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Abstract

Light deflection devices are applied to various kinds of fields like imaging, scanning, and remote
sensing such as LIDAR. Almost all of those used in LiDAR contain mechanical components that
limit steering speed to 1 MHz at most and are vulnerable to vibration, acceleration, and dust. Thus,
light deflection devices resistant to vibration, acceleration, and dust and capable of achieving fast
steering speed above 10 MHz are required and studied actively for LiDAR applications.

Optical phased arrays (OPAs) are expected as high-speed non-mechanical beam steering devices
used for automotive LiDAR applications. While large-scale Si-based OPAs have been demonstrated,
the output optical power is restricted by the two-photon absorption effect inside the Si waveguide,
which severely limits the maximum measurable distance when used for LiDAR.

In this research, we consider InP-based OPAs with integrated semiconductor optical amplifiers
(SOAs), operating at an eye-safe 1550-nm wavelength to achieve high output pulse energy necessary
for ToF (time-of-flight) LiDAR applications.

Firstly, We estimated the detection limit energy of the ToF system at the receiver and required
optical pulse energy at the emitter. The detection limit energy was derived to be 2.41 X 10-*nJ with an
aperture diameter of 7cm, SNR (Signal-to-Noise Ratio) of 7dB,and an electrical bandwidth of 0.8
GHz. On the other hand, it’s estimated at least an optical pulse energy of 44.3 nJ is necessary to
reach the ranging distance of 200 m. That means an SOA whose output pulse energy is more than
0.173 nJ is indispensable when the number of OPAs waveguide is 256.

Next, we optimized an epitaxial layer structure of an SOA to get more than 0.173 nJ optical pulse
energy by using a numerical model based on the rate equation and then estimated the measurable
distance. The results showed that the optical pulse energy within the FWHM (full width at half
maximum) of the output pulse was 0.205 nJ and the distance resolution was 19.3 cm. Thus, total
output pulse energy is estimated to be 52.4 nJ. As a result, the measurable distance is estimated to be
over 200 m, which is a requirement for automotive LiDAR applications.

Finally, We performed the crystal growth to gain conditions for fabricating an epitaxial layer

structure we designed.
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Chapter 1 : Introduction

1.1 Background

Light deflection devices used to control the direction of laser light are indispensable for a variety of
applications using laser light. In those applications, light detection and ranging (LiDAR) is attracting
interest in recent years. LIDAR replaces radio waves in radar with laser light and can detect objects
at high resolution because of short wavelengths. Besides, it can get information about the distance as
radar can do with the ToF method which uses pulse light. In the self-driving system, it’s essential to
grasp surrounding circumstances three-dimensionally. In addition to LiDAR, millimeter-wave radars
and cameras are also used for the ranging, but it’s difficult for millimeter-wave to enhance spatial
resolution and cameras can’t get information about the distance in principle. Thus, LIDAR which
can measure the distance at high resolution is said to be indispensable for the self-driving system,
and almost all companies including Google adopt it [1]. Except for the self-driving system, LiDAR
is used for atmospheric observation making use of scattering by atmospheric aerosols [2].

LiDAR is also used in the field of microscope and biosensing. When it comes to the laser confocal
microscope being able to get three-dimensional images at high contrast, it’s indispensable to scan
laser light and position of samples, and in many cases, laser light is scanned with light deflection
devices.

The above contents are applications of OPAs to the light-sensing field. In addition to that field,
OPAs are used for photosensitivity of printers, laser processing machines, barcode readers, and
various industrial devices. As future potential applications, laser light wireless communication is
considered. While the bandwidth of wireless communication is being tight, OPAs are being studied
because not only using laser light enables capacities bigger, but also high confidential

communication can be performed because of signals never leaked to space[3].



1.2 Current status of LIDAR and requirements for a long-range LiDAR sensor

LiDAR is one of the remote detection and ranging methods that function like radar. It emits
infrared light pulses and measures how long the time they take to come back after encountering
objects. The time between the emitted laser pulse and the reflected pulse enables the LIDAR sensor
to calculate the distance to each object precisely by using the speed of light. LIDAR catches precise
distance measurement points at all times, from which 3D information of its surroundings can be
obtained. Information about objects’ position, shape, and behavior can be gained from this

comprehensive mapping of the environment[4].

Mechanical Scanning LiDAR

Mechanical scanning LiDAR is a well-known method for realizing three-dimensional sensing in
various applications including site mapping, long-range detection, and high-resolution 360-degree
sensing of surroundings. The common component of this type of scanning LiDAR is the use of a
highly collimated laser beam that is scanned, often using mirrors or rotation to scan the beam in
space[5].

While it can give detailed mapping information of surroundings, it has issues on high price,
complexity, and large dimensions which make it unattractive for commercial purposes in automotive

applications.

Solid-state LIDAR

Solid-state LiDAR doesn’t have mechanical parts and has been said to be the best way for
automotive and mobility use solutions. Its benefits with no mechanical components are more cost-
efficient to produce than Mechanical Scanning one, which might provide a way to high-volume
manufacturing and commercial feasibility, small device size, and high scanning speed due to the no

use of mechanical parts.

Requirements for a long-range LiDAR sensor

From Original Equipment Manufacturer (OEM) and Tier 1 perspective, some partly representative
requirements are summarized as follows[6]:

+ 20 cm distance resolution, 0.1° horizontal, and 0.5° vertical resolution

*+ 200 m measurement range

+ 2008 system costs

+ 20 frames per second of the field of view’s point cloud

- 120° horizontal field of view and 16° vertical field of view

* High robustness against shocks and vibrations

+ ASIL-C and laser class 1 guaranteeing functional-, eye-, and skin-safety



1.3 Solid-state LiDAR

MEMS LiDAR

MEMS stands for Micro Electro Mechanical Systems. MEMS LiDAR generally uses
electromagnetic MEMS mirrors to scan laser light, whose tilt angle varies when applying a stimulus
such as a voltage[7].

At this present time, the micro-scanning 1D MEMS mirror concept is the most promising approach
towards a long-range (>200m), low-cost (<200$), robust, and automotive qualified LIDAR system.
The 2D MEMS mirror concept can perform not only horizontal scanning but also vertical scanning.
However, regarding scanning frequencies, 1D MEMS provides a higher scanning speed than 2D
MEMS. The 1D approach normally performs horizontal scanning with a vertical laser beam (Fig.

1.1).
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Fig. 1.1 1D micro-scanning LiDAR scanning horizontally with 1D MEMS][6].

Flash LiDAR

Flash LiDAR usually illuminates a scene over a wider field of view by using an expanded laser
beam, then gets an image on that scene at a detector array or an imager that can measure the return
time of pulses which come from the light source relating to surrounding objects[5].

Flash LiDAR requires different sources depending on applications. Regarding the applications
which need a wide field of view, a laser source must have very high peak power such as multiple kW
in its narrow pulses (1-10 ns) to meet the required power density to obtain return signals in good
condition. On the other hand, regarding the applications which want a narrow field of view to realize
long-distance scanning, a laser source must have a peak power around several hundred Watt. These

things are shown schematically in Fig. 1.2.



(a) (b)

Fig. 1.2 Flash LiDAR applications with different sources[5]: (a) Wide field of view which needs
a laser source with very high peak power and large divergence angle. (b) Narrow field of view

which needs a laser source with moderate-high peak power and small divergence angle.

To meet the requirements of the narrow field of view Flash LiDAR, Vertical Cavity Surface
Emitting Lasers (VCSELSs) is considered as one candidate (Fig. 1.3). Additionally, it has merits for

the manufacturing and adaptability of integration into electronic packaging.

Top View

Laser Emission
In Z-Direction

Bottom View
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3 Glass Lid

Fig. 1.3 Schematic of VCSELs[5].

Optical Phased Array for LIDAR

Optical Phased Array (OPA) is the device using an optical waveguide structure on materials like
semiconductors and just at the principle verification stage now. It is expected as the next generation’s
light deflection device because of its high potential. In an OPA system, Controlling the speed of light
through an optical phase modulator enables control of the optical wavefront shape (Fig. 1.4). The
phase of the top beam is not modulated, while the phase of others is modulated to be delayed by
increasing amounts such as an electric current. This enables the laser beam steering to point in

different directions effectively.
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Fig. 1.4 Schematic of the Optical Phased Array (OPA)[7].

As materials, Si and InP are being mainly studied. InP based materials can control the wavelength
because of the mixed crystal which can adjust bandgap from 0.92 um to 1.65 pm. It means InP based
materials can be used around 1.3 um and 1.55 um which is the main wavelength for light
communication [8]. The big difference between Si and InP based materials is that InP is a direct
migration semiconductor which enables to integrate a laser source and semiconductor optical
amplifiers (SOAs) monolithically. Furthermore, it has merit for phase modulation because not only
the free carrier plasma effect but also the band filling effect happens. That’s why modulation
efficiency is higher than in Si-based materials.

It is reported that InP based two-dimensional deflection device was realized by W. Guo and his
colleagues at the University of California Santa Barbara[9]. The output port of their device is one-
dimensional waveguides aligned and uses the diffraction grating to emit light vertically (Fig. 1.5).
Phased array method is used for one-dimensional beam steering, and varying the wavelength of light
by the diffraction grating is used for the other one-dimensional beam steering. Carrier effects are
used for phase modulation, and the response less than 1 ps was confirmed. Besides, it succeeded in
integrating a tunable laser and SOAs, which demonstrated the superiority of the OPA based on a

direct migration semiconductor such as InP.
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Fig. 1.5 schematic of the two-dimensional deflection device by UCSBJ[9].



The problems of the Optical Phased Array

Although the OPA has various merits, there are some problems in realizing applications such as
LiDAR.

Firstly, there is a problem with the resolution. The beam-width of the OPA is inversely proportional
to the number of output waveguides. In other words, resolution points are proportional to the number
of waveguides, and they become equal to the number of waveguides. The current LiDAR sensor, for
example, the HDL-64E manufactured by Velodyne used in a Google car, has about 6000 resolution
points in the horizontal axis, which are more than ten times as much as those demonstrated so far.
Due to the integration of semiconductor devices, if the research is conducted with a view to practical
applications, it doesn’t seem difficult to fabricate the device which has about 1000 resolution
points[10].

Secondly, there is a problem in calibration. In the OPA, when the optical path-length changes by
several hundred nm, it will affect output. Thus, it’s expected the output of the beam doesn’t
necessarily have the phase as designed due to a variety of fabrication. Furthermore, although it needs
to work at a wide temperature range in practical use, temperature-change certainly varies optical
path-length, which will affect the output beam. For the above reasons, the fabricated OPA has an
arbitrary direction for each temperature. It’s necessary to calibrate the input given to each phase
shifter so that beam-forming can be performed. The input value that must be set in is proportional to
the square of the number of waveguides because resolution points increase in proportion to the
number of waveguides. Thus, the larger the device is, the bigger the problem will be.

Finally, there is a problem with output beam power. Although there is no thesis mentioning output
power from the fabricated OPA, it’s expected output power is less than 1 mW because it seems not to
be actively amplified. In order to use a semiconductor element as LiDAR, at least W level average

output power at eye-safe wavelengths around 1550 nm is said to be necessary[11].

1.4 Ranging technology

Time of Flight (ToF) method

In the ToF method, pulsed light is emitted from the emission part into space, and the light reflected
from the object is detected at the light-receiving part. The distance to the object is calculated from
the speed of light and the round trip time until light reception. The thing calculated from the round
trip time is just the distance, so in order to get three-dimensional information, it’s necessary to
acquire angle information by beam steering, etc. The distance resolution is dependent on the band-
width of the light-receiving part, so a relatively fast photodetector is needed. In case the fast enough
photodetector can be used, subsequent calculation processing is easy compared with the method

using interference because it’s possible to calculate the distance directly from the time until light



reception. In addition, there is no restriction associated with coherence length that causes problems

when using interference. Therefore, long-distance measurement is also possible.

Frequency modulated continuous wave (FMCW) method

In the FMCW method, sawtooth wave and triangular wave linearly frequency-modulated by a
wavelength-tunable laser are emitted into space. At this time, part of the transmitted wave is
branched and used as a reference wave. Heterodyne detection is used for the light reflected from
objects and acquired at the light-receiving part with the reference wave, and the frequency difference
between the two waveforms, which is called beat frequency, is detected. Although the distance to the
object is calculated from beat frequency and the rate of frequency change related to time, the
bandwidth required for the light-receiving system is narrow due to the small of the beat frequency.
Besides, the difference of light path-length between the reference wave and received wave must be
shorter than the coherent length of the laser used, so it can be said that it’s a suitable ranging method

for short-distance measurement.

1.5 Active/Passive Integration

Photonic Integrated Circuit (PIC) consists of active and passive devices, which have different
epitaxial structures. To make PIC with active and passive devices, there are some fabrication
methods. Common techniques for active/passive integration are butt-joint regrowth[12], offset
quantum well[13], dual quantum well[14], and quantum well mixing[13]. Fig. 1.6 shows the cross-

sections of each fabrication techniques[12].
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Fig. 1.6 Various methods for active/passive integration[ 12]: (a) butt-joint regrowth, (b) offset

quantum well, (c) dual quantum well, (d) quantum well mixing

In the butt-joint regrowth method, as shown in Fig. 1.6(a), some areas of the epitaxial wafer are
etched before growth. After that, an alternative material will be stacked onto the etched areas. The

cycle of etching and growth could be iterated. The virtue of this method is being able to do the



growth of optimized structures for different components. The drawback to this method is that it’s
difficult to achieve high-quality butt-joint interfaces which are concerned with losses and reflections
in the core layer.

In the offset quantum well method, as shown in Fig. 1.6(b), a multiple quantum well (MQW) active
region is fabricated by etching areas where the gain is not required. The virtues of this method are its
simplicity of the fabrication process and low confinement factor in the active MQW which will
result in high SOA saturation power theoretically. The drawbacks to this method are it allows for
only two band gaps on one chip and the small overlap to an MQW which could be the cause of the
inefficiency of active devices. The dual quantum well method as shown in Fig. 1.6(c) is a special
version of the offset quantum well method. The offset MQW will be stacked on the bulk waveguide
which includes an MQW in the center. In addition to the problems in the offset MQW, high
propagation loss in passive waveguides are caused due to the MQW inside core layer.

In the quantum well intermixing method, as shown in Fig. 1.6(d), the longest bandgap wavelength
is grown on the wafer in the PIC. After that, the areas where shorter wavelengths are required are
exposed to special treatment in order to blur the boundaries of the different MQW by inter-diffusion
of elements. This could be performed by ion bombardment, thermal annealing, or high power laser’s
irradiation. The virtue of this method is the simplicity to implement and more flexibility when
compared to the offset quantum well and double quantum well methods. The drawback to this
method is the reduction of quantum well quality which will affect some applications[15].

In this research, We consider the offset quantum well and butt-joint regrowth method to integrate
active/passive devices on the same chip. These methods are suitable for this particular PIC due to the
simplicity of the fabrication process compared to other methods. Cross-section of the schematic of
passive and active devices fabricated with the offset quantum well and butt-joint regrowth method is

shown in Fig. 1.7.

InP InP InP InP

InGaAsP InGaAsP InGaAsP l MQW J

InP InP InP InP

Passive Active Passive Active

(a) (b)

Fig. 1.7 cross-section of the schematic of passive and active InP/InGaAsP photonic devices

fabricated with (a) offset quantum well method, (b) butt-joint regrowth method.



1.6 Purpose of this research

The purpose of this research is solving the problems which the OPA has at this present time in order
to achieve practical high-speed imaging for some applications such as LiDAR.

In this research, we work on solving the problem especially about the lack of optical output power
for LIDAR applications. In order to solve this, SOAs which can realize high optical output power at
low optical input power should be integrated into OPA.

Specifically, We estimate the detection limit energy of the ToF system and the required optical
output pulse energy of OPAs with SOAs. Then, we optimize an epitaxial layer structure of an SOA
to get high optical output pulse energy by using a numerical model based on the rate equation and
then estimate the measurable distance.

After that calculation, we perform the crystal growth for my epitaxial layer structure designed
through the simulation mentioned above. Besides, we fabricate the all active SOA, active/passive
SOA, and OPAs with SOAs to confirm performance. A schematic diagram of the imaging system

based on InP integrating a laser monolithically is shown in Fig. 1.8.

Output SOAs

Input SOA

(Laser) (Grating couplers)

Phase shifters

InP substrate 1xN splitter

Fig. 1.8 Schematic of the OPA imaging system with SOAs.



1.7 Thesis Outline

This thesis is organized into six chapters as described below.

Chapter 1 introduces the background of this research, the problems of OPAs, and technologies

related to OPAs. It also introduces the scope we work on.

Chapter 2 briefly explains the principles of the OPA, SOA, and so on.

Chapter 3 describes the basic physics about gain dynamics of an SOA by using wave propagation
equations and carrier rate equations and the SNR equation for incoherent detection with an APD.

It also shows the results of the analysis and simulation for optimizing the epitaxial layer structure of
an SOA for the high optical pulse energy. Besides, the measurable distance with the optimized SOAs

is estimated.

Chapter 4 describes the principles and characteristics of the semiconductor process used to fabricate

the SOA and OPA devices.

Chapter S describes the fabrication and measurement results of this thesis.

Chapter 6 summarizes our work and make future issue and prospect.

10



Chapter 2 : Principle

2.1 Beam steering method of the OPA

When the phase is shifted linearly for the output position, the wavefront output from the OPA
makes the beam propagating in a specific direction because of diffraction. Lightwave diffraction can
be discussed by Fraunhofer diffraction in sufficiently distant regions. As shown in Fig. 2.1, the
output direction of the waveguide is z, and the output end is z = 0. When defining that the complex
amplitudes in the plane of z=0and Z are f(x',y") and g (x,y), g (X, y) is expressed as follows
when Z is sufficiently large[17].

j 2t+y? R oA . ! ! 1 1
g (o y) = Zexp(— 22D 17 F (x',y") exp (jar 222 ) dx'dy @1

where the plane of z= 0 and Z are called the near-field and far-field respectively, and f (x’,y") and
g (x,y) are called the near-field pattern (NFP) and far-field pattern (FFP). When looking at an
integral part of the Eq. (2.1), it’s in the form of Fourier transform and when Fourier transformation is
defined as below,

Foy) = [J° f(x',y") explj2n(ex’ +yy")] dx'dy’ (22)

g (X,y) can be written as follows,

g (xy) < F (f, 30, {2, 2] (23)

where F (f(x),x,) represents Fourier transform for variable x, of f (x;).
We’re going to consider the one-dimensional OPA with output waveguides aligned in x’ direction
for simplicity. Besides, when using 6 = %, which is the angle seen from the origin, the intensity

distribution of FFP is as below.

9@ e |12 f G exp (j 0 ) x| (24).

Next, We are going to consider f (x").

x' x
e ) 2(6)
) —
>
= ;_ (] B
: -D

Fig. 2.1 Fraunhofer diffraction.
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As shown in Fig. 2.1, the output end of the waveguide is assumed to be placed with sufficiently
narrow spacing in the range of |x’|. Then, the relative phase @ (x') of the waveguide at position
x' is assumed to be changed linearly in proportion to tilt y, which is written as below.
p(x') = yx' 2.5).
Here, the phase can be folded back by 2, so a phase shifter only can shift the range of 2. In this

case, f(x') is written as follows.

f(x") = exp(—jyx')rect (x’/D) (2.6).
_(1 (xI <1
rect(x) = {0 (xl = 1)

When substituting Eq. (2.6) into (2.4), the calculation is as follows.
2

b 2
lg (8)]? « J exp [j (7”9 - y) x’] dx'
-D
, 2
= sinc? [? CE Z—n)] 2.7).
sinc(x) = Smx

FFP will become sinc function centered at 6 = % from Eq. (2.7) and the beam pointing in any

direction will be formed by changing y. Peak gained from Eq. (2.7) is called the main lobe. On the
other hand, in fact, waveguides are arranged discretely, and phase distribution on the x' axis is
stepped. As a result, high order diffracted light called a grating lobe is generated in g (0), and the
practically available range of 0 is limited. The width of the region where the peak can be moved
freely and the grating lobe does not exist is called FSR (free spectral range). In the primary grating
lobe, the phase is different by 2m in adjacent waveguides compared to the main lobe. If the spacing
of waveguides at the output end is defined as Ad, the necessary y to shift the phase of the adjacent
waveguide by 21 is y,, = 2w / Ad. Grating lobe spacing, that is to say, the width of FSR 6r¢p

which is calculated based on Eq. (2.7) is described as follows.

A
HFSR = E (28)

Besides, Eq. (2.7) shows that the beam width W is inversely proportional to D. Thus, the ratio of

FSR to beam width which is resolvable points is as below:
— x = (2.9).

Since 2D / d is the number of waveguide M, resolvable points are about the number of waveguides

regardless of the spacing of waveguides.

12



2.2 Ranging method

Time of flight (ToF) method
The ToF is a distance measurement method that emits pulsed light into space and receives light
reflected by an object. Typical ranging set-up is shown in Fig. 2.2. The distance to an object is
represented as below.
R= 2 (2.10)
where R is the distance to an object, ¢ is the speed of light (¢ = 3 X 108 m/s) in the free space, and t;
is the round time between an object and a light receiver. From Eq. (2.10), the attainable resolution in

range ( A Rmin), which is directly proportional to the time resolution At;, can be obtained[18]:

cAty

AR pip = >

@2.11).

The advantages of the ToF method are its simple device configuration, high depth accuracy, and
availability even in dark environments. Thanks to these advantages, this method is the most
frequently selected way by manufacturers of imaging LiDAR for the self-driving system. However,
this method is limited by the signal to noise ratio (SNR) of the measurement, which requires a

minimum SNR of 7 dB[19].

Background light

A Optical Signal Emitter

iy M

Jajjoluo)n
walsAsg

Reflected Receiver

Optical Signal (APD)
UL =
R

Diameter of light-receiving aperture

Fig. 2.2 Basic principle of the ToF method.
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Frequency modulated continuous wave (FMCW) method

In the FMCW method, the frequency of the emitted light is periodically shifted by varying the
source power. The reflected light is blended with the emitted source to create a beat frequency which
is used to calculate the distance. A diode laser is typically used as the source to do coherent

detection. The distance to an object R is calculated by using a beat frequency fica: as follows[20]:

foear = Slope + A © =2, = 22 (2.12)
T
R = foeat g (2.13)

where B is the bandwidth of the frequency, T is the period time of frequency modulation, c is the
speed of light (c = 3 X 10% m/s) in the free space, A t equals to the round time t.. Fig. 2.3 shows all
these parameters. The beat signal in the time domain is transformed to the signal in the frequency

domain by using Fast Fourier Transform (FFT), and the peak of beat frequency is translated easily

frequency Transmitted signal
Detected signal
N
B
fr
. >
T CAT time

Fig. 2.3 Basic principle of the FMCW method[20]: main parameters.

into the distance.
In this method, triangular frequency modulation is typically used (Fig. 2.4) rather than a sawtooth
wave. The frequency of the modulation, in this case, is represented as fi. Therefore, the rate of

changing frequency can be written as 2f,B, and the beat frequency is given by the below equation.

4RfpeatB

fpear = 2 (2.14)
frequency amplitude
. Triangular

T S ——
Bl I 1 >

T= 7 | [ time

m
l/fm time

Fig. 2.4 Triangular frequency modulation with time and linked amplitude signal change[20]
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2.3 Phase shift in semiconductor

Phase shifters necessary to realize OPAs method based on the Semiconductor change refractive
index by using various optical effects caused in waveguides. The change in the refractive index is
linked with the change in the absorption rate which is associated with Kramers-Kronig relation, and
the change in the absorption rate is caused by the change in the bandgap. In this thesis, we introduce

the effects mainly contributing to the phase shift of OPAs based on the semiconductor.

Thermo-optic effect

The thermo-optic effect is a phenomenon in which the refractive index increases due to the increase
of temperature in the medium, and is caused by the increase of lattice constant of the crystal. Fig. 2.5
shows an example of the relationship between the interatomic potential in the crystal and the
interatomic distance. In the region where the distance is short, the potential increases rapidly due to
Pauli’s exclusion law, whereas in the region where the distance is large, if more energy than the
binding energy is given to an atom, it can jump to infinity. Therefore, if energy is given to atoms
within this potential, it can be seen the average distance between atoms increases. This is the
physical origin of thermal expansion and the lattice constant increases as temperature increases.
Since the bandgap is caused by the interaction of atoms in the crystal, the smaller the lattice constant
is, the bigger the bandgap is. As a result, materials with a small atomic number, such as diamond,
have a large bandgap, whereas those with a large atomic number have a small bandgap. Since lattice
constant becomes larger due to temperature rise, the bandgap becomes smaller and the reflective
index increases because of Kramers-Kronig relations. As the equation describing the temperature

dependence of the bandgap Eg, the empirical formula by Varshni is known[21] :

Bg(T) = Eg(0) - S (2.15)

where T is absolute temperature, o and {3 are fitting parameters. Some values of the parameters in

Varshni’s equation are shown in Table. 2.1.

o
T
1

Interaction energy

Distance between atoms

Fig. 2.5 Potential energy between two atoms.
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Table. 2.1: Values of the parameters in Varshni’s equation [21].

Material ‘ E4(0) [eV] ‘ o [x1071 K1 ‘ 8 [K] ‘

Si 1.1557 7.021 | 1108
GaAs 1.5216 8.871 572
InP 1.4206 4.906 327

Carrier effects
The carrier effect is a general term for refractive index changes caused by changes in the carrier
density in a semiconductor, including band-filling effect, free carrier effect, and bandgap shrinkage

effect[22].

* Band-filling effect

When carriers are injected into a semiconductor, the level at the bottom of the conduction band is
filled with carriers. This makes the energy gap broadened between levels that can transit from the
valence band, and an effective bandgap becomes large. This corresponds to the shift of the
absorption edge to the short wavelength side, and changes in the refractive index get An < 0 as the

absorption coefficient decreases.

* Bandgap shrinkage effect

When electrons injected into the semiconductor fill the bottom of the conduction band, the
electrons repel each other due to the Coulomb force, and the energy is lowered to fill the level so that
the spins do not face in the same direction. Doing this lowers the lower end of the conduction band,
and raises the upper end of the valence band by the same phenomenon in holes. The bandgap
contracts due to both fluctuations, and the absorption edge shifts to the long wavelength. As a result,

the absorption coefficient gets bigger and changes in the refractive index get An > 0.

* Free carrier effect
Free carriers in the band also absorb light and transit to a higher level. As a result, changes in the

refractive index get An < 0.

The calculation result of the refractive index change due to carrier effects on InP is shown in Fig.
2.4. In the band filling effect and bandgap shrinkage effect, the refractive index spectrum changes
greatly near the bandgap since the absorption spectrum changes greatly near bandgap. On the other
hand, in the free-carrier effect which is not so much dependent on the absorption spectrum, the

spectrum of the refractive index change is flat. As the carrier increases, the bandgap shrinkage effect
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increases the refractive index. On the other hand, the band-filling effect and free-carrier effect

decreases it. As a total, latter effects become dominant so that the refractive index decreases.

0.15 P ——————
IE InP j
0.1 ' _-i
il
BANDGAP ¥ BANDFILLING

0.05F  SHRINKAGE | .
A \5_ -

¢ gF—— — L T4
= e ___ - T i |
§ TR~ . FREE CARRIER b
-0.05f S -

r Y 3

b VS~ ToTAL
—0.1F N=P=3x10"%/cm? \

—0.15: L L TR } L 1 1 L 1
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Fig. 2.6 Calculation result of the refractive index change on InP caused by carrier effects[22].

Electron and hole densities are 3 X 10® cm=. Bandgap energy of InP is 1.34 eV.

When it comes to the phase shift caused by carrier effects, There are two methods. One is injecting
current into double heterostructure in order to fill the lower end of the conduction band with
electrons and the upper end of the valence band with holes. The other is pulling out carriers by

applying a reverse bias voltage.

2.4 Semiconductor Optical Amplifier (SOA)

Fig. 2.7 shows the typical structure of the SOA. SOA typically has optical waveguide and optical
gain mechanism formed on a compound semiconductor such as InP and GaAs. The signal light into
the input end face is converted into a certain guided mode by the optical waveguide and propagates
in the device. The optical gain mechanism is arranged to affect the optical field distribution in this
guided mode, and inverted population and stimulated emission formed by current injection into the
semiconductor active layer causes optical gain[23]. Thus, the signal light propagating in the element
feels optical gain and that intensity is amplified while propagating toward output end.

The steady-state performance of the SOA is written by some factors. The main factors deciding the
output power of an SOA are the small-signal gain (Gs) and saturation output power (P, 5¢). The
small-signal gain can be represented as follows [16]:

Gs =exp[('g—a;)L] (2.16)
where L is the length of the SOA, T' is the optical confinement factor of the active layer, g is the
unsaturated active-material gain coefficient, «; is the internal loss coefficient. During the
amplification process, the carriers in the active gain region decrease when the optical power
increases, decreasing amplifier gain G to half of the small-signal gain and resulting in the power

saturation. The saturation output power can be written as:
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1:)o,sat = (2211122) A (h_v) (2. 17)

at

where h » is the photon energy, a is the differential gain, t is the carrier lifetime, Gg is the
unsaturated gain, and A is the cross-sectional area of the active layer where the light passes. In a
typical SOA, A can be described as:

A= (2.18)
where D and W are the thickness and width of the active material. P, ¢,¢ is proportional to the cross-
sectional area of the active layer where the light passes, and inversely proportional to the optical
confinement factor of the active layer. These parameters can be adjusted to increase P,¢,¢ by the
proper design of the waveguide structure.

The noise figure (NF) of an SOA is represented like
_1 2np(@-D) rg 1
Ne,in G rg—ai  NeinMcout@

NF =

(2.19)

Where 1¢in(Mcoue) is the input (output) coupling efficiency, g is the saturated material gain, and

Ngp 1s the population inversion factor.

Fig. 2.7 Schematic of the Semiconductor Optical Amplifier.
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Chapter 3 : Design for an SOA integrated into OPAs

In this chapter, we will firstly explain the numerical model used for the simulation, and then show

results of the analysis and simulation optimizing an epitaxial layer structure for the SOA.

3.1 Numerical model for the SOA
An SOA properties can be calculated based on the carrier rate equation and wave propagation

equation[24].

Carrier rate equation

The carrier rate equation can describe how an optical output is affected by injecting current. The
densities of electrons equal those of holes due to charge neutrality, so we only track densities of
electrons for simplicity. We use n (X, v, z, t) for representing densities of electrons inside the SOA.
When neglecting the carrier diffusion due to uniform distribution of electrons, the carrier rate

equation for electrons can be expressed as below:

dn(t) _ I
dt qVv

- Rnonrad - Rst (3~1)

where [ is current, q is the elementary charge, and V is the volume of the active region. The first term
in the right part of Eq. (3.1) is carrier generation rate and means electrons injected into the active
region per unit volume and second. The others in the right part of Eq. (3.1) are recombination rates.
The second term represents non-stimulated carrier decay processes. It can be written as:

Ruonraa = An+ Bn? + Cn3 (3.2)
where A, B, C is called the nonradiative recombination coefficient, the bimolecular recombination
coefficient, and the Auger recombination coefficient respectively.

The third term is the stimulated emission rate, representing the gain process of photons. We define
g as the incremental gain per unit length Az and n, as the photon density increasing after passing
through the gain medium:

ny(z+Az) = n, (2)e9%? (3.3).

The stimulated emission term can be rewritten as below using the proximity relation of the

exponential function, e9%% ~ 1 + gAz.

dny

(F)gen =Ry = VggNyp (34
where v, is the group velocity. From the content mentioned above, Eq. (3.1) can be expressed
as[25]:

Z—Z = qLV — (An+ Bn? 4+ Cn3) —yygn,, (3.9).
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Traveling wave equation
Traveling wave equation derived from the Maxwell equation can represent the propagation of the
electromagnetic field inside the SOA. The wave equation for the counter-propagating signal field is

expressed as[26]:

+ +
+ @D | LD _ L (rg g )E*(z,t) + jTkoAnE*(z, t) (3.6)
0z vg Ot 2

where E(z,t) is the electrical field of the optical signal, k, is the wavenumber, An is the change
in the refractive index caused by current injection, I" is the confinement factor, «; is the internal
loss, — represents the backward propagating wave, and 4+ means the forward propagating wave.

Usually, the electric field of the optical signal can be separated into optical power P(z,t) and phase

p(z,t):

E (z,t) = /P(z,t)e j*@) (3.7)
When substituting Eq. (3.7) into Eq. (3.6), the wave equation becomes
oPE(zt) | 1 0PE(zt) _ _ +
t ot T = Tg—a)Pr(z ) (3.8)
dp(zt) iafp(z,t) _ __ TkoAn
+ oz vg Ot - 1) (3.9).

Furthermore, the power of spontaneous emission in the ASE field can be described by using the

wave equation:

a t(zt
n PAS;?Z @t _ (Fg — a)passt(zt) + Pspon (2, (3.10)

where pg,on 1s the spontaneous emission power spectral density, and p:fSE is the amplified

spontaneous emission power spectral density propagating forward and backward.

Gain equation
Material gain is known to be expressed as a linear function of carrier density in laser theory as
below[25]:

g(n(z, 1)) = ay(n(z,t) — ny) (3.11)
where n, is the carrier density at transparency, and a, is the differential gain coefficient. When
taking the strong saturation effect caused by the co-existence of forward and backward propagating
waves in the SOA due to the existence of reflectivity on the facets into consideration, Eq. (3.11) can

be modified as bellows[27]:

+ _ ao(n—no)
9*(z0) = 1+e1iny +e1215 (-12)
“(z,t) = —20) (3.13)
9 ! 1+&p2M5 +E2115 ’
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Where g* and g~ are the modified material gain for forward and backward propagation
respectively. €, and &,, are the self-gain saturation coefficients. &;, and &,; are the cross-gain
saturation coefficients. The cross-gain saturation coefficients are always double of self-gain

saturation coefficients[27].

3.2 Solution of rate equations

We apply the finite difference method to solve the carrier rate equations for calculating SOA’s
characteristics. Fig. 3.1 shows the SOA model. In this model, we slice the device into m spatial
sections. When the length of each section is short enough, it is possible considering that gain and
carrier density is constant in each section. However, the value of carrier density varies due to wave
propagation. Not only Signal but also ASE are included in the propagating optical field. ASE affects

the performance of the SOA, especially at low stimulated emission.

out

P —» - Py’
Py «— le—— Pt

N —f - Nt

N — l—— Nt

Fig. 3.1 Schematics of SOA model

We firstly apply the finite difference method to Eq. (3.5). The term in the left part of that equation
can be written otherwise by using the difference of carrier density n between the current time and

next time slot:

dn(z,t) _ n(zt+At)-n(zt) _ ng(t+At)-ng(t)
ac At - At

(3.14).

Subscript k is used to express the kth section. When substituting Eq. (3.14) into Eq. (3.5), we have

the below recurrence equation,

1) —( - -
nk(t + At) = nk(t) + At[q_v - R(le) - Ugglt(n;,k + n;se,k) ~ U9k (np + nase)] (3-15)~
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Carrier density in the kth section at the next time can be calculated using the above equation.
Besides, the carrier density in the (k-+1)th section is similarly calculated with the data about the value
of gain, injected current, carrier density, and photon density at last time.

It’s difficult to get the recurrence relation of Eq. (3.8) only with the finite difference method used.
Thus, we need to make it simple with the transformation of the formula like below[28]

T=t—= (3.16).

Vg
By using the above formula, the solutions of Eq. (3.8) are derived as
P, (t + At) = PFe(gi(D-mhz (3.17).
The above equation represents the relationship of adjacent optical signal powers, which means the
power in the (k+1)th segment can be gained with the information in the kth section. Optical power
in the (k£2)th segment can also be calculated using the information in the (k+1)th segment as well.
When it comes to ASE noise propagation, it’s effective to make use of the finite difference method
like what we did to the carrier rate equation. The forward propagating ASE can be expressed as
below by only taking the forward differential part of Eq. (3.10) into consideration,
Pasescr1 = 1+ (g — )Azlpgse i + Psponiz (3.18).
Since Az is small enough, the first term in the right part can be expressed as the exponential term
by using
e?=(1+2) (3.19).
Thus, Eq. (3.18) is written as
Pasesesr = €TITDAZpE 1+ Dopon Az (3.20).
Eq. (3.20) means the ASE power occurs due to two causes in each segment. One cause is the
amplified input noise which experiences the same process as signal propagation, and the other cause
is the spontaneous emission component in that segment. In a segment of length Az, the power
density of generated spontaneous emission in that segment is given by [29]:
Psponiedz = fop (G = Dhv (3.21).
Where G represents the signal gain in the kth segment, which is equal to e’ 9k~@8z and fsp
represents the spontaneous emission factor. In this model, given a constant noise power spectral

density on an optical bandwidth B, the recurrence relationships of ASE power can be described as,

Py isr = Py rce "9 087 4 £ (e(rg% )iz _ 1) hvB, (3.22).

a

The boundary conditions in this model are:

P} = R,Py + (1 —Ry)P,, (3.23)
Py =R,P} (3.24)
N; = R,N§ (3.25)
N;, = R,N;}; (3.26)
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Where Py, is input optical power, R; and R; are the reflection coefficient of front and rear facet, and
m means the SOA is divided into m sections.
The output signal power and ASE power are,
Poye(t) = (1 = Ry)Pp (3.27)
Nout(6) = (1 — R2)Np, (3.28).

3.3 Signal-to-Noise Ratio (SNR) of an Avalanche Photodiode (APD)
The SNR equation for amplified direct detection by an APD is expressed as[30]

SNRupp = Psig (3.29)

Ptn+Pa+PaarktPshot+Pback

where Pg;q is the return signal power at the receiver, Py, is the thermal noise power, P, is the
electronic amplifier noise, which are unaffected by the APD, P, is the dark current noise at the
receiver, Pgyo 18 the quantum shot-noise power, and P, is the background illumination shot

noise power.

3.3.1 Return signal power
The return signal power at the receiver with an APD is written by

Psig = IR, = (M@, X)*R, (3.30)
where I is the photocurrent detected at the receiver, R; is the load resistance, M is the signal gain of
the APD, ¢, is the detected optical power, and y is the detector’s responsivity (y =nq/hv),
where 7 is the quantum efficiency of the receiver, q is the electron charge value, h is Plank’s

constant, and v is the light frequency.

3.3.2 Thermal noise
The thermal noise power is expressed as

Py = 4kTB (3.31)
where k is Boltzmann’s constant, T is temperature, and B is electrical bandwidth (1/2At, where Atis

the pulse width in time region).

3.3.3 Electronic amplifier noise
The electron amplifier noise is represented as

P, = 4kT,B (3.32)
where T, is the temperature of effective noise which is expressed as T, = T(NF — 1), where NF is

the amplifier noise figure.
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3.3.4 Quantum shot-noise
The quantum shot-noise depends on the photocurrent detected at the receiver and is written for
amplified direct detection like

Psnot.app = 290, xM?F,BR, (3.33)

where F,, is an excess noise factor.

3.3.5 Dark current noise
The dark current noise at the receiver is written as
Pdark,APD = Zq(pldarkMzFexBRL (3.34).

3.3.6 Background noise
The background noise at the receiver can be represented like

Pyack.app = 2q@XM?*FoxBR,, (3.35)
where g, the received background power of the solar irradiance impinging on the detector, is given
by

©p = SirrRAARPpEpt AR (3.36)

and S;pr is the solar irradiance at the Earth , AA is the optical bandwidth of the receiver, (2 is the
incident solid angle, pg is the background reflectivity, &,,; is the optical receiver efficiency, and

Apg 1is the receiver aperture area.

3.3.7 Signal to noise ratio of an APD
We could get the overall electronic SNR for direct detection with an APD by substituting Eq. (3.30)-
(3.36) into Eq. (3.29), which is written as follows

PZx*R M?
4kB(T+Tq)+2qM?Fox BRL(PrX+®B X+ dark)

SNRAPD = (337)

3.4 Analysis and simulation results

In order to achieve more than 200m ranging distance by the OPAs integrated with SOAs, we firstly
estimated the detection limit energy and required optical pulse energy by calculating the relationship
between optical pulse energy and ranging distance at some diameters of light-receiving aperture. The
detection limit energy can be decided from the relationship between signal gain of the APD and
detection limit energy.

Next, we optimized the epitaxial layer structure of an SOA by numerical analysis and then
examined the applicability to the ToF LIDAR by estimating optical pulse energy in an offset

quantum well method and a butt-joint method respectively.
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3.4.1 Estimate detection limit energy at the receiver

The detection limit energy at the receiver is restricted by noises explained in chapter 3.3. Besides,

it’s known that a minimum SNR of 7 dB is required for ranging [19].

We firstly estimated values of noises to calculate SNR and to find proper diameter of the aperture

with a various signal gain of an APD. Fig. 3.2 shows calculation results and Table. 3.1 shows the

values of the parameters in this simulation.
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Fig. 3.2 Diameter of light receiving aperture versus each value of noises when signal gain of the

APD is 10 and 100

Table. 3.1: Values of the parameters in the noise calculation

Parameter Symbol Value
Wavelength A 1550 nm
Electrical bandwidth B 0.8 GHz
Resolution 19 cm
Speed of light c 3x10° mis
Capacitance C 1.96 pF
Resistance R 102.8 Q
Boltzmann constant k 1.38x10% mzkgs'zK'1
Absolute temperature T 300 K
Effective noise temperature Ta 1728 K
Noise figure NF 6.76
Material gain* g 2000 cm™
Waveguide loss T ai 15 cm™
Optical confinement factor* I 61.90%
Population inversion factor Ngp 1
Input (output) coupling efficiency 7 ¢in( 7 cout) 0.3
Small signal gain* Gy 631
Quantum efficiency n 0.8
Elementary charge q 1.6x10™° C
Planck constant h 6.63%x10* m’kg/s
Return signal power P sig -35dBm
APD gain M 10~100
Excess noise figure F 1.62~3.08
Dark current lgark 100 nA
Solar irradiance at the Earth Sirr 0.266 W / (m? nm sr)
Background reflectivity 0B 5%
Optical bandwidth AL 0.25 nm
optical receiver efficiency € opt 0.65
Incident solid angle Qg 0.0123 sr
Diameter of light receiving aperture d 1~100 cm

* Derived by simulation, 1 Fitted to experimental results
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When the diameter of the light-receiving aperture is small, electric noises, that is to say, thermal
and electronic amplifier noises are dominant. However, when it is big, background noise becomes
dominant. As a result, the total values of noises would be bigger as the diameter of the light-
receiving aperture increases. Besides, shot and dark current noises would be bigger as the signal gain
of the APD increases.

Thus, It’s expected that we couldn’t set the signal gain so big due to an increase of noises that there
are proper values of the signal gain for the ToF system which can maximize detection limit while
meeting the requirement of the minimum SNR of 7dB. Besides, from Fig.3.2, the diameter of light-
receiving aperture should be less than 10 cm for thermal noise operation in order not to get an effect
of background noise.

Next, we estimated the detection limit energy using the values of noises mentioned above with
various diameters of apertures. Fig. 3.3 shows calculation results and Table. 3.2 shows the values of

the parameters in this simulation.

—aperture diameter of 5cm
——aperture diameter of 7cm A
[ aperture diameter of 9cm |

—
X
[EEN
o

Detection limit energy [nJ]_c
w
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Fig. 3.3 APD gain versus detection limit energy on SNR of 7dB.

The results show the detection limit energy varies with the diameter of the light-receiving aperture.
When the diameter of the light-receiving aperture is 7cm and the signal gain of the APD is 120, for
example, the detection limit energy is derived to be 2.41 X 10-*nJ with SNR of 7dB and the electrical
bandwidth of 0.8GHz.

In this calculation, we assume background reflectivity pg is 5 %[32] and optical bandwidth AA is

0.25 nm[31, 32].
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Table. 3.2: Values of the parameters in the detection limit calculation

Parameter Symbol Value
Wavelength A 1550 nm
Electrical bandwidth B 0.8 GHz
Resolution 19 cm
Speed of light c 3x10° m/s
Capacitance C 1.96 pF
Resistance R 102.8 Q
Boltzmann constant k 1.38x10% m’kgs K™
Absolute temperature T 300 K
Effective noise temperature Ta 1728 K
Noise figure NF 6.76
Material gain* g 2000 cm™
Waveguide loss T ai 15 cm™
Optical confinement factor* I 61.90%
Population inversion factor Ngp 1
Input (output) coupling efficiency 7 cin( 7 cout) 0.3
Small signal gain* Gy 631
Quantum efficiency n 0.8
Elementary charge q 1.6x10°C
Planck constant h 6.63x10>* m?kg/s
Return signal power Psig -45~-40 dBm
APD gain M 10~100
Excess noise figure F 1.62~3.08
Dark current ldark 100 nA
Solar irradiance at the Earth Sirr 0.266 W / (m2 nm sr)
Background reflectivity 0B 5%
Optical bandwidth AL 0.25 nm
optical receiver efficiency £ opt 0.65
Incident solid angle Qr 0.0123 sr
Diameter of light receiving aperture d 5~9cm

* Derived by simulation, 1 Fitted to experimental results

3.4.2 Estimate required optical pulse energy
Finally, We estimated required optical pulse energy to reach more than 200m ranging distance. In
this calculation, we assumed the reflectance of the object to be -10dB, excess loss of 2dB, and

internal-device loss of 3dB. As a result, total optical loss is expressed as follows [33].

15 + |101logy, (i) |dB (3.38)

21L2

where A is the receiver aperture area, and L is the ranging distance.
Fig. 3.4 shows calculation results and Table. 3.3 shows the values of the parameters in this
simulation. We assumed return optical signal energy equaled to detection limit energy. Return optical

signal energy can be expressed as follows.

Return optical signal energy = total optical pulse energy — {15 + |10log;, (2;%) [}dB (3.39).

Required optical pulse energy was estimated to be 42.0 nJ at least with the receiver aperture
diameter of 7 cm and electrical bandwidth of 0.8GHz. Thus, we need to find an SOA structure whose
output pulse energy is more than 0.173 nJ when the number of waveguides is 256.

Besides, when the receiver aperture diameter is 5 cm, the optical pulse energy of 72.8 nJ is required
at the emitter with electrical bandwidth of 0.8GHz. In this case, we need to find an SOA structure

whose output pulse is more than 0.284 nJ when the number of waveguides is 256.
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Fig. 3.4 Total optical pulse energy versus Ranging distance

3.3: Values of the parameters in the required optical pulse energy calculation

Parameter Symbol Value
Wavelength A 1550 nm
Electrical bandwidth B 0.8 GHz
Resolution 19 cm
Speed of light c 3x10° m/s
Capacitance C 1.96 pF
Resistance R 102.8 Q
Boltzmann constant k 1.38x10% m’kgs?K*
Absolute temperature T 300 K
Effective noise temperature Ta 1728 K
Noise figure NF 6.76
Material gain* g 2000 cm™
Waveguide loss ' ai 15 cm*
Optical confinement factor* I 61.90%
Population inversion factor Ngp 1
Input (output) coupling efficiency 7 ¢in( 7 cout) 0.3
Small signal gain* Gy 631
Quantum efficiency n 0.8
Elementary charge q 1.6x10™ C
Planck constant h 6.63x10™* m’kgls
Return signal power Psig -50~-40 dBm
APD gain M 10~100
Excess noise figure F 1.62~3.08
Dark current |dark 100 nA
Solar irradiance at the Earth Sirr 0.266 W / (m2 nm sr)
Background reflectivity 0B 5%
Optical bandwidth AL 0.25 nm
optical receiver efficiency € opt 0.65
Incident solid angle Qr 0.0123 sr
Diameter of light receiving aperture d 5~9 cm
Total optical pulse energy 20~75nJ

* Derived by simulation, 1 Fitted to experimental results
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3.4.3 Get some material parameters from experimental results with a reference MQW

Next, we need to derive material parameters used in the simulation program explained in chapter
3.2 for finding an SOA structure whose output pulse energy is more than 0.173 nJ. We fabricated an
SOA from the unoptimized epitaxial layer with a reference MQW shown in Fig. 3.5. The epitaxial
layer structure used to derive material parameters has a multiple quantum well (MQW) active layer
which consists of six InGaAsP 0.4% compressive strain wells with 8 nm width and seven InGaAsP

0.3% tensile strain barrier layers with 8§ nm width operating at an eye-safe 1550nm wavelength.

p-InP (1500 nm, 1e17 cm3)

u-InP (200 nm)
InGaAsP Q1.25 (20 nm, n.i.d.

InGaAsP Q1.25 (20 nm, n.i.d.)
u-InP (10 nm)

u-InGaAsP Q1.25 (540 nm, n.i.d)

u-InP (200 nm)
n-InP (300 nm, 5e17 cm3)

Fig. 3.5 Epitaxial layer structure used to derive material parameters

Tab. 3.4 Parameters used in the model (18 “C)

Parameter Symbol Value
Wavelength A 1550 nm
SOA waveguide width w 4 ym
SOA length L 1.4 mm
Facet reflectivity of a SOA R 30.60%
Gain constant * a 1.29x10™° cm?
Optical confinement factor * r 10.3%
Carrier density at transparency No 0.69x10'® cm™
Nonradiative recombination rate A 7x10% s
Bimolecular recombination rate ' B 4x10"° cm®s™
Auger recombination rate ' c 2.52x10%8 cm®s™
Self-saturation coefficient e 1.68x107¢ cm®
Cross-saturation coefficient ' £1 3.47x107 cm?®
Waveguide loss T ai 10 cm?
Fiber coupling loss 7dB

* Derived by simulation, 1 Fitted to experimental results

Fig.3.6 shows the fabrication process flow of an SOA. The details about each process are written in

chapter 4. Fig. 3.7 shows an optical micrograph and an SEM image of the fabricated device.
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Fig. 3.7(a),(b) is a top and a cross-sectional view of the device respectively. The surface width on a
waveguide almost matched the designed value of 2 um, indicating that photolithography and wet
etching were performed accurately. After fabricating the device, I measured its amplification
characteristics with continuous wave (CW), and adjusted theoretical values into experimental results

for obtaining material parameters shown in Tab. 3.4.

Photo-resist _
] — ———
e I —
(a) Epitaxial wafer (b) Photolithography (c) Wet etching

(waveguide)

(d) SiO, evaporation (e) SiO, liftoff (f) Photolithography
(electrode)

Ti/Au

(9) Ti/Au evaporation (h) Ti/Au liftoff (i) Au sputtering

Fig. 3.6 Process flow of an SOA

InGaAsP

2 pm

Electrode Waveguide

(a) (b)

Fig. 3.7 An optical micrograph and an SEM image of the fabricated device.

(a) Top view, (b) Cross-sectional view.
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The setup shown in Fig. 3.8 is used for the measurement of input versus output power
characteristics on an SOA. We used an SOA with a length of 1.4 mm and a width of 4 um in this
experiment. The tunable laser diode can control the value of the input power and so can the variable
optical attenuator. The polarization controllers are used to get the maximum gain in an SOA because

they have the polarization-dependent gain.

Current injection

PC )
1o —OQO | yoa Pc —— >l purt (  ———osa

TLD : Tunable Laser Diode

VOA : Variable Optical Attenuator

PC : Polarization Controller

DUT : Device Under Test fiber
OSA : Optical Spectrum Analyzer

Fig. 3.8 Experimental setup for the measurement of input versus output power

Fig. 3.9 shows the results of CW input versus output power characteristics. From this figure, it can
be seen that the theoretical values derived from the numerical model and the experimental values are
successfully matched for each current value. The results shown in this figure are fiber-to-fiber power
because we took the optical loss in the input path and output path into consideration on this
numerical model. Therefore, we could get the material parameters used for simulations which are

shown in Tab. 3.4.
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Fig. 3.9 CW input versus output power characteristics of an SOA with a length of 1.4 mm.

Solid line: theoretical values. Dash line: experimental values.
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3.4.4 Optimize the epi layer structure of an SOA for an Offset QW and a Butt-joint method

We got some material parameters from CW input versus output power characteristics of an SOA
made of the unoptimized epitaxial layer with a reference MQW. Thus, we can now use the numerical
model for the optimization of the epitaxial layer structure for a high power SOA.

In the optimization of an SOA, we aimed at increasing the value of differential gain and optical
confinement factor. There is a tradeoff between small-signal gain and saturated output power written

in Eq. (2.16) and Eq. (2.17) respectively as follows [16].

Gslnz) wD (hv
r

Gsap * Posat = Gsap (GS—Z ;) = const (3.40)

Gsap < al’ (3.41).

It’s easier to increase the value of optical confinement factor than that of differential gain, so we
took the following 6 steps to increase mainly the value of optical confinement factor. For simplicity,
we considered only the thickness of the core layer, well number, and length of an SOA.

When using an SOA in CW operation, it’s known that reducing the optical confinement factor is
better because it can increase the saturation output light intensity. However, when using an SOA in
pulse operation, it may be better to increase the optical confinement factor to get high gain for a
short time.

Besides, the length and width of an SOA are fixed basically to 1.4 mm and 4 pm respectively
because the differential gain is dependent on not only the structure of wells but also that of an SOA.

After optimizing the epitaxial layer structure of an SOA in each case, we estimated measurable

distance.

The epi layer structure used for an Offset QW method

1.decrease the thickness of the core layer from the structure shown in Fig. 3.5
2.maximize the number of wells while keeping the fundamental mode
3.change the length of an SOA

4.estimate the measurable distance using the structure optimized for an Offset QW method
The epi layer structure used for a Butt-joint method

5. maximize the number of wells while keeping the fundamental mode and strain compensation

6.estimate the measurable distance using the structure optimized for a Butt-joint method
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The epi layer structure used for an Offset QW method

1.decrease the thickness of the core layer from the structure shown in Fig. 3.5

CW input versus output power characteristics was calculated for the epitaxial layer structure shown
in Fig. 3.10. The difference between Fig. 3.10 (a) and (b) is the thickness of the core layer.

In this calculation, we assumed fiber coupling loss of 0 dB, facet reflectivity of 0 %, an SOA width
of 4 um, an SOA length of 1.4 mm, a temperature of 18°C, and the injection current value of 150
mA. The structure of the QW is the same as the structure shown in Fig. 3.5.

p-InP (1500 nm, 1e17 cm?) p-InP (1500 nm, 1e17 cm3)

u-InP (200 nm)
InGaAsP Q1.25 (20 nm, n.i.d.

u-InP (200 nm)
InGaAsP Q1.25 (20 nm, n.i.d.

InGaAsP Q1.25 (20 nm, n.i.d.) InGaAsP Q1.25 (20 nm, n.i.d.)

u-InP_(10 nm) u-InP (10 nm)
u-InGaAsP Q1.25 (300 nm, n.i.d) u-InGaAsP Q1.25 (540 nm, n.i.d)
u-InP (200 nm) u-InP (200 nm)
n-InP (300 nm, 5e17 cm) n-InP (300 nm, 5e17 cn?)

(a) (b)

Fig. 3.10 Epitaxial layer structure used for the calculation: (a) thickness of the core layer of 300 nm.

(b) thickness of the core layer of 540 nm.

Fig. 3.11 shows the results of CW input versus output power characteristics. As an input pulse
power, around -5 dBm is supposed to be input to an SOA with 256 waveguides OPA assuming a
gaussian pulse with a peak power of 20 dBm at the output of the input SOA (before splitting into N
waveguides) (Fig. 1.8).

At - 5dBm input power, the output power of the structure having a core layer thickness of 300 nm
is about 2 dB higher than that of the structure with a core layer thickness of 540 nm because of
higher optical confinement factor. That’s why we adopted the structure with a core layer thickness of

300 nm The values of differential gain and optical confinement factors are written in Tab. 3.5.
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Fig. 3.11 CW input versus output power characteristics of an SOA with different core layer thicknesses

Tab. 3.5 Parameters of the values of differential gain and optical confinement factors

Core layer thickness [nm] Differentialgain a [cm?] Optical confinement factor I alfcm?]
300 1.29E-15 0.153 1.9737E-16
540 1.29E-15 0.103 1.3287E-16

2.maximize the number of wells while keeping the fundamental mode

CW input versus output power characteristics was calculated with the epitaxial layer structure
shown in Fig. 3.12. The difference between Fig. 3.12 (a), (b), and(c) is the number of wells.

In this calculation, we assumed fiber coupling loss of 0 dB, facet reflectivity of 0 %, an SOA width
of 4 um, an SOA length of 1.4 mm, and a temperature of 18°C.

The injection current value varies with the number of wells. Each value of injection current was
150, 300, 450 mA with the well-number of 6, 12, 18 respectively. Besides, the compressive strain of
wells is 0.4 % with 8nm width and the tensile strain of barrier layers is 0.3% with 8nm operating at
an eye-safe 1550nm wavelength.

Speaking of strain compensation between wells and barriers, it can be written as follows.

dyweutcs = dparrierers (3.42)
where dwell, dbarier are the width of well, barrier and €., €rs are the amount of compressive strain,
tensile strain respectively. When dywen is 6 nm, &q¢ is 0.8 %, and dyarrier is 10 nm, required &7 is
derived to be 0.48 %. A tensile strain of 0.48 % cannot be achieved from the experimental limit of
crystal growth. It seems the experimental limit of a tensile strain is 0.3 % [34, 35], and when the
number of quantum wells is small, the growth can be performed with no misfit transition without a

perfect strain compensation [8]. It’s reported that the MQW consisting of thirteen InGaAsP 1.0%
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compressive strain wells with 5 nm width and fourteen InGaAsP 0.3% tensile strain barrier layers

with 7 nm width was successfully fabricated.[35]. Thus, we assumed the misfit transition wouldn’t

occur in this calculation.

p-InP (1500 nm, 1e17 cm3)

p-InP (1500 nm, 1e17 cm)

p-InP (1500 nm, 1€17 cm?)

u-InP (200 nm)

u-InP (200 nm)

I P Q1.25 (20 nm, n.i.d.

InGaAsP Q1.25 (20 nm, n.i.d.)
)

In P Q1.25 (20 nm, n.i.d.

u-InP (10 nm!

u-InP (200 nm)
In P Q1. nm, n.i.d.

InGaAsP Q1.25 (20 nm, n.i.d.)
u-InP (10 nm)

u-InGaAsP Q1.25 (300 nm, n.i.d)

InGaAsP Q1.25 (20 nm, n.i.d.)
InP (10 nm)

u-

u-InGaAsP Q1.25 (300 nm, n.i.d)

u-InGaAsP Q1.25 (300 nm, n.id)

u-InP (200 nm)

u-InP (200 nm)

u-InP (200 nm)

n-InP (300 nm, 5e17 cm3)

n-InP (300 nm, 5e17 cm3)

n-InP (300 nm, 5e17 cm?)

(a) (b) (c)

Fig. 3.12 Epitaxial layer structure used for the calculation: (a) well number of 6. (b) well number

of 12. (¢) well number of 18.
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Fig. 3.13 CW input versus output power characteristics of an SOA with different well-number

Tab. 3.6 Parameters of the values of differential gain and optical confinement factors

number of wells Differential gain a [cm?] Optical confinement factor I' alem?]
6 1.29E-15 0.153 1.9737E-16

12 1.75E-15 0.327 5.7225E-16

18 1.89E-15 0.474 8.9586E-16

Fig. 3.13 shows the results of CW input versus output power characteristics with a different number

of wells. The bigger the number of wells is , the higher the output power is. That’s mainly because
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the value of the optical confinement factor becomes big as the number of wells increases (Tab. 3.6).
In addition to that, the value of differential gain also increases as the number of wells increase.
When the number of wells is over 18, the simulation result showed high order mode would occur.

In order to maintain high beam quality, we adopted the well-number of 18 as the maximum number.

3.change the length of an SOA
CW input versus output power characteristics was calculated with the epitaxial layer structure

shown in Fig. 3.14.

In this calculation, we assumed fiber coupling loss of 0 dB, facet reflectivity of 0 %, a temperature
of 18°C, and an SOA width of 4 um. The length of an SOA was 1.4 mm and 4.2 mm.

The injection current value varies with the length of an SOA. Each value of injection current was
450, 1350 mA with the waveguide length of 1.4, 4.2 mm respectively. Besides, the structure of the
QW is the same as the structure shown in Fig. 3.12(c).

p-InP (1500 nm, 1e17 cm3)

u-InP (200 nm)
InGaAsP Q1.25 (20 nm, n.i.d.

InGaAsP Q1.25 (20 nm, n.i.d.)
u-InP (10 nm)

u-InGaAsP Q1.25 (300 nm, n.i.d)

u-InP (200 nm)
n-InP (300 nm, 5e17 cm-3)

Fig. 3.14 Epitaxial layer structure used for the calculation

Fig. 3.15 shows the results of CW input versus output power characteristics with different lengths
of an SOA. The difference between the structure having 1.4 and 4.2 mm is the value of differential
gain shown in Tab. 3.7.

The optical output power with 4.2mm waveguide length is higher than that with 1.4mm. However,
the power difference was only 1.3 dB at -5 dBm optical input power; nevertheless, the value of
injection current with 4.2mm waveguide length was three times as big as that with 1.4mm. It’s also

important to reduce the amount of injection current. Thus, we adopted the 1.4mm waveguide length.
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Fig. 3.15 CW input versus output power characteristics of an SOA with different SOA lengths

Tab. 3.7 Parameters of the values of differential gain and optical confinement factors

SOA length [mm] Differential gain a [cm?] Optical confinement factor I alfem’]
1.4 1.89E-15 0.474 8.9586E-16
4.2 1.96E-15 0.474 9.2904E-16

4.estimate the measurable distance using the structure optimized for an Offset QW method

We optimized the epitaxial layer structure of an SOA for the Offset QW method in the above
procedures. Next, we estimated the measurable distance for the epitaxial layer structure shown in
Fig. 3.16.

Fig. 3.16(a) represents the schematic of the epitaxial layer structure and Fig. 3.16(b) is the details of
that. Fig. 3.16(c) shows that high order mode doesn’t occur in this layer structure.

Etching stop layers were added to the structure optimized in the above procedures. As a result, the
value of optical confinement changed from 47.4% to 47.9%, and there is no change in the value of

differential gain (Tab. 3.8).

Tab. 3.8 Parameters of differential gain and optical confinement factor for the optimized epitaxial

layer structure

Differential gain a [cm?] Optical confinement factor I alfcm?]
1.89E-15 0.479 9.0531E-16
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Fig. 3.16 Optimized epitaxial layer structure used for the Offset QW method;
(a) Schematic, (b) Profile, and (c) Refractive Index and optical mode.

We simulated the amplification of a periodic pulse train. A Gaussian pulse with a peak power of 100
mW and full width at half maximum (FWHM) of 105 ps is at the output of the input SOA (before
splitting into N waveguides). Fig. 3.17 shows the output pulse waveform from each output SOA for
N = 256 under injection current of 750 mA. The optical pulse energy within the FWHM of the
output pulse is 0.187 nJ, the FWHM is 0.67 ns, and the distance resolution is 20.0 cm. The distance

resolution is dependent on the value of injection current. As a result, total optical pulse energy is
estimated to be 47.9 nl.
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Fig. 3.17 Output pulse waveform at each output SOA with injection current of 750mA.
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On the other hand, from Eq. (3.39), the measurable distance is estimated to be 210 m with the

receiver aperture diameter of 7 cm and 159 m with the receiver aperture diameter of 5 cm in Fig.

3.18.
In this calculation, we assumed fiber coupling loss of 0 dB, facet reflectivity of 0 %, a temperature

of 18°C, an SOA width of 4 pm, and an SOA length of 1.4 mm.
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Fig. 3.18 Total optical pulse energy versus Ranging distance
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The epi layer structure used for a Butt-joint method

5. maximize the number of wells while keeping the fundamental mode and strain compensation

CW input versus output power characteristics was calculated with the epitaxial layer structure
shown in Fig. 3.19. The difference between Fig. 3.19 (a) and (b) is the structure of wells.

MQW in Fig. 3.19 (a) consists of thirty-three InGaAsP 0.3% compressive strain wells with 8 nm
width and thirty-four InGaAsP 0.3% tensile strain barrier layers with 8 nm width. The peak of
material gain is at 1.54 um.

MQW in Fig. 3.19 (b) consists of thirty-eight InGaAsP 0.4% compressive strain wells with 6 nm
width and thirty-nine InGaAsP 0.3% tensile strain barrier layers with 8 nm width. The peak of
material gain is at 1.49 um.

In both cases, the strain compensation was taken into consideration with Eq. (3.42) because the
number of wells is big.

In this calculation, we assumed fiber coupling loss of 0 dB, facet reflectivity of 0 %, a temperature
of 18°C, an SOA width of 4 pm, and an SOA length of 1.4 mm. The values of differential gain and

optical confinement factors are written in Tab. 3.9.

p-InP (1500 nm, 1e17 cm3) p-InP (1500 nm, 1e17 cm3)
u-InP (200 nm) u-InP (200 nm)
InGaAsP Q1.25 (20 nm, n.i.d. InGaAsP Q1.25 (20 nm, n.i.d.)
u-InP (20 nm) u-InP (20 nm)
InGaAsP Q1.25 (20 nm, n.i.d. InGaAsP Q1.25 (20 nm, n.i.d.

InGaAsP Q1.25 (20 nm, n.i.d.)
u-InP (200 nm) u-InP (200 nm)

InGaAsP Q1.25 (20 nm, n.i.d.)

n-InP (300 nm, 5e17 cm) n-InP (300 nm, 5e17 cm3)

(a) (b)

Fig. 3.19 Epitaxial layer structure used for the calculation: (a) well width of 8nm. (b) well width

of 6nm..

Tab. 3.9 Parameters of the values of differential gain and optical confinement factors

Well width [nm] Differential gain a [cm?] Optical confinement factor I alfom’]
8 1.95E-15 0.816 1.5912E-15
6 1.93E-15 0.816 1.57488E-15

Fig. 3.20 shows the results of CW input versus output power characteristics with different width of

wells. The injection current value was 950 mA in each case. There is no big difference in the output
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power because the values of optical confinement factor and differential gain are not different greatly

(Tab. 3.9).

In this research, we adopted the structure shown in Fig. 3.19 (a) because the differential gain of the

structure shown in Fig. 3.19 (a) is a little bit higher than that of the structure shown in Fig. 3.19 (b).

Fig. 3.21(a) represents the profile of the epitaxial layer structure shown in Fig. 3.19 (a) and Fig.

3.21 (b) shows that high order mode doesn’t occur in this layer structure.
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Fig. 3.21 Optimized epitaxial layer structure used for a Butt-joint method
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6.estimate the measurable distance using the structure optimized for a Butt-joint method

We optimized the epitaxial layer structure of an SOA for a Butt-joint method in the above
procedures. Next, we estimated the measurable distance for the epitaxial layer structure shown in
Fig. 3.19 (a) and Fig. 3.21.

We simulated the amplification of a periodic pulse train. A Gaussian pulse with a peak power of
100 mW and full width at half maximum (FWHM) of 105 ps is at the output of the input SOA
(before splitting into N waveguides). Fig. 3.22 shows the output pulse waveform from each output
SOA for N =256 under injection current of 950 mA. The optical pulse energy within the FWHM of
the output pulse is 0.205 nJ, the FWHM is 0.64 ns, and the distance resolution is 19.3 cm. As a

result, total optical pulse energy is estimated to be 52.4 nJ.
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Fig. 3.22 Output pulse waveform at each output SOA with injection current of 950mA.

On the other hand, from Eq. (3.39), the measurable distance is estimated to be 225 m with the
receiver aperture diameter of 7 cm and 170 m with the receiver aperture diameter of 5 cm in Fig.
3.23.

In this calculation, we assumed fiber coupling loss of 0 dB, facet reflectivity of 0 %, a temperature

of 18°C, an SOA width of 4 pm, and an SOA length of 1.4 mm.
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Chapter 4 : Semiconductor process technology

This chapter describes the principles and characteristics of the semiconductor process used to

create the SOA and OPA devices.

4.1 Deposition process
There are many techniques for forming a thin film on a semiconductor substrate, but here we

outline some of the techniques used in this study.

4.1.1 spin coating

Spin coating is a technique in which a liquid material placed on a substrate is uniformly applied by
centrifugal force. It’s used to form thin films of organic semiconductor materials such as photoresist
and polyimide dissolved in organic solvents. The film thickness is determined by the viscosity of the
material and the speed of rotation. The lower the viscosity and the faster the rotation speed is, the
thinner the film is formed. Therefore, even if the same material is used, the film thickness can be
controlled by adjusting the speed of rotation.
Also, it should be noted that spin coating does not always provide a flat coating. The film spin-
coated on a substrate with a step structure such as a waveguide is shown in Fig. 4.1. The film
thickness is thinner at the thin mesa structure like a waveguide than the flat structure. The film
thickness after spin coating becomes very thick near the edge of the substrate. There is not much
chance to fabricate devices near the edge of the substrate, but it can be a problem in the case of
photoresist. This is because the photomask and substrate are needed to be close in photolithography,
so some problems such as misalignment or cracking of the substrate would occur when the thickness
of the photoresist is big. In order to avoid this problem, we use a cotton swab after spin coating to

remove a photoresist at the edge.

Spin-coated material

Substrate

Fig. 4.1 Spin-coated material on a waveguide structure[10]
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4.1.2 Vacuum deposition method

In the vacuum deposition process, the solid material is heated to evaporate, and the evaporated
material adheres to the substrate. It can be classified into several methods depending on the heating
method of the material. In this research, we used a beam evaporation method. The electron beam can
narrow the beam diameter and the material can be heated locally so that high melting point material
can be deposited. In addition to that, there is high directivity in the scattering direction of the source.
When vertical deposition shown in Fig. 4.2(a) is performed with a simple waveguide structure, it’s
not deposited on the side of the waveguide. On the other hand, when tilted vapor deposition shown
in Fig. 4.2(b) is performed, it’s deposited only on one side and nothing is deposited on the shadowed
part. Since directional deposition is a drawback to cover steps such as a waveguide, vapor deposition
from multiple angles is used. On the other hand, the directivity of vacuum deposition works very
favorably in the lift-off process described later. Also, it may be used for the self-alignment process

by utilizing the characteristic of shadowing by tilted deposition[36].

I S S S

(b)

Fig. 4.2 Thin films deposited by (a) vertical evaporation and (b) tilted evaporation.

(a)

4.1.3 Sputtering

In sputtering, accelerated ions collide with the raw material (target), and scattered target adheres to
the substrate. There is also the method of using an ion gun to accelerate ions, but the method of
using plasm is mainstream. In order to generate plasma and prevent oxidation of deposited material,
the chamber needs to be kept in a high vacuum in vacuum evaporation. On the other hand,
generating a uniform plasma over a wide area is not so difficult and can cause a sputtering
phenomenon from the entire surface of a disk-shaped target. Particles scattered by sputtering have
more energy than vacuum deposition. That’s why adhesion to the substrate and the film quality are
improved. In addition, particles come from various directions on the substrate so that there is no

directionality of deposition.
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4.2 lithography process
The technology that forms the pattern is called lithography. In lithography, energy is applied to a
part of an organic thin-film called resist applied on a semiconductor substrate to cause a reaction.
Lithography is extremely important for producing highly integrated devices. Various lithography
techniques are used for the fabrication of optical semiconductor elements. In this research, the light

exposure (photolithography) technology is used.

4.2.1 photolithography

Photolithography is the method to expose ultraviolet radiation to the photoresist applied on a
semiconductor substrate. The patterns are transferred onto the substrate by installing a mask between
the substrate and the light source when ultraviolet light is irradiated[37].

There are several methods depending on how the photomask is installed. In this study, the
proximity exposure method is used because of its simplicity. In the proximity exposure method,
exposure is performed with the photomask in close contact with the semiconductor substrate, and the
resolution R is estimated as 2 or 3pm[37].

Table 4.1 shows the photoresist used in the fabrication process. Important factors in photoresist

selection include the thickness and the type of positive and negative.

Table. 4.1 Photoresists used for fabrication

Name Manufacturer  Posi/ Nega Typical thickness Note

S1805 Shipley Positive 600 nm
TSMR8900 Tokyo Ohka Kogyo Positive 1.3um
AZ5214E Microchemicals Negative 1.5pum Posi / Nega available
AZ5200NJ Microchemicals Negative 3um Posi / Nega available

When negative/positive is reversed, the pattern formed is inverted. Besides, that change can also be
caused by inverting the negative/positive of the mask pattern. There are two points to consider when

deciding negative/positive.

1. Generally, positive resists have better pattern accuracy. Therefore, a positive resist is used for a
detailed pattern such as a waveguide.
2.  When performing photolithography using negative or positive resist with the same photomask

pattern, the combined pattern has the shape shown in Fig. 4.3.

Regarding the thickness, a thin resist can generally form a high-definition pattern. It must be thick
enough for processes such as a dry etching in which a resist can be removed. AZ5214E and
AZ5200N] listed in Tab. 4.1 can be used as both negative and positive resists. Specifically, it works

as a positive resist at the stage of exposure of the pattern. The negative and positive are reversed by
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performing the whole surface exposure and baking called post reversal bake. In this study, these two

types of resists were always used as negative resists.

b Lol

Photomask se— ——

(a) (b)

Fig. 4.3 Patterns after photolithography with (a) positive resist and (b) negative resist.

4.2.2 Lift off

The lift-off process forms thin film patterns of various inorganic materials by lithography and
vacuum deposition, which is not widely used in industry but often used at the research level. As an
example, Fig. 4.4 shows the flow of the lift-off for gold. Firstly, patterning by lithography and
vacuum deposition is performed. Then, the thin film deposited on the resist is simultaneously
removed by removing the resist. As a result, the gold pattern is formed only on the part without

resist.

Gold

Y >

Fig. 4.4 Procedure of gold patterning through the lift-off

An organic solvent such as acetone is used to remove the resist. The important point in the lift-off
process is that the part supposed to be removed and left are separated after deposition. If the thin
film completely covers the resist, the organic solvent cannot penetrate. In addition to making it
difficult to remove the resist, even if it can, the connected thin film will be physically torn and a
good pattern cannot be obtained. It’s desirable that the resist film thickness should be as thick as

possible to simplify the lift-off.
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4.3 Etching

The etching is the process of scraping material on the substrate as opposed to film formation. A
chemical reaction is mainly used in etching. Patterns formed by photolithography are used mainly as
the mask to scrap the part having no patterns.

There are two main types of etching methods. Wet etching is performed by immersing a sample in a
chemical solution. On the other hand, dry etching is performed in a plasma gas. In this research, wet

etching is used. The following outlines the wet etching technology.

Wet etching

Wet etching is performed by immersing the substrate in a solution called an etchant. The material
on the substrate is scraped off purely by a chemical reaction because the process is in solution. The
ratio between the thickness of the mask and the object is called the selection ratio. A selection ratio
close to infinity can be obtained by selecting an etchant and a mask properly.

On the other hand, since ions and molecules in the solution move isotropically, the etching
proceeds even to the bottom of the mask. That’s why phenomenon such as undercutting or etching
progressing along the crystal plane occurs.

For example, a stripe pattern is etched using HCI and H3PO4 on an InP substrate with the (001)
plane as the substrate surface. As shown in Fig. 4.5, the stripes in the [110] direction have almost
vertical or tilted over 90 degrees, but in the [110] direction, they have an inclination of 35
degrees[38]. Such anisotropy exists. Therefore, it’s necessary to consider the crystal orientation of

the substrate in the manufacturing process including wet etching.

& [710]

Substrate ® [110]

Fig. 4.5 Cross-sectional image of InP with stripes along [110] and [110] direction etched by HCI and
H3PO4 [38].

Table 4.2 shows material etched by wet etching and etchants used in this study. InP is etched by a
mixture of hydrochloric acid and phosphoric acid, but does not react with sulfuric acid or hydrogen
peroxide. Conversely, InGaAs and InGaAsP are etched with a mixture of sulfuric acid and hydrogen
peroxide, but not etched with phosphoric acid. Therefore, for example, An InGaAsP layer of about

10 nm can be used as an etch stop layer when etching the InP layer.

48



Table. 4.2 Etching material and etchants used for wet etching

Material to be etched Etchant Temperature
InP HCI:H;PO, = 1:3 R T
InGaAs, InGaAsP H,SO,:H,0,:H,0 = 1:1:5 5°C

4.4 Crystal growth technology

Crystal growth technology for growing semiconductor crystals on a substrate is extremely
important in fabricating high-quality optical semiconductor devices. Although several techniques for
crystal growth have been put into practical use, we outline metal-organic vapor phased epitaxy
(MOVPE) used in this study.
Fig. 4.6 shows the schematic of the MOVPE device. Organometallic raw material gas is mixed with
a carrier gas (hydrogen) and then carried into the reactor in which the installed semiconductor
substrate exists to perform epitaxial growth. Controlling the partial pressure ratio of each source gas
in all gases can control the atomic composition ratio in the crystal with a high degree of freedom.
Important parameters for crystal growth are the growth temperature and the gas phase composition
of each source gas. The solid phase composition in the crystal can be varied in various ways by
precisely controlling the gas phase composition. The lattice constant of the growing crystal generally
should match that of the substrate during the growth. If the difference is large, it will cause many

defects.
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Fig. 4.6 Schematic of the MOVPE device[37].
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Chapter : 5 Fabrication and measurement

This chapter describes the fabrication and measurement results.

5.1 Crystal growth for the sample with high compressive strain wells

We performed the crystal growth to fabricate the epitaxial layer structure shown in Fig. 5.1. MQW
in Fig. 5.1 consists of five InGaAsP 0.8% compressive strain wells with 6 nm width and six
InGaAsP 0.5% tensile strain barrier layers with 10 nm width. The peak of material gain is at 1.54
um.
The reason why the epitaxial layer structure is different from the structure calculated in chapter 3 is

we fabricated the structure shown in Fig. 5.1 before precise optimization described in chapter 3.

p-InP (1500 nm, 1e17 cm?)

InGaAsP Q1.25 (20 nm, nid.)
u-InP (20 nm

u-InP (20 nm)

n-InGaAsP Q1.25 (300 nm, n.i.d)

n-InP (1000 nm, Bottom 1e18 to Top 2e17 cm? )

n-InP iZOD nm, 1e18 cm-3i

Fig. 5.1 Epitaxial layer structure supposed to be fabricated

Firstly, we performed the crystal growth to find conditions for the InGaAsP core layer. The grown
substrate structure is shown in Fig. 5.2(a).

Fig. 5.2(b) is the resulting image of an Atomic Force Microscope (AFM) measurement. AFM is a
type of Scanning Probe Microscope (SPM), which uses the atomic force between the sample and
stylus to obtain nano level irregularity information. Root Mean Square (RMS) represents the surface
roughness of the InGaAsP core layer. 0.24 nm is two-fifth as small as InGaAsP lattice constant of
0.5869 nm so we concluded that the crystal quality was not so bad. However, it should be smaller if
possible.

Fig. 5.2(c) is the result of Photo Luminescence (PL) measurement. PL refers to the process by
which a substance absorbs and re-emits light. When the light having energy larger than the bandgap
of the semiconductor is irradiated, electrons in the semiconductor are excited, and electrons and
holes are formed. Then, more electrons and holes are formed than in thermal equilibrium. Afterward,
excited electron energy is emitted as light. As a result, the wavelength of the bandgap can be

determined. It’s estimated that the bandgap wavelength of this InGaAsP is 1.25um from Fig. 5.2(c).
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ninGaAsP Q1.25 (300 nm, n.i.d)

n-InP (200 nm, 1e18 cm-3)
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Fig. 5.2 Growth for the InGaAsP core layer;
(a) The grown substrate structure, (b) The image of AFM measurement,

(c) The result of PL. measurement.

Next, we performed the crystal growth to find conditions for the InGaAsP MQW. The grown
substrate structure is shown in Fig. 5.3(a). Fig. 5.3(b) is the result of the PL measurement. The power

of excitation light is 337mW in each case of S1 and S2.

MQW in S1 consists of five InGaAsP 0.8% compressive strain wells with 6.3 nm width and six

InGaAsP 0.08% compressive strain barrier layers with 8.5 nm width.
MQW in S2 consists of five InGaAsP 0.8% compressive strain wells with 6.8 nm width and six

InGaAsP 0.08% compressive strain barrier layers with 6 nm width.
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Fig. 5.3 Growth for InGaAsP MQW;
(a) The grown substrate structure, (b) The result of the PL measurement.

This result shows that when the number of wells is small, it doesn’t reach the critical film thickness
with no strain compensation. However, if possible, it should take strain compensation for high-
quality crystal even if the growth can be performed with no strain compensation.

It can be regarded as non-strain, although the barrier layer has a 0.08% compressive strain. That’s
why the PL intensity of the S1 structure is higher than that of S2 one because the width of the barrier
layer in S1 is thicker than that in S2. It’s known from Eq. (3.42) that the thicker the width of the

barrier layer is, the smaller the required tensile strain is.
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Fig. 5.4 Growth for the InGaAsP MQW;
(a) The grown substrate structure, (b) The result of the PL. measurement.

Finally, we performed the crystal growth to fabricate the epitaxial layer structure shown in Fig.
5.4(a) using the conditions we found. MQW in Fig. 5.4(a) consists of five InGaAsP 0.8%
compressive strain wells with a width of 5.25 nm and six InGaAsP 0.08% compressive strain barrier

layers with a width of 8.5 nm. The peak of material gain is at 1.52 um shown in Fig. 5.4(b). The

power of excitation light is 337mW.
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Both the width of wells and barriers were shifted by about 1nm due to the difference of the layers
under the MQW in the case of Fig. 5.3(a) and Fig. 5.4(a).

5.2 Fabrication of the laser

Next, we fabricated a laser using the grown substrate shown in Fig. 5.4(a) to estimate the net gain
described in Appendix A. The fabrication process flow of a laser is the same as that of an SOA
described in Fig. 3.6.

Fig. 5.5(a) is a top view of the device, Fig. 5.5(b) is a cross-sectional view of the device and Fig.
5.5(c) is a cross-sectional enlarged view of the device. The surface width on a waveguide almost
matched the designed value of 4 um from Fig. 5.5(b), indicating that photolithography and wet
etching were performed accurately. Besides, SiO> and Au were deposited properly from Fig. 5.5(b)
and (c). The fabricated substrate was fixed on a copper plate by heating at 120 degrees for one hour

using silver paste.

Fig. 5.5 SEM image of the fabricated device.

(a) Top view, (b) Cross-sectional view, (c) Enlarged cross-sectional view.
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5.3 Measurement results of the laser

5.3.1 Current-Voltage characteristics

First, the current-voltage characteristics of the laser were evaluated. Fig. 5.6 shows the
measurement result with a waveguide length of 4 mm and a width of 3 um, 4 um, and 8 um. The
threshold voltage is generally consistent at around 0.5 V.

Given a resistive material, the relationship between the resistance R and the cross-sectional area A
is expressedas R =p l/ 4 »Where p is the electric resistivity and [ is the length in the current

flow direction. Thus, It’s known the value of resistance is reverse proportional to the cross-sectional

arca.
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Fig. 5.6 Current-Voltage characteristics of a laser
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Fig. 5.7 Current density-Voltage characteristics of a laser

To make a fair comparison for the value of overall resistance, we evaluated current density-voltage
characteristics shown in Fig. 5.7. Assuming the same length in the current flow direction, the wider
waveguide gives higher overall resistance in comparison to shorter ones. This might be because the

number of defects on the device surface could be bigger when the waveguide width is larger.
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5.3.2 Optical characteristics
Next, the optical characteristics of the laser were evaluated. We measured ASE (Amplified
Spontaneous Emission) characteristics with current injection using the Optical Spectrum Analyzer

(OSA) shown in Fig. 5.8.

Current injection

!
DUT <:|7 OSA

DUT : Device Under Test
ﬁ ber OSA : Optical Spectrum Analyzer

Fig. 5.8 Experimental setup for the measurement of ASE characteristics

Fig. 5.9 shows the results of ASE characteristics. The length of the lasers is 4 mm in each case. The
width of the laser in Fig. 5.9(a) is 3 um and that in Fig.5.9(b) is 4 um.

From these figures, it can be seen that lasing didn’t occur in each case even when the value of the
current injection increased. we suspect the reason could be the low gain due to no strain
compensation in the crystal growth described in chapter 5.1. Thus, we need to reconsider the
structure with strain compensation.

Besides, the gain threshold is expressed as follows.

Jen = oz+ilnR—12 5.1
where « is an internal loss, L is the laser length, and R is facet reflectivity of the laser. If we assume

a of 10 cm™!, L of 4 mm, and R of 30.6 %, g, is estimated to be 13 cm™,

-4O T T T T 40 T T T T
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Fig. 5.9 ASE characteristics for different current.
(a) the laser width of 3 pm, (b) the laser width of 4 um.
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5.4 Crystal growth for the sample with high optical confinement factor
We performed the crystal growth to fabricate the epitaxial layer structure with strain compensation

shown in Fig. 5.10. MQW in Fig. 5.10 consists of thirty-three InGaAsP 0.3% compressive strain
wells with 8 nm width and thirty-four InGaAsP 0.3% tensile strain barrier layers with 8 nm width.

The peak of material gain is at 1.54 pum. Besides, the bandgap-wavelength of the well layer is 1.6 pm

and that of the barrier layer is 1.25 pm.

p-InP (1500 nm, 1e17 cm™)

u-InP (200 nm)

InGaAsP Q1.25 (20 nm, n.i.d.)

u-InP (20 nm)

InGaAsP Q1.25 (20 nm, n.i.d.

InGaAsP Q1.25 (20 nm, n.i.d.)

u-InP (200 nm)

n-InP (300 nm, 5e17 cm?)

Fig. 5.10 Epitaxial layer structure supposed to be fabricated

Well or barrier layer
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Fig. 5.11 Growth for gaining conditions of the well and barrier layer;

(a) The grown substrate structure, (b) The result of PL measurement for the well layer,

(c) The result of PL measurement for the barrier layer.

Firstly, we performed the crystal growth to find conditions for the well and barrier layers. The grown

substrate structure is shown in Fig. 5.11(a).
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Fig. 5.11(b), (c) is the result of PL measurement. It’s derived that the bandgap-wavelength of the
well layer is 1.56 pm with compressive strain 0.31% and that of the barrier layer is 1.25 pm with
tensile strain 0.26%.

Next, we performed the crystal growth to find conditions for the InGaAsP MQW. The grown
substrate structure is shown in Fig. 5.12(a). MQW consists of thirty InGaAsP 0.31% compressive
strain wells with the bandgap-wavelength of 1.56 um and thirty-one InGaAsP 0.26% tensile strain
barrier layers with the bandgap-wavelength of 1.25 pm.

Fig. 5.12(b) shows the result of the X-ray diffraction (XRD) measurement. From this result, the
width of the well and barrier layer were derived to be 9.2 nm and 9.14 nm respectively. Besides, the

peak of the material gain was derived to be 1.52um from Fig. 5.12(c).
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Fig. 5.12 Growth for gaining condition of the MQW;
(a) The grown substrate structure, (b) The result of XRD measurement,

(c) The result of PL. measurement.
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Chapter : 6 Conclusion

6.1 Summary of this research

We worked on the research about the InP-based OPAs with integrated SOAs, operating at an eye-
safe 1550-nm wavelength to achieve high output pulse energy necessary for ToF LiDAR
applications.

We first calculated the detection limit energy of the ToF system at the receiver and required optical
pulse energy at the emitter. The detection limit energy at the receiver in the ToF system was
estimated to be 2.41 X 10*nJ with SNR of 7dB and an electrical bandwidth of 0.8 GHz. On the other
hand, the optical pulse energy of 44.3 nJ seemed to be necessary to reach more than 200m ranging
distance when the diameter of light-receiving aperture is 7 cm. That is to say, an SOA having output
pulse energy of more than 0.173 nJ is indispensable when the number of OPAs waveguide is 256.

We secondly optimized an epitaxial layer structure of an SOA having more than 0.173 nJ optical
pulse energy with a numerical model based on the rate equation and then estimated the measurable
distance. Before optimization of an SOA, a ridge waveguide SOA was fabricated and we measured
input/output characteristics to get some material parameters for the numerical model. The result
showed good agreement was obtained at a respective current between experimental and theoretical
values.

In the optimization of an SOA, we aimed at increasing the optical confinement factor mainly. After
the optimization finished, we simulated the amplification of a periodic pulse train. A Gaussian pulse
with a peak power of 100 mA and FMHW of 105ps was assumed at the output of input SOA shown
in Fig. 1.8 (before splitting into N waveguides).

The results showed the optical pulse energy within the FWHM of the output pulse was 0.205 nJ,
the FWHM was 0.64 ns, and the distance resolution was 19.3 cm. Thus, total optical pulse energy
was estimated to be 52.4 nJ. As a result, the measurable distance was estimated to be 225 m with the
receiver aperture diameter of 7 cm and 170 m with the receiver aperture diameter of 5 cm.

Finally, We performed the crystal growth to gain conditions for fabricating an epitaxial layer

structure we designed.
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6.2 Future issue and prospect

The major issue discovered in this study is the crystal growth. It was so hard to fabricate high
compressive strain wells with high quality by hand. Quality of the crystal is important for an SOA to
get high gain so that it might be better to consider fabricating less than 0.3% compressive strain or
non-strain wells for the high quality of the crystal. That’s because the experimental limit of a tensile
strain is known to be 0.3 %.

As a prospect, it seems better to consider InP-based OPAs with integrated SOAs, operating at
around 1480-nm wavelength. That’s because the effect of solar irradiance at the Earth can be
suppressed greatly when using around 1480-nm wavelength. Fig. 6.1 shows the relationship between
wavelength and the spectral irradiance of the sun. Thus, the effect of background noise can be
reduced greatly. As a result, SNR would be improved in comparison to that of OPAs operating at

1550-nm so that the diameter of the light-receiving aperture might be able to be smaller.
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Fig. 6.1 The spectral irradiance of the sun [39].
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Appendix A : How to estimate the net Gain from Lasing

The net gain G; is expressed as follows [40].

0.5
G;=—In(L2)+ 2R (A-1)
rL

y25-1 rL

y; = Pi+Pitq (A_2)

t 2V;

. . 1 . .
where y; is the depth of modulation, > (P; + P;,1) is the average values of two consecutive peaks,
V; is the intermediate valley of two consecutive peaks, L is the length of the laser, I" is optical

confinement factor in the active layers, and R is the facet reflectivity of the laser.

For example, Fig. A.1 is one example of laser lasing. The net gain G; is estimated to be 59.2 cm’!
from Fig. A.1(b) with two consecutive peak values of 28.8 W at the wavelength of 1440.9 nm and
0.722 uW at the wavelength of 1442.1 nm, the intermediate valley value of 0.0161 uW at the
wavelength of 1441.6 nm, the laser length of 1.8 mm, and optical confinement factor of 10.5%.

On the other hand, the gain threshold is derived to be 16.6 cm™! from Eq. (5.1), when we assume
a of 10 cm™, and R of 30.6 %.
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Fig. A.1 The schematic of lasing characteristics.

(a) with wide range of the wavelength, (b) with narrow range of the wavelength.
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