collapse of the electric field is the main reason which
results in 3-dB bandwidth degradation and output photocurrent saturation. The 3-dB
bandwidth of the MOSJ-PD versus different light intensity is shown in Figure 5-7. The 3-

dB bandwidths of OSJ-PD and MOSJ-PD are given in Table 5-4, at light intensities of
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7x10° W/cm? and 8x10° W/cm?; the improvements are 37.5 GHz and 23.7 GHz
respectively. The function of cliff layers in both MUTC-PD and MOSJ-PD are similar, by
modifying the internal electric field distribution, higher bandwidth, and output current can

be achieved at high light injection condition.

Table 5-4 Improvement of bandwidth at a different light intensity.
Light Intensity

1x10*  1x10° 3x10° 5x10° 7x10° 8x10° 9x10° 1x10° 1.1x10° 1.2x10°

(W/em?)

Bandwidth of OSJ-

653 636 578 468 6.4 33 22 1.5 0 0
PD (GHz)
Bandwidth of

673 662 627 565 439 27 3.1 1.9 1.3 0

MOSIJ-PD (GHz)
Improvement (GHz) 2 2.6 49 9.7 375 237 09 04 1.3 0

5.5 Device characteristics

5.5.1 Internal electric field and bias voltage
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Figure 5-8 Internal electric field of MUTC-PD with different reverse bias voltage.
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Figure 5-9 Internal electric field of OSJ-PD with different reverse bias voltage.
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Figure 5-10 Internal electric field of MOSJ-PD with different reverse bias voltage.

The bias voltage has a great influence on photodiodes' performance. Generally
speaking, the saturation current increases with bias voltage. However, the bias voltage

should be lower than the breakdown voltage. The breakdown electric fields of InGaAs and
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InP are around 2x10° V/cm and 5x10° V/cm, respectively [72]. The simulated internal
electric fields of MUTC-PD [78] and MOSJ-PD versus bias voltage are given in Figures
5-8, 5-9 and 5-10, respectively. In order to compare the simulated results of MUTC-PD,
OSJ-PD, and MOSJ-PD, the area and load resistance of the devices are set to be the same,
20 pm? and 50 Q, respectively. For the MUTC-PD, the cliff layer can greatly enhance the
electric field in the depleted absorption layer and transition layers, which results in a higher
output current than UTC-PD. The depleted region includes a 30 nm absorption layer,
transition layers, cliff layer, and collector layer. The maximum electric field of MUTC-
PD reaches 2.5x10° V/cm with a reverse bias voltage of 5 V. In MOSJ-PD, all layers,
except the contact layers, are depleted. The cliff layer in MOSJ-PD serves as an absorption
layer, and at the same time, it can change the internal electric field distribution. Since the
MOSJ-PD has a much larger depletion width, the maximum electric field reaches 2.5x10°
V/cm with a reverse bias voltage of 10 V. The higher bias voltage is favourable for higher

output current.
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Figure 5-11 Band diagram of MUTC-PD with a reverse bias voltage of 5 V.



5.5.2 Energy band diagram
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Figure 5-12 Band diagram of OSJ-PD with a reverse bias voltage of 10 V.
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Figure 5-13 Band diagram of MOSJ-PD with a reverse bias voltage of 10 V.
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The energy band diagrams of MUTC-PD, OSJ-PD, and MOSJ-PD, are given in
Figures 5-11, 5-12 and 5-13, respectively. Obviously, the energy band of MUTC-PD and
MOSIJ-PD drops steeply at the cliff layer. Generally speaking, the energy band drops more
steeply at the higher electric field. The cliff layers in MUTC-PD and MOSJ-PD have the
same function, enhancing the electric field and making the saturation occur at higher light

injection conditions.

5.5.3 Frequency response
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Relative Response (dB)
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Figure 5-14 Frequency response of MUTC-PD, OSJ-PD, and MOSJ-PD.

The small-signal analysis of MUTC-PD, OSJ-PD, and MOSJ-PD is performed, and
the frequency response is given in Figure 5-14. In MOSJ-PD, both electrons and holes
travel at saturation velocity under a high electric field. The travelling time of holes is
determined by the thickness of the absorption layer and cliff layer, while the travelling

time of electrons is determined by the thickness of absorption, cliff, and collector layers.
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Different from the MUTC-PD, holes in MOSJ-PD travel at a saturation velocity of 5x10°
cm/s. Thanks to the shorter travelling distance of holes, holes won’t slow down the overall
speed. The simulated 3-dB bandwidths of MUTC-PD, OSJ-PD, and MOSJ-PD with 20

um? areas and 50 Q load resistance are 62.3 GHz, 65.3 GHz, and 67.3 GHz respectively.

5.5.4 Output photocurrent

The output photocurrent of MUTC-PD, OSJ-PD, and MOSIJ-PD is studied in this
section, and the results are given in Figures 5-15, 5-16, and 5-17. Generally speaking, the
output photocurrent increases with bias voltage, and a high reverse bias voltage is
favourable for high output power. However, the bias voltage should be lower than the
breakdown voltage of the device. As shown in Figures 5-8, 5-9 and 5-10, the depletion
width of MUTC-PD is much narrower than the OSJ-PD and MOSJ-PD. The internal
electric field of MUTC-PD reaches about 2.5x103 V/cm with a reverse bias voltage of 5
V, while the electric field of MOSJ-PD reaches 2.5%10° V/cm with a reverse bias voltage
of 10 V. With areverse bias voltage of 5 V, the output photocurrent of MUTC-PD saturates
at a light intensity around 9.5x10° W/cm?, and the saturation photocurrent density is
1.22x10° A/cm?. With reverse bias voltage of 10 V, the output photocurrents of OSJ-PD
and MOSJ-PD saturate at light intensities around 1.1x10% W/cm? and 1.2x10° W/cm?, and
the saturation photocurrent densities are 2.2x10> A/cm? and 2.4x10° A/cm? respectively.
Obviously, the high saturation current of OSJ-PD and MOSJ-PD is mainly due to the high

reverse bias voltage.
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Figure 5-15 Output photocurrent density versus injected light intensity with a different
reverse bias voltage (MUTC-PD,).
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Figure 5-16 Output photocurrent density versus injected light intensity with a different
reverse bias voltage (OSJ-PD).
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Figure 5-17 Output photocurrent density versus injected light intensity with a different
reverse bias voltage (MOSJ-PD).

5.5.5 Responsivity

0.130 ~ —— MUTC-PD

0.128 4

ty (A/W)

0.126 4

Responsiv
o
o
N

0.122 4

0.120 L] n n n n 1
0.0 2.0x10°4.0x10° 6.0x10° 8.0x10° 1.0x106 1.2x108

Light Intensity (W/cm?)

Figure 5-18 Responsivity of MUTC-PD with a reverse bias voltage of 5V.
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Figure 5-19 Responsivity of OSJ-PD and MOSJ-PD with a reverse bias voltage of 10V.

The responsivity of the MUTC-PD at a reverse bias voltage of 5 V is given in Figure
5-18. The MUTC-PD with a total absorption layer thickness of 180 nm achieves a
responsivity of 0.129 A/W. The responsivity of the MOSJ-PD at a reverse bias voltage of
10 V is given in Figures 5-19. In order to make a comparison, the responsivity of the OSJ-
PD is also given. The MOSJ-PD with a total absorption layer thickness of 280 nm achieves
a responsivity of 0.205 A/W, which is similar to the OSJ-PD. The responsivity of the OSJ-
PD begins to drop at a light intensity of 1.1x10° W/cm?, while the responsivity of the
MOSJ-PD begins to drop at a light intensity of 1.2x10° W/cm?. This phenomenon agrees
well with the electric field collapse shown in Figures 5-4 and 5-6. The internal electric
field of the OSJ-PD fully collapses at a light intensity of 1.1x10°® W/cm?, while the electric
field of the MOSJ-PD fully collapses at a light intensity of 1.2x10% W/cm?. Obviously, the

saturation of MOSJ-PD occurs at a higher light intensity.
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5.5.6 Junction capacitance

Generally speaking, the overall speed of a photodiode is determined by the carrier
transition time t,- and RC charging time tz.. The junction capacitance of photodiodes
is similar to parallel plate capacitance. The photodiode has a multilayer dielectric, and the
calculation of a multilayer dielectric capacitor is given in Appendix C.

The junction capacitance can be lowered by increasing the depletion width. However,
the maximum depletion width is limited by the transit time. As shown in Figure 5-8, the
fully depleted region in the MUTC-PD includes a 50 nm absorption layer, spacer layers,
cliff layer, and collector layer. The total depletion width is about 400 nm. For the MOSJ-
PD, all layers, except contact layers, are fully depleted. The total depletion width is about
620 nm. Generally speaking, photodiode with lower junction capacitance is less affected

by RC charging time limited bandwidth.
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Figure 5-20 3-dB bandwidth of MUTC-PD with different device areas.
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Figure 5-21 3-dB bandwidth of MOSJ-PD with different device areas.

The 3-dB bandwidths of the MUTC-PD and MOSJ-PD with different device areas
are given in Figures 5-20 and 5-21. For the MUTC-PD, the device area increases from 20
um? to 320 um? and the 3-dB bandwidth decreases from 62.3 GHz to 18.3 GHz. For the
MOSJ-PD, the device area increases from 20 um? to 320 pm?, and the 3-dB bandwidth
decreases from 67.3 GHz to 24.5 GHz. The 3-dB bandwidth of the MUTC-PD and MOSJ-
PD is mainly transit time limited with a device area of 20 um? and is mainly RC charging

time limited with a device area of 320 pm?.

5.6 Conclusions

To reduce the space charge effect of OSJ-PD at a high light injection condition, a new
structure, modified OSJ-PD, is proposed. Compared with the OSJ-PD, the MOSJ-PD has

better performance characteristics at high light injection conditions. At the high light
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intensity of 7x10° W/cm?, the 3-dB bandwidth of the MOSJ-PD is 43.9 GHz, which is
37.5 GHz higher than the OSJ-PD. With a reverse bias voltage of 10 V, the saturation
current density of the MOSJ-PD is 2.4x10°> A/cm?, which is 9% higher than the OSJ-PD.
Due to the higher reverse bias voltage of MOSJ-PD, the saturation current density is 96.7%
higher than the MUTC-PD with a saturation current density of 1.22x10° A/cm?. The
MOSJ-PD with a 280 nm absorption layer achieves a bandwidth of 67.3 GHz and a
responsivity of 0.205 A/W. Compared with MUTC-PD and TTR-PD, the MOSJ-PD has a
much simpler epitaxial layer structure and a lower junction capacitance. In conclusion, the
MOSIJ-PD has great potential for applications in high-speed fiber-optic communication
systems, radio-over-fiber wireless communication systems, and THz and MMW

generation schemes.
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Chapter 6 InGaAs/InP Evanescently Coupled One-

Sided Junction Waveguide Photodiode Design
6.1 Introduction

(a) Topside illuminated

optical input

‘ ‘ ‘ top contact
side
contact

Substrate

(b) Backside illuminated

top contact

side
contact

Substrate

{11

optical input

Figure 6-1 Surface illuminated photodiodes: (a) Topside illuminated and (b) Backside

illuminated.

Photodiodes convert optical signals into electrical signals and have been widely used

in optical fiber communication systems, photonics generation of MMW and THz wave,

and radio-over-fiber wireless communication systems. There are mainly three

configurations of photodiodes: the surface illuminated (topside illuminated and backside

illuminated) photodiode (Figure 6-1) [29-33,40,44,46,84], the side illuminated waveguide

photodiode (Figure 6-2) [85-91], and the evanescently coupled waveguide photodiode

80



(Figure 6-3) [48,92-106,109]. The surface illuminated photodiode has a simpler structure
since it does not include the optical waveguide. The surface illuminated photodiode
structures include PIN-PD [29-32], UTC-PD [33,38], MUTC-PD [40], etc. The carrier
transit time limited bandwidth of the surface illuminated photodiode can be increased by
reducing the absorption layer thickness. However, the responsivity decreases with the
reduction of the absorption layer thickness. There is always a tradeoff between the
bandwidth and the responsivity of the surface illuminated photodiode. For the side
illuminated and evanescently coupled waveguide photodiode, the travelling direction of
the light is perpendicular to the travelling direction of electrons and holes. The carrier
transit time limited bandwidth, and the responsivity can be decoupled. This feature makes
the carrier transit time limited bandwidth almost independent of the responsivity. Thus,
both high speed (bandwidth) and high quantum efficiency (responsivity) can be achieved

for the side illuminated and evanescently coupled waveguide photodiode.
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Figure 6-2 Side illuminated waveguide photodiode.
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Figure 6-3 Evanescently coupled waveguide photodiode.

For the side illuminated waveguide photodiode, light is directly injected into the edge
of the absorption layer. Most of the injected optical energy is focused on the input edge of
the waveguide photodiode, which limits the power handling capability of the side
illuminated waveguide photodiode [94,95,104]. For the evanescently coupled waveguide
photodiode, light is gradually coupled to the photodiode, which allows a more uniform
distribution of the optical energy [94,95,98,104]. Thus, an evanescently coupled
waveguide photodiode structure has been adopted in our design. Compared to the UTC-
PD and MUTC-PD, the OSJ-PD and MOSIJ-PD have simpler epitaxial layer structures,
while the characteristics of high speed and high output power are maintained [110,111].
Thus, the InGaAs/InP evanescently coupled one-sided junction waveguide photodiode
(EC-OSJ-WGPD) is designed and investigated in this chapter.

Earlier works have demonstrated many sides illuminated [85-91] and evanescently
coupled [48,92-109] waveguide photodiode structures, but comprehensive numerical
analyses of these waveguide photodiodes have been rarely published [103,105,112,113].
The numerical study, which provides information inside the device, such as
photogeneration rate and internal optical power distribution, which cannot be

experimentally measured, but provide some physical understandings. In addition,
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numerical modelling of the waveguide photodiode is an effective way to estimate the
performance before the complicated and expensive nanofabrication process. It is the
purpose of this chapter to provide a comprehensive numerical modeling procedure and
analyses of the EC-OSJ-WGPD.

N Contact Metal P Contact Metal
Photodiode

Substrate

Lig
(1550 nm)

(a)

Buffer Layé

12
(b)

Figure 6-4 EC-OSJ-WGPD structure, (a) 3D view, and (b) top view.




In this chapter, the EC-OSJ-WGPD is simulated by RSoft BeamProp, Lumerical
FDTD, and Silvaco Atlas software. The performance characteristics of the EC-OSJ-
WGPD are explicitly studied. Firstly, the three-dimensional (3D) structure and the
epitaxial layer structure of the EC-OSJ-WGPD are introduced. Next, the EC-OSJ-WGPD
is simulated by RSoft BeamProp, and the internal optical power distribution is given. Then,
the multiphysics simulation (optical and electrical simulation) procedure is briefly
introduced. After that, the simulated characteristics of the EC-OSJ-WGPD, including
internal optical power distribution, energy band diagram, internal electric field,
photocurrent, and 3-dB bandwidth, are investigated. Finally, a discussion and summary of

the EC-OSJ-WGPD are provided.

6.2 3D and epitaxial layer structure

Table 6-1. Epitaxial layer structure of the EC-OSJ-WGPD.

Layer Material Thickness (nm) Doping type and level
P-contact Inos3Gao47As 50 P 1x1010
Absorption Inos3Gaon47As 350 N  5x1015
iti 15
Transition Ino.6sGao35A80.75P0.25 10 N 510
iti 15
Transition Ino.77Gao.23As0.5Po.s 10 N 510
iti 15
Transition Ino.89Gao.11As0.25P0.75 10 N 510
Collection InP 100 N 2x1016
Coupling Ino77Gao23AsosPos 250 N  2x1018
Coupling InosyGao.11Aso2sPo7s 400 N  2x1018
Coupling InP 80 Undoped
Coupling InossGao.11Aso2sPo7s 220 Undoped
Diluted Waveguide 8 periods of InP/InoseGao11Aso2sPo7s layers 1,600 Undoped
Buffer InP 500 Undoped
Substrate InP 300,000 Undoped
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Figure 6-5 Epitaxial layer structure of the diluted waveguide.

The designed EC-OSJ-WGPD structure is shown in Figure 6-4. The width and length
of the diluted waveguide are w/ =4 um and // = 20 pm, respectively. The length of the
photodiode is /2 = 20 um. The epitaxial layer structure of the EC-OSJ-WGPD is given in
Table 6-1, and the epitaxial layer structure of the diluted waveguide is shown in Figure 6-
5. The design of waveguide photodiode involves many parameters [86], such as the
composition and thickness of each quaternary layer (InGaAsP), number of quaternary
layers, the thickness of the absorption layer, and thickness of the coupling layers, etc. The
thicknesses of the absorption layer and collection layer are 350 nm and 100 nm,
respectively. The coupling layers are composed of 4 dielectric layers with different
refractive indexes and are given in Table 6-1. As shown in Figure 6-5, the diluted

waveguide is composed of 8 periods of InP/Ino.s9Gao.11As025P0.75 layers. The InP layers
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(pink layers) have a constant thickness of 7/=120 nm. The Ino.soGao.11As0.25P0.75 layers
(blue layers) have a constant thickness of 72=80 nm. All these parameters have an
influence on the performance of waveguide photodiode, which will be introduced in the

following discussions.

6.3 Beam propagation method simulation

Table 6-2. Material properties used in the optical simulation.

Material Real refractive index Imaginary refractive index Energy gap
(1550 nm) (1550 nm) V)
InP 3.17 0 1.35
Ino53Gap47As 3.56 0.075 0.74
Ing.6sGao.35A80.75Po.2s 35 0 0.85
Ing.77Gao.23As0.5Po.s 34 0 0.99
Ino.80Gao.11A80.25P0.75 3.25 0 1.16

There are many parameters in the waveguide photodiode design, and it’s time-
consuming to study the influence of each parameter on the performance. In this chapter,
the epitaxial layer structure of diluted waveguide and coupling layers are mainly designed
by experience and verified by the RSoft BeamProp 3D beam propagation method (BPM).
The structure and parameters of the designed EC-OSJ-WGPD are given in Table 6-1 and
Figure 6-5. The simulated TE- and TM-mode optical power distribution and absorption
are given in Figures. 6-6 and 6-7.

The material properties used for the optical simulation are given in Table 6-2. The
properties of binary material (InP), ternary material (InGaAs), and quaternary material
(InGaAsP) can be found in Chapter 4. InixGaxAsyP1-y lattice matched to InP should satisfy
Equation (3.22). The refractive index n, of InGaAsP at a given photon energy E can be

calculated by Equation (3.30).
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Figure 6-6 Optical power distribution for (a) TE-, and (b) TM-Mode.
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Figure 6-7 Optical power absorption for TE- and TM-Mode.

In Figure 6-6, the optical power distributions in YZ-plane for TE- and TM-Mode are

given. In Figure 6-7, the total power inside the EC-OSJ-WGPD and the power inside the
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photodiode are given. The optical power distribution profiles shown in Figure 6-6
correspond well with the optical power absorption profiles given in Figure 6-7. From y =
0 to 20 pum, the total power is almost constant, which indicates that the light propagates
efficiently inside the diluted waveguide. From y = 20 to 40 um, the total power drops
gradually. The power in the photodiode increases at the beginning and then drops. This
phenomenon indicates that the light is gradually coupled from the diluted waveguide to
the photodiode and then absorbed by the photodiode. In the simulation, the scattering loss
of the waveguide is not considered, and only a small portion of optical energy escapes
from the waveguide structure, which is negligible.

As shown in Figures 6-6 and 6-7, the total power can be used to estimate the power
absorbed by the photodiode. The total power at the end of the EC-OSJ-WGPD (y=40 um)
indicates the residual power. The more power absorbed by the photodiode, the lower the
residual power at the end of the waveguide photodiode. The propagation and absorption
of'the TE and TM polarized light (Figures 6-6 and 6-7) vary with the change of parameters
of the EC-OSJ-WGPD (Table 6-1). The design goal is to increase the absorption efficiency
of TE and TM polarized light and minimize the discrepancy between them. It’s found in
the simulation that the thicknesses of the four coupling layers can change the absorption
efficiency of TE and TM polarized light. Thus, the coupling layers should be designed
carefully. Since the RSoft BeamProp software cannot calculate the photogeneration rate
and photocurrent of the EC-OSJ-WGPD, a Multiphysics simulation methodology is

introduced in the following section.
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6.4 Multiphysics simulation
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Figure 6-8 Photogeneration rate at (a) bottom, (b) middle, and (c) top of the absorption
region with an injected light power of 1 mW in TE-Mode.
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Figure 6-9 Photogeneration rate at the (a) bottom, (b) middle, and (c) top of the
absorption region with an injected light power of 1 mW in TM-Mode.
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Figure 6-10 Optical power distribution at (a) y=0.1 um, (b) y=10 um, (c) y=16 um, (d)
y=21 um, (e) y=26 um, (f) y=30 um, (g) y=35 um, and (h) y=39 um in TE-Mode.

The design of waveguide photodiode consists of two parts (optical component design
and electrical component design), and it can be simulated using the combination of optical
simulation and electrical simulation (Multiphysics simulation). The optical performance
of the EC-OSJ-WGPD is simulated using Lumerical FDTD, and the photogeneration rate
is calculated. Then the photogeneration rate is imported to Silvaco Atlas for the calculation
of photocurrent. The absorption region of the EC-OSJ-WGPD has a thickness of 350 nm,

and the cross-section views (XY-plane) of the photogeneration rate at the bottom, middle,
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and top of the absorption region are given in Figures 6-8 and 6-9. In the Lumerical FDTD
simulation, a power monitor is placed at y=0.1 pm to monitor the injected light power. At
injected light power of 1 mW, the photogeneration rate is approximately between 1x10°°
and 1x10* m™-s". The photogeneration rate at the beginning of the photodiode is much
higher than that at the end of the photodiode because most of the light is absorbed in the
beginning part. The photogeneration rate in TE-mode is higher than that in TM-mode
because more light is absorbed in TE-mode, as shown in Figures 6-6 and 6-7. The
parameters used for TCAD simulation are given in Appendix B. The photogeneration rate
is averaged along the Y-axis to obtain 2D photogeneration rate (XZ-plane). (Note: the

coordinate systems in all Figures consistent with each other.)

6.5 Device characteristics

6.5.1 Internal optical power distribution

The internal optical power distribution is obtained by placing 8 power monitors along
the Y-axis in the Lumerical FDTD simulation. The cross-section views of the internal
optical power distribution of the EC-OSJ-WGPD in TE- and TM-mode are given in
Figures 6-10 and 6-11, respectively. As shown in Figures 6-10 and 6-11, fundamental TE-
and TM-mode are considered in the simulation. In the waveguide section (0 um<y<20 um),
light propagates efficiently inside the diluted waveguide and coupling layers. In the
photodiode section (20um<y<40um), light is gradually coupled from the diluted
waveguide to the photodiode and then absorbed by the photodiode. At the end of the
photodiode (=39 um), the residual optical power in TE- and TM-mode is low, which

indicates that light has been absorbed
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Figure 6-11 Optical power distribution at (a) y=0.1 um, (b) y=10 um, (c) y=16 um, (d)
y=21 um, (e) y=26 um, (f) y=30 um, (g) y=35 um, and (h) y=39 um in TM-Mode.
by the photodiode efficiently. As shown in Figures 6-10 and 6-11, there is a difference in
the propagation of TE- and TM-mode light inside the EC-OSJ-WGPD. Thus, the
absorption efficiency for TE- and TM-mode light is different. It’s worth mentioning that
the photodiode, the coupling layers, and the diluted waveguide should be considered as a
whole in the design of EC-OSJ-WGPD. The cross-section views in Figure 6-6 (YZ-plane)

and Figures 6-10 and 6-11 (XZ-plane) show clearly the light propagation inside the
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waveguide photodiode, which is helpful for the understanding of the operation

mechanisms of the waveguide photodiode.

6.5.2 Internal electric field and energy band diagram of the EC-OSJ-
WGPD
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Figure 6-12 Internal electric field of the EC-OSJ-WGPD at different bias voltages.

The bias voltage has a significant influence on the photodiode’s performance. In order
to get high output power, bias voltage should always be applied. Since all layers (except
contact layers) are depleted, and the depletion width is large, the EC-OSJ-WGPD can be
biased at a high voltage without causing device breakdown. As shown in Figure 6-12, at a
bias voltage of 8 V, the internal electric field is around 2x10° V/cm, which is below the
breakdown electric field of 2.5%10° V/cm for InGaAs.

The energy band diagram of the EC-OSJ-WGPD is given in Figure 6-13. The

conduction band energy and valence band energy drop smoothly in the absorption layer,
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transition layers, and collection layer, which could facilitate the transportation of electrons

and holes.
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Figure 6-13 Energy band diagram of the EC-OSJ-WGPD at bias voltages of 0 and 8 V.

6.5.3 Frequency response of the EC-OSJ-WGPD
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Figure 6-14 3-dB bandwidth of the EC-OSJ-WGPD.
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In order to estimate the bandwidth of the EC-OSJ-WGPD, 2D TCAD simulation in
Silvaco Atlas is used. The area of the photodiode and the load resistance are set to 80 um?
and 50 Q, respectively. In the absorption layer, both electrons and holes travel at saturation
velocity (2.5x107 cm/s for electrons and 5x10° cm/s for holes). Thanks to the shorter
traveling distance of the holes, the slow-moving holes won’t slow down the speed of the
photodiode. As shown in Figure 6-14, the EC-OSJ-WGPD achieves a bandwidth of 44.5

GHz.

6.5.4 Output photocurrent
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Figure 6-15 Output photocurrent of the EC-OSJ-WGPD with injected light power of 10
mW.

The output photocurrent is an essential figure of merit. Different from the topside
illuminated and backside illuminated photodiode, the photocurrent generation inside the
evanescently coupled waveguide photodiode is quite complicated. As shown in Figures 6-

8 and 6-9, the photogeneration rate inside the absorption layer is nonuniform. Since the
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photogenerated electron and hole pairs (EHPs) are nonuniform inside the photodiode, 3D
TCAD simulation is needed. However, the 3D TCAD simulation is time-consuming and
may encounter a convergence problem. Thus, the 3D photogeneration rate is averaged
along the Y-axis to obtain 2D photogeneration rate (XZ-plane). Then, the 2D TCAD
simulation is used to calculate the photocurrent. In theory, the photocurrent calculated by
2D and 3D TCAD simulation should be similar. The bias voltage and load resistance are
set to 8 V and 50 Q, respectively, for the photocurrent calculation. The simulated
photocurrent of the EC-OSJ-WGPD with an injected optical power of 10 mW is given in
Figure 6-15. The injected optical power in TE- and TM-mode is set to 10 mW, and the
output photocurrents for TE- and TM-mode are 9.8 and 5.8 mA, respectively. The
responsivity for TE- and TM-mode is 0.98 and 0.58 A/W, respectively. In order to get high
responsivity (efficiency), the influence of the diluted waveguide, coupling layers, and
photodiode should be considered in the design procedure. (Limitation: this modeling
methodology cannot calculate the photocurrent at high optical power since the
photocurrent might saturate at the beginning part, where the photogeneration rate is high.)

The methodology introduced above has been adopted to calculate the responsivity of
the waveguide photodiode [104]. The waveguide photodiode with an absorption layer
thickness of 500 nm and an area of 5x20 pm? achieves a simulated responsivity of 0.93

A/W, which is close to the measured responsivity of 1 A/W.

6.6 Conclusions

Waveguide photodiode can provide higher efficiency than surface illuminated

photodiode because the traveling direction of light is perpendicular to the traveling
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direction of electrons and holes. This feature makes the carrier transit time limited
bandwidth and the absorption efficiency quasi-independent of each other. In this chapter,
an EC-OSJ-WGPD has been designed and analyzed. The 3D structure and epitaxial layer
structure have been given. The 3D BPM simulation has shown that the designed
waveguide photodiode absorbs TE and TM polarized light efficiently. To achieve a
balanced absorption and high sensitivity (efficiency), the diluted waveguide, the coupling
layers, and the photodiode should be considered as a whole in the design procedure. To
estimate the performance of EC-OSJ-WGPD, a simple numerical modeling procedure has
been proposed. The Multiphysics simulation method can be an effective way to predict the
performance of similar waveguide photodiode before the complicated and expensive
nanofabrication process. The designed EC-OSJ-WGPD has a bandwidth of 44.5 GHz
(without considering the external circuit) and achieves a responsivity of 0.98 A/W. The
proposed EC-OSJ-WGPD structure can be used for applications in high-speed fiber-optic
communication systems, radio-over-fiber wireless communication systems, and THz and

MMW generation schemes.
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Chapter 7 Equivalent Circuit Model of InGaAs/InP

Photodiodes

7.1 Introduction

Technology Computer-Aided Design (TCAD) refers to the use of computer
simulation to model semiconductor devices’ fabrication process and their operation. The
TCAD process and device simulation tools support a broad range of applications, such as
CMOS, power devices, memory, image sensors, solar cells, etc. As discussed in Chapter
3, TCAD software solves fundamental physical partial differential equations, such as
diffusion and transport equations, to model the structural properties and electrical behavior
of semiconductor devices. This physics-based methodology gives TCAD simulation
excellent predicting capability for a broad range of technologies. Therefore, TCAD
simulations are used to reduce the costly and time-consuming test wafer runs when
developing and characterizing a new semiconductor device or technology.

However, the performance of InGaAs/InP photodiode is not only determined by the
device itself but also by the external microwave circuit. As discussed in section 5.3, there
is always a discrepancy between TCAD simulation and measurements [81]. To overcome
the drawback and improve the accuracy during the numerical modelling process, the
equivalent circuit model, which combines the TCAD and microwave circuit simulation, is
adopted to analyze the frequency response of InGaAs/InP photodiode. Firstly, the
methodology is investigated and verified by comparing the simulated results with the

experimental results. Then, the methodology is used to analyze the frequency response of

99



OSJ-PD, MOSJ-PD, and EC-OSJ-WGPD. Finally, a discussion and summary of the

equivalent circuit model are given.

7.2 Methodology investigation

The frequency analysis methodology using an equivalent circuit model introduced in
this chapter is unique since it combines the simulated results obtained from TCAD and
Advanced Design System (ADS) simulation. The TCAD simulation considers the
semiconductor device itself, and the ADS simulation considers the external microwave
circuit. By combining them together, the accuracy of frequency response analysis can be
significantly improved. As a result, the equivalent circuit model can be used to predict the

frequency response of InGaAs/InP photodiode when high accuracy is required.

R L, Lp
M—B—o o —
oD == = =
p
0 0 0
Photodiode CPW Pad Load

Figure 7-1Basic equivalent circuit model of the InGaAs/InP photodiode.

The basic equivalent circuit model of the InGaAs/InP photodiode is given in Figure
7-1. The photocurrent source /pn(w), junction capacitance C; and junction resistance R;
represent the photodiode itself. The series resistance Rs, air bridge inductance L», coplanar
pad capacitance Cp, coplanar pad inductance L, and load resistance R. represent the
external circuit. The photodiode is always reverse biased or zero biased during operation.

C; can be calculated by the equation of a parallel capacitor (Appendix C), and R; has a
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large value (>100 k). Rs is due to the ohmic contact resistance and bulk resistance
induced by the metallic connection. Ls is determined by the geometry of the air bridge. Cp
and L, are determined by the characteristic impedance Z, = m of the CPW pad.
Ry 1s usually set to 50 Q.

The equivalent circuit model is used in earlier works [45,78,82,92,94,114-120] to
understand the operation mechanism and analyze the frequency response of a photodiode.
In these works, the parameters of the equivalent circuit model are extracted from the
measured Si11 data, which demonstrates high reliability. However, the transit time limited
bandwidth cannot be measured, and it plays an important role in the frequency response.
In previous works, the transit time (z. and ) is usually obtained from the empirical model

[121], and the frequency response can be calculated by [94]

Ipp(w)
I (w) = = 2
14828l ¢ 102+ jo (R +C(Rs+RL))
j j

(o) 1, emion)] o
[jwre\l jwte ) 'jwrh\l joty exp(jwt)

1(0) (7.1)

1+%—Cijw2+jw<;—l;+cj(Rs+RL)>
Assuming that /(0) is the dc photocurrent (equal to the responsivity—optical power product

R-Popt), Ipn(®w) is the ac photocurrent, and /.(w) is the current flowing through the load.

VCCS Ra Ly Lp
AT WAoo Do
AV C::V Q) — ; — % \%
‘ Iph(®) Cp )
o ) o 0 0 0 )
Photodiode CPW Pad Load

Figure 7-2 Improved equivalent circuit model of the InGaAs/InP photodiode.
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The improved equivalent circuit model is given in Figure 7-2. The photocurrent
source Ipi(w) in Figure 7-1 is replaced by a Voltage Controlled Current Source (VCCS) in
Figure 7-2. The frequency response of the VCCS is determined by the carrier transit time
7, which can be calculated by 7, = R, - C; (Note: R; and C: are used to represent the
transit time and have no physical meaning.). Similar to Equation (7.1), the frequency

response of the improved equivalent circuit model is given by

e H(@) = 10) e

1+jwRtCy 1+jwRtCy A+jB

I (w) = pp(w) - H(w) = 1(0) - (7.2)

where Ipn(®) is the ac photocurrent; H(w) is the transfer function of the circuit; /(0) is the
dc photocurrent; 4 and B are given by
A=R;+Rs+ R, — w?*(CLpR; + C,L,R; + CyLyRs + CyLpRy, + C;LyR; + C;C,R;RLR;)
+ w*CiCyLyLyR;
B = w(Ly + Ly + GjR{Rs + C,R,R; + C,R,Rs + CiR;R,,) — @3(CypLpLy + C;CyLyR; Ry
+C;CyLyRiRy)

1

The bandwidth of the ac photocurrent Ipn(w) is fz45 = T = Zn; o which is determined
tr tht

by the transit time. Obviously, the overall frequency response of the circuit model shown
in Figure 7-2 is determined by the transit time s, junction capacitance Cj, junction
resistance Rj, and other parameters of the external circuit.

A similar circuit model has been used in previous works [78,117,118] to study the
frequency response of a photodiode. And all the parameters of the equivalent circuit model
are obtained from measured Si11 data and frequency response using data fitting [118]. In
the following discussions, a unique analysis methodology using an equivalent circuit
model is investigated. The parameters (R, C:, C;, and R;), which are used to represent the

photodiode, can be obtained from TCAD simulation. Then, these parameters (R, C;, C,
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and Rj) are combined with other parameters (Rs, Ls, Cp, and L) to analyze the frequency
response of a photodiode. The advantage of this methodology is the capability to predict
the frequency response of a new device structure based on the TCAD simulation and the

equivalent circuit model.

7.3 Methodology verification

7.3.1 Equivalent circuit model of the waveguide photodiode

InP CPW.

Photodiode

[ T
0 100 200 (um)

Figure 7-3 Structure of the waveguide photodiode chip.

The structure of a waveguide photodiode chip is shown in Figure 7-3. In Silvaco Atlas
TCAD simulation, only the photodiode is considered (Figure 6-4), while in equivalent
circuit model simulation, both the photodiode and the CPW pad are included (Figures 7-3
and 7-4). The equivalent circuit model of the waveguide photodiode [94] obtained using
data fitting (Circuit Model A) is given in Figure 7-4. The parameters (R;, C;, Rs, Ls, Cp, and
Ly) are determined by choosing the most appropriate values that make the simulated

impedance well fits the measured impedance [94]. Then, the transit time is determined by
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choosing appropriate values of C: and R: to make the simulated frequency response close
to the measured frequency response. As shown in Figure 7-5, the simulated frequency
response achieves a bandwidth of 40 GHz, which is close to the measured bandwidth of
45 GHz (bias voltage is 3 V) [94]. The discrepancy is mainly due to the overestimated
value of C; given in [94]. (Note: the calculated C; is 32.8 fF, while the fitted C; is 46 fF.)
The transit time (C: and R/) limited bandwidth is 58 GHz. The bandwidth simulated by

TCAD (the area and load resistance are set to 80 um? and 50 Q, respectively) is 32 GHz.
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Figure 7-4 Equivalent circuit model of the waveguide photodiode (Circuit Model A): (a)
circuit diagram (Note: the circuit is derived from [94]) and (b) ADS schematic diagram.
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Figure 7-5 Simulated frequency response of the waveguide photodiode using Circuit
Model A (Note: measured data obtained from [94]).
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Figure 7-6 Equivalent circuit model of the waveguide photodiode (Circuit Model B): (a)
circuit diagram (Note: the circuit is derived from [94]) and (b) ADS schematic diagram.
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The S-parameters of the semiconductor device contain information about the device’s
electrical behavior and can be calculated using Silvaco Atlas [122]. Based on the
equivalent circuit model given in Figure 7-4, a unique equivalent circuit model (Circuit
Model B) is proposed and is given in Figure 7-6. The main differences between Circuit
Model A and B are the parameters (R, C;, C;, and R)j), which are used to represent the
photodiode. In Circuit Model A, R;, C, Cj, and R; are obtained using data fitting. In Circuit
Model B, R, C;, Cj, and R; are calculated using Silvaco Atlas TCAD simulation. The C;
and R; are extracted from TCAD simulation and then imported into ADS as an S2P
component (C;&R)). The extracted C; and R; are given in Figures 7-7 and 7-8. Both C; and
R; are frequency dependent, and this phenomenon is discussed in Section 7.3.3. The
junction resistance is approximately 200 k€ (at 1 GHz), which is close to the fitted value
of 500 kQ in [94]. The junction capacitance is approximately 32 fF (at 1 GHz), which is

close to the value calculated using the parallel capacitor formula.
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Figure 7-7 Extracted R; of waveguide photodiode from TCAD simulation.
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Figure 7-8 Extracted C; of waveguide photodiode from TCAD simulation.
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Figure 7-9 Simulated frequency response of the waveguide photodiode using Circuit
Model B (Note: measured data obtained from [94]).

As shown in Figure 7-9, the simulated frequency response achieves a bandwidth of

46 GHz, which agrees well with the measured bandwidth of 45 GHz (bias voltage is 3 V)
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[94]. In Circuit Model B, the transit time (R: and C:) is calculated by setting the load
RESISTANCE to 0 in Silvaco Atlas. The bandwidth simulated by Silvaco Atlas TCAD is
only 32 GHz, which is much lower than the measured bandwidth of 45 GHz [94]. As
shown in Figures 7-5 and 7-9, the frequency responses simulated by the equivalent circuit
model (Circuit Model A and B) demonstrate higher accuracy than the results simulated by
TCAD only. This is mainly due to the influence of the CPW Pad. In the TCAD simulation,
only the photodiode itself has been considered (Figure 6-4). In the equivalent circuit model
(Circuit Model A and B), both the photodiode and the CPW Pad have been considered
(Figure 7-3). Thus, the simulated frequency response using the equivalent circuit model is

more accurate than the TCAD simulation only when compared with measurement.

7.3.2 Equivalent circuit model of the MUTC-PD

Photodiode

InP

[
0 200 400 (um)

Figure 7-10 The PD die of the MUTC-PD before flip-chip bonding.
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The PD die and the CPW Pad on the AIN substrate of the MUTC-PD [78] before flip-
chip bonding are shown in Figures 7-10 and 7-11. The diameter of the photodiode is 5 pm.
The CPW Pad is deposited on the AIN substrate, which has a thickness of 400 pm. The
CPW Pad consists of a narrow section and a wide section. The narrow section has a
characteristic impedance of 96 Q and is connected to the photodiode. The wide section has
a characteristic impedance of 50 Q and is connected to the microwave probe for
measurement. The detailed discussion about the fabrication of the MUTC-PD can be found

in [78].

CPW

AIN Substrate

[ T
0 500 1e+003 (um)

Figure 7-11 The CPW Pad of the MUTC-PD before flip-chip bonding.

The top view and 3D view of the MUTC-PD after flip-chip bonding are given in
Figures 7-12 and 7-13. The photodiode with 5 pm diameter is connected to the feed line
of the CPW Pad through an air bridge. The blue material represents InP, and the grey

material represents AIN.

109



L/

0 200 400 (um)

Figure 7-12 Top view of the MUTC-PD after flip-chip bonding.
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Figure 7-13 3D view of the MUTC-PD after flip-chip bonding.

110



Rt Rs Ls

: CPW
L AN 72 L
sl Gt % @ % Rj =—Cj =~ Cp % RL

VCCS

[4

.__._|||
—ll

AN\ —s——2L Y\
R L
Rs Ls
Term c . R . I C R=60hm L=90 pH + Term
Rt Ct R1 R2 Rj Cj Cp RL
Num=1 C=45fF % @% § R=200 MOhm >~ C=6 fF C=6fF l [g} Num=2
Z=50 Ohm = — Z=50 Ohm
CPW =
CCS emMode
SRC1 CPW
G=0.01S
I &% | S-PARAMETERS |

S_Param

SP1

Start=2 GHz
Stop=150 GHz
Step=0.5 GHz

I[f=
IIp=

(b)

Figure 7-14 Equivalent circuit model of the MUTC-PD with a diameter of 5 um (Circuit
Model A): (a) circuit diagram and (b) ADS schematic diagram.

The equivalent circuit model (Circuit Model A) of the MUTC-PD with a diameter of
5 um after flip-chip bonding is given in Figure 7-14. C, represents the parasitic capacitance,
and Ls represents the series inductance induced by the air bridge and the thin metal
connecting the photodiode and the feed line of the CPW Pad. In order to improve the
frequency response of the MUTC-PD [78], the CPW Pad has been specifically designed.
The narrow section has a characteristic impedance of 96 € and behaves like an inductor.
To include the effect of the CPW Pad, ADS EM/Circuit Co-simulation has been adopted.
In conventional EM solvers, discrete components such as R, L, and C cannot be simulated

directly. Hence, Co-simulation is used to integrate the CPW Pad simulated by EM solver
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(Momentum/FEM simulation) with those discrete components in Schematic simulation
[123]. And ADS EM/Circuit Co-simulation has demonstrated high accuracy in microwave

circuit design [124]. The geometry of the CPW pad adopted in ADS EM/Circuit Co-

simulation is given in Appendix D.
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Figure 7-15 Simulated frequency response of the MUTC-PD with a diameter of 5 um
using Circuit Model A (Note: measured data obtained from [78]).

As shown in Figure 7-15, the simulated frequency response using Circuit Model A
achieves a bandwidth of 111 GHz, which is close to the measured bandwidth of 112 GHz
[78]. The transit time (C: and R:) limited bandwidth is determined by choosing appropriate
values of C: and R: to make the simulated frequency response match the measured
frequency response. And the estimated transit time limited bandwidth is 70.5 GHz. The
bandwidth simulated by TCAD (the area and load resistance are set to 20 um? and 50 Q,

respectively) is 63 GHz.
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Figure 7-16 Equivalent circuit model of the MUTC-PD with a diameter of 5 um (Circuit
Model B): (a) circuit diagram and (b) ADS schematic diagram.

Based on the equivalent circuit model given in Figure 7-14, a unique equivalent
circuit model (Circuit Model B) is proposed and is given in Figure 7-16. In Circuit Model
B, R: and C: are calculated using Silvaco Atlas TCAD simulation. The C; and R; are
extracted from TCAD simulation and then imported into ADS as an S2P component
(G&R)).

As shown in Figure 7-17, the simulated frequency response using Circuit Model B
achieves a bandwidth of 113 GHz, which agrees well with the measured bandwidth of 112

GHz. In Circuit Model B, the transit time (R: and C;) is calculated by setting the load
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RESISTANCE to 0 in Silvaco Atlas. The bandwidth simulated by Silvaco Atlas TCAD is

only 63 GHz, which is much lower than the measured bandwidth of 112 GHz [78].
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Figure 7-17 Simulated frequency response of the MUTC-PD with a diameter of 5 um
using Circuit Model B (Note: measured data obtained from [78]).

As shown in Figures 7-15 and 7-17, the frequency responses simulated by the
equivalent circuit model (Circuit Model A and B) demonstrate higher reliability than the
results simulated by TCAD only. This is mainly due to the external circuit (CPW Pad),
which cannot be included in the TCAD simulation. It’s worth mentioning that the TCAD
simulation is still an important methodology for the initial design and simulation of the
InGaAs/InP photodiode, even though it cannot include the influence of the external circuit
connected to the photodiode. (Note: the frequency response of a photodiode is usually
given by the relative response, which indicates that the response at high frequency is
normalized to the response at the lowest frequency; as shown in Figures 7-15 and 7-17,

the bandwidth of the flip-chip bonded MUTC-PD is higher than the transit time limited
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bandwidth, which is mainly due to the specially designed CPW pad that improves the

impedance matching between the load and source at around 80 GHz.)
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Figure 7-18 Frequency response of the MUTC-PDs with different diameters. (Scatter
plot: measured data obtained from [78]; Line+Symbol plot: Simulation using Circuit
Model A.)
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Figure 7-19 Frequency response of the MUTC-PDs with different diameters. (Scatter
plot: measured data obtained from [78]; Line+Symbol plot: Simulation using Circuit
Model B.)
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To further verify the equivalent circuit model (Circuit Model A and B), the MUTC-
PD with different diameters are analyzed. The simulated frequency response of the
MUTC-PD with different diameters using Circuit Model A and B are given in Figures 7-
18 and 7-19. The simulated results are superpositioned over the measured results [78] for
comparison. The parameters of the equivalent circuit model vary with the diameter of the
photodiode and are given in Tables 7-1 and 7-2. The extracted C; and R; of the MUTC-
PDs (Circuit Model B) with different diameters are given in Figures 7-20 and 7-21. Both
Cj and R; are frequency dependent, and this phenomenon is discussed in Section 7.3.3. The
junction resistance (diameter is 5 um) is approximately 400 MQ (at 0.1 GHz), which is
close to the fitted value of 200 MQ in [78]. The junction capacitance (diameter is 5 pm) is

approximately 5.4 fF (at 0.1 GHz), which is close to the fitted value of 6 fF in [78].
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Figure 7-20 Extracted R; of MUTC-PDs from TCAD simulation.
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Figure 7-21 Extracted C; of MUTC-PDs from TCAD simulation.

Table 7-1 Parameters of the equivalent circuit model (Circuit Model A) for the MUTC-PD.

Size (pm) | Ri(€) G (fF) R; () G (fF) Gy (F) R () Ls (pH)
5 50 45 200 M 6 6 6 90
6 50 45 200 M 8 6 6 86
10 50 45 200 M 27 6 6 70
20 50 45 200 M 106 6 5 65

Table 7-2 Parameters of the equivalent circuit model (Circuit Model B) for the MUTC-PD.

Size (um) R(Q) G (fF) G, (fF) R(©Q) L. (pH)
5 50 45 6 6 90
6 50 45 6 6 86
10 50 45 6 6 70
20 50 45 6 5 65
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Table 7-3 Simulated and measured bandwidth of the MUTC-PD.

Size (um) Measured (GHz) Circuit Model A (GHz) | Circuit Model B (GHz)
5 112 111 113
6 106 105 107
10 78 72.5 80.5
20 40 315 38.5

The simulated bandwidth using the equivalent circuit model (Circuit Model A and B)
and measured bandwidth of the MUTC-PD are given in Table 7-3. Obviously, the
frequency response analysis methodology using the equivalent circuit model (Circuit
Model A and B) is an accurate and reliable way to analyze the performance of the
InGaAs/InP photodiode. In the following section, the equivalent circuit model (Circuit
Model B) will be adopted to analyze the frequency responses of the OSJ-PD, MOSJ-PD,

and EC-OSJ-WGPD.

7.3.3 Discussion

In Silvaco TCAD simulation, S-parameters, Resistance, and Capacitance of the
photodiode can be extracted using small signal analysis. The extracted resistance and
capacitance are shown in Figures 7-7, 7-8, 7-20, and 7-21. The resistance and capacitance
are frequency dependent. This newly observed phenomenon is due to the nonlinear effect
inside the photodiode, which is investigated in [116]. The resistance drops significantly
from low frequency to high frequency. The capacitance drops slightly from low frequency
to high frequency. This phenomenon has been successfully predicted by the TCAD

simulation and is similar to the phenomenon discussed in [116].
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7.4 Frequency response analysis using equivalent circuit model

7.4.1 One-sided junction photodiode

]|l
——li

- JW\,._._.;_?YY\
R L
Rs Ls

Term - v 59p £ - R=60hm L=90 pH
Rt Ct B1 R Ci&Rj Cp
§ Num=1 ~ C=448fF rE] ZC=6fF
7=50 Chm = =

“cPw
VCCS emModel
SRC1 cPw

G=0018 -
Qj| S-PARAMETERS l

Term

RL
Num=2
Z=50 Ohm

||_|+
P
| P

S_Param
SP1

Start=2 GHz
aa 4 Stop=150 GHz 1
= - Step=0.5 GHz —

Figure 7-22 ADS schematic diagram of the OSJ-PD with a diameter of 5 um.
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Figure 7-23 ADS schematic diagram of the OSJ-PD with a diameter of 6 um.

The high-speed OSJ-PD with low junction capacitance has been investigated in
Chapter 4 using TCAD simulation. However, the influence of the external circuit (CPW
Pad) has not been included. In this section, the equivalent circuit model (Circuit Model B)

is used to analyze the frequency response of the OSJ-PD. The ADS schematic diagrams
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of the OSJ-PDs with diameters of 5 and 6 um are given in Figures 7-22 and 7-23. The
parameters (Cp, Rs, and Ls) of the OSJ-PD are the same as the parameters of the MUTC-
PD [78] by assuming that the same external circuit is adopted. The transit time (R: and Cr)
is calculated by setting the load RESISTANCE to 0 in TCAD simulation. The extracted
C; and R; of the OSJ-PDs with diameters of 5 and 6 pm are given in Figures 7-24 and 7-
25. At low frequency (1 GHz), the R; is approximately 10 M, and it drops with the
increase of frequency. The extracted values of C; of the OSJ-PDs with diameters of 5 and

6 um are approximately 3.6 and 5.1 fF.
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Figure 7-24 Extracted R; of OSJ-PDs from TCAD simulation.

The simulated frequency response of the OSJ-PDs using the equivalent circuit model
is given in Figure 7-26. The photodiodes with diameters of 5 and 6 um achieve bandwidths
of 119 and 114 GHz, respectively. The transit time limited bandwidth simulated by TCAD
is also given in Figure 7-26. The transit time limited bandwidth is 71 GHz. Due to the
tuning effect of the external circuit, the simulated frequency response is much higher than

the transit time limited bandwidth. The operation mechanism is similar to the circuit model
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in Figure 7-2, the current flowing through the load can be calculated by I (w) = L,p(w) -
H(w). The transfer function H(w) of the circuit is specially designed so that the response

at high frequency is increased. As a result, the overall bandwidth can be increased.
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Figure 7-25 Extracted C;j of OSJ-PDs from TCAD simulation.
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Figure 7-26 Simulated frequency response of the OSJ-PD with diameters of 5 and 6 um.
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7.4.2 Modified one-sided junction photodiode
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Figure 7-27 ADS schematic diagram of the MOSJ-PD with a diameter of 5 um.
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Figure 7-28 ADS schematic diagram of the MOSJ-PD with a diameter of 6 um.

The ADS schematic diagrams of the MOSJ-PDs with diameters of 5 and 6 um are

given in Figures 7-27 and 7-28. The transit time limited bandwidth simulated by TCAD is

75 GHz. R; and C; with values of 50 Q and 42.5 fF are used to represent the transit time in

the equivalent circuit model. The C; and R; are calculated using TCAD software and then

imported into ADS as an S2P component (C;&R;). The extracted C; and R; of the MOSJ-
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PDs with diameters of 5 and 6 um are given in Figures 7-29 and 7-30. At low frequency
(1 GHz), the R; is approximately 10 M€, and it drops with the increase of frequency. The

extracted values of C; of the MOSJ-PDs with diameters of 5 and 6 um are approximately

3.8 and 5.3 fF.
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Figure 7-29 Extracted R;j of MOSJ-PDs from TCAD simulation.
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Figure 7-30 Extracted C; of MOSJ-PDs from TCAD simulation.
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Figure 7-31 Simulated frequency response of the MOSJ-PD with diameters of 5 and 6
um.

The simulated frequency response of the MOSJ-PDs using the equivalent circuit
model is given in Figure 7-31. The photodiodes with diameters of 5 and 6 pum achieve
bandwidths of 120 and 115 GHz, respectively. Even though the transit time limited
bandwidth of the OSJ-PD (71 GHz) is lower than the MOSJ-PD (75 GHz), they achieve
similar bandwidths. This is mainly due to the lower junction capacitance of the OSJ-PD,

which compensates for the lower transit time limited bandwidth.
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7.4.3 Evanescently coupled one-sided junction waveguide photodiode
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Figure 7-33 Extracted R; of EC-OSJ-WGPD from TCAD simulation.
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Figure 7-32 ADS schematic diagram of the EC-OSJ-WGPD.
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The comprehensive analysis of the EC-OSJ-WGPD has been provided in Chapter 6.

It is assumed that the same CPW Pad (Figures 7-3 and 7-6) is adopted for the EC-OSJ-

WGPD, and the corresponding equivalent circuit model is given in Figure 7-32. The

parameters (Rs, Ls, Cp, and Lp), which represent the external circuit, are the same as [94].

The transit time (R: and C;) is calculated using TCAD simulation. The S2P component
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(Cij&Rj), which represents the photodiode, is extracted using TCAD simulation. The
extracted C; and R; of the EC-OSJ-WGPD are given in Figures 7-33 and 7-34. As shown

in Figure 7-35, the simulated bandwidth of the EC-OSJ-WGPD is 65.5 GHz, and the transit

time limited bandwidth is 69 GHz.
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Figure 7-34 Extracted Cj of EC-OSJ-WGPD from TCAD simulation.

—&— Transit Time
Sk —e— Circuit Model B

Frequency Response (dB)
o

-1 5 L] L] L] L] 1
0 20 40 60 80 100

Frequency (GHz)

Figure 7-35 Simulated frequency response of the EC-OSJ-WGPD.
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7.4.4 Discussion

Table 7-4 Simulated bandwidth of the MUTC-PD, OSJ-PD and MOSJ-PD using equivalent
circuit model (Circuit Model B).

Diameter (um)

MUTC-PD (GHz)

0SJ-PD (GHz)

MOSJ-PD (GHz)

5

113

119

120

6

107

114

115

Table 7-5 Extracted C; of the MUTC-PD, OSJ-PD and MOSJ-PD using TCAD simulation.

Diameter (um) MUTC-PD (fF) OSJ-PD (fF) MOSIJ-PD (fF)
5 5.4 3.6 3.8
6 7.6 5.1 53

The simulated bandwidths of the MUTC-PD, OSJ-PD, and MOSJ-PD using the
equivalent circuit model are given in Table 7-4. For the photodiode with the same diameter
(5 or 6 um), the bandwidth of the OSJ-PD and MOSJ-PD is larger than the MUTC-PD’s.
This is mainly due to the lower junction capacitance of the OSJ-PD and MOSJ-PD. The
junction capacitances of the MUTC-PD, OSJ-PD, and MOSIJ-PD at low frequency are
given in Table 7-5. The transit time limited bandwidths of the OSJ-PD and MOSJ-PD are
71 and 75 GHz, respectively. The depletion widths of the OSJ-PD and MOSJ-PD are
approximately 640 nm (Chapter 4) and 620 nm (Chapter 5), respectively. Larger depletion
width indicates lower junction capacitance. For the OSJ-PD introduced in Chapter 4, the
lower junction capacitance could compensate for the lower transit time limited bandwidth.
As a result, the bandwidth of the OSJ-PD is almost the same as the MOSJ-PD (the
discrepancy is less than 1 GHz). The overall frequency response of the photodiode is

mainly determined by the transit time, junction capacitance, and external circuit. To
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achieve optimum performance, all these factors should be considered in the design of the

epitaxial layer structure and the external circuit of the photodiode.

7.5 Conclusions

In this chapter, the frequency response analysis of the InGaAs/InP photodiodes using
an equivalent circuit model has been introduced. Firstly, the basic and improved equivalent
circuit models of the InGaAs/InP photodiodes have been discussed. Secondly, the
equivalent circuit models (Circuit Model A and B) have been adopted to analyze the
frequency response of the waveguide photodiode [94] and MUTC-PD [78], and good
agreement between simulation and measurement has been achieved. Finally, the
equivalent circuit model (Circuit Model B) has been used to simulate the frequency
responses of the OSJ-PD, MOSJ-PD, and EC-OSJ-WGPD. Due to the lower junction
capacitance, the OSJ-PD and MOSJ-PD can achieve higher bandwidths than the MUTC-
PD. The simulated bandwidths of the OSJ-PD (5 um) and MOSJ-PD (5 um) are 119 and
120 GHz, which are 5.3% and 6.2% higher than the MUTC-PD (5 um). The EC-OSJ-

WGPD achieves a bandwidth of 65.5 GHz.
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Chapter 8 Conclusions and Future Work

This chapter summarizes the contributions of the thesis and introduces the research

works to do in the future.

8.1 Thesis contributions

The thesis has provided a theoretical and numerical study of InGaAs/InP photodiodes.
The concept of one-sided junction photodiode (OSJ-PD) has been proposed for the first
time in this thesis. Based on the theoretical and numerical analysis, three new photodiode
structures (OSJ-PD, MOSJ-PD, and EC-OSJ-WGPD) have been proposed and
investigated. A unique equivalent circuit model has been proposed to analyze the
frequency response of InGaAs/InP photodiodes. The main contributions of this thesis are
summarized as follows:

1. In Chapter 4, the OSJ-PD has been proposed based on the concept of InGaAs
Schottky barrier photodiode and UTC-PD. Compared with the well known UTC-PD, the
OSJ-PD has the advantages of simpler epitaxial layer structure and lower junction
capacitance, while maintaining the characteristics of high speed and high output power.
Due to the higher bias voltage, the saturation photocurrent of OSJ-PD has been high.
This research work is related to the following publication:

J. Xu, X. Zhang, and A. Kishk, "Design of high speed InGaAs/InP one-sided junction
photodiodes with low junction capacitance," Opt. Commun. 437, 321-329 (2019).
2. At high light intensity, due to the space charge effect, the output photocurrent

saturates, and the 3-dB bandwidth has dropped. To overcome the space charge effect in
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OSJ-PD, the MOSJ-PD has been proposed by inserting a lightly counter doped cliff layer
into the absorption layer. As a result, the output photocurrent and 3-dB bandwidth can be
improved simultaneously at a high light intensity. This work has been introduced in
Chapter 5 and it is related to the following publication:

J. Xu, X. Zhang, and A. Kishk, "Design of modified InGaAs/InP one-sided junction
photodiodes with improved response at high light intensity," Appl. Opt. 57(31), 9365—
9374 (2018).

3. In Chapter 6, the EC-OSJ-WGPD has been proposed and analyzed. A numerical
modelling procedure (multiphysics simulation) has been introduced to analyze the
performance of EC-OSJ-WGPD. The multiphysics simulation can provide information
inside the device, such as photogeneration rate and internal optical power distribution,
which could not be experimentally measured. The designed EC-OSJ-WGPD has achieved
a high responsivity of 0.98 A/W. This work is related to the following publication:

J. Xu, X. Zhang, and A. Kishk, “InGaAs/InP evanescently coupled one-sided junction
waveguide photodiode design,” Opt. Quant. Electron. 52, 266 (2020).

4. In Chapter 7, a unique frequency response analysis methodology using an
equivalent circuit model has been introduced. The equivalent circuit model (Circuit Model
B) combines the results of TCAD simulation and data fitting, and it has demonstrated high
accuracy in the frequency response analysis. The OSJ-PD and MOSJ-PD with a diameter
of 5 um achieve bandwidths of 119 and 120 GHz, which are 5.3% and 6.2% higher than

the well known MUTC-PD.
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8.2 Future work

As discussed in previous chapters, the applications of InGaAs/InP photodiodes are
very broad, and there is an urgent need for high speed and high power photodiodes. In this
thesis, the main contribution is the proposal of a one-sided junction photodiode. However,
the study was limited to the numerical study of the photodiodes. There is still more to
explore experimentally. Possible future works include: fabricating and measuring the
proposed photodiodes, integrating the high speed and high power photodiodes with
antennas (photodiode emitters), adopting the photodiode emitters in radio-over-fiber

wireless communication systems operating at MMW and THz frequency band, etc.
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Appendix A

0.2

0.4

0.6

Microns

08

Materials

0 2 4 6 8 10 12 14 16 18 20
Microns

Figure A-1 Epitaxial layer structure of the OSJ-PD in Silvaco Atlas (Area is 20 um?).
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Figure A-2 Mesh grid of the OSJ-PD in Silvaco Atlas (Area is 20 um?).
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Figure A-3 Epitaxial layer structure of the MOSJ-PD in Silvaco Atlas (Area is 20 um?).
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Figure A-4 Mesh grid of the MOSJ-PD in Silvaco Atlas (Area is 20 um?).
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Table B-1 Material parameters used in the TCAD simulation.

Appendix B

InP InGaAs
Electron mobility, pn 5400 cm*Vs 12000 cm?/Vs
Hole mobility, 1, 200 cm?/Vs 300 cm?/Vs
Valence band density of states, Ny 1.1x10" cm? 7.7x10"8 ¢m’
Conduction band density of states, Nc 5.7x10" ¢m’ 2.1x10"7 em?
Electron saturation velocity 2.6x107 cm/s 2.5%107 cm/s
Hole saturation velocity 5x106 cm/s 5x106 cm/s
Electron and hole life time (MOSJ-PD) 2x107s 1x107s
Electron and hole life time (MUTC-PD) 1x107s 1x107s
Electron Auger coefficient 3.7x103! cm%s 3.2x1028 cm%s
Hole Auger coefficient 8.7x10%° cm®s 3.2x10%8 cms
Real refractive index (1550 nm) 3.165 3.595
Imaginary refractive index (1550 nm) 0 0.075
Table B-2 Mobility model parameters used in the TCAD simulation.

Mobility parameter Parameter description InP InGaAs
MUIN.CAUGH Minimum mobility at high doping 300 cm?/Vs 3372 cm?/Vs
MU2N.CAUGH Maximum mobility at low doping 4917 em*Vs 11599 cm?/Vs
MUIP.CAUGH Minimum mobility at high doping 20 cm?Vs 75 cm¥Vs
MU2P.CAUGH Maximum mobility at low doping 151 cm?Vs 331 cm*Vs

ALPHAN.CAUGH Fitting parameter 0 0

ALPHAP.CAUGH Fitting parameter 0 0

BETAN.CAUGH Fitting parameter 23 23
BETAP.CAUGH Fitting parameter 22 2.2

GAMMAN.CAUGH Fitting parameter -3.8 -3.8
GAMMAP.CAUGH Fitting parameter =37 =37

DELTAN.CAUGH Fitting parameter 0.46 0.76

DELTAP.CAUGH Fitting parameter 0.96 1.37

NCRITN.CAUGH Critical doping above which mobility degrades 6.4x10"7 cm 8.9x10' cm

NCRITP.CAUGH Critical doping above which mobility degrades 7.4x10" ¢m3 1x10"% cm??
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Appendix C

Figure C-1 Multilayer dielectric capacitor structure [125].

Since the photodiode has multiple dielectric layers, its junction capacitance should be
calculated as a multilayer dielectric capacitor. As shown in Figure C-1, the multilayer
dielectric capacitor consists of several dielectric layers with relative permittivity of &,
&r2, ... &m and thickness of di, d2, ..., dn. The equivalent relative permittivity ereq 1S given

by [125],

-1
n d
Ereg = - 1
{Z s } (€1

dr=dy+d, +-+d, (C2)
where dn is the thickness, and & is the relative permittivity of the m-th dielectric layer,
and dr is the total thickness. Similar to the parallel capacitor, the multilayer dielectric
capacitance can be calculated by

£,A

_ & req

d

(C.3)
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where ¢req, €0, A, and d are the equivalent relative permittivity, the permittivity of free space,

area of the capacitor, and thickness of the capacitor, respectively.
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Appendix D
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Figure D-1 Geometry of the CPW pad adopted in ADS EM/Circuit Co-simulation.

The geometry of the CPW pad adopted in ADS EM/Circuit Co-simulation is obtained
from [78] and is given in Figure D-1. The substrate is AIN with a thickness of 400 pm.
The dielectric constant of AIN is &=8.7 and the dielectric loss tangent is tan 6=0.0005.
The wider section has a characteristic impedance of 50 Q and the narrower section has a
characteristic impedance of 96 Q. The narrower section transmission line with a length of
200 pm behaves like a quarter-wave impedance transformer, which improves the
impedance matching between the load (50 Q) and source (photodiode). Thus, the 3-dB

bandwidth of the frequency response can be greatly enhanced.
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