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Abstract 

 

Design Parameter Modeling and Beam Quality 

Analysis of 850 nm GaAs/AlGaAs  

Semiconductor Lasers 

 

 

 

Jung-Tack Yang 

Dept. of Electrical and Electronic Engineering 

The Graduate School 

Yonsei University 

 

This dissertation focuses on the research methodology for the 

enhancement of both the output and beam quality of 850 nm 

GaAs/AlGaAs semiconductor lasers, emphasizing device structure 

studies and simulation-based structural optimization. Semiconductor 

lasers are suitable for mass production, cost-effective, and widely used 

in systems requiring compact light sources. However, high-power 
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semiconductor lasers suffer from poor beam quality due to the 

generation of multiple modes, limiting their direct use in high-power 

systems. They are often employed as pumping sources for other lasers, 

such as gas or fiber lasers. The motivation for this research arises from 

the prospect of achieving both high output and beam quality in 

semiconductor lasers, making them directly applicable and significantly 

improving efficiency in terms of cost and size in systems. 

In the case of high-power semiconductor lasers, far-field blooming 

occurs as the output increases, leading to a degradation in beam quality. 

To address this, we designed a double pedestal structure that efficiently 

dissipates heat from the upper and lower centers, resulting in improved 

optical output and beam quality. Additionally, inspired by the 

possibility of achieving high output through a laser bar composed of 

single-mode semiconductor lasers (SMSL), we proceeded to fabricate 

and analyze a 850 nm GaAs/AlGaAs SMSL. Although we successfully 

fabricated devices with an output close to the targeted 1 W, the 

occurrence of nonlinear phenomena, such as kink, led to a deterioration 

in beam quality. To mitigate this issue, we conducted a structural 

optimization study. For precise simulation construction, we measured 

and accurately extracted and modeled design parameters using deep 

learning. The reliability of the constructed simulation was verified 



x 

through comparisons with measurement data. We propose an optimized 

structure that minimizes kink occurrence. The optimization study is 

expected to be consistently applicable not only to the device used in 

this dissertation but also to other components. 

                                                           

Keywords: Semiconductor laser, double pedestal, SMSL, deep learning, 

DNN, design parameter extraction, L-I characteristic, internal loss, 

Auger coefficient, FCA coefficient, kink, far-field pattern, beam quality.  
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1. Introduction 

 

1.1. Lasers 

 

Lasers are source devices that utilize the stimulated emission of 

light energy corresponding to the energy difference between two energy 

levels when carriers at higher energy levels in the molecules 

constituting the laser fall to lower energy levels. They come in various 

types, including solid-state, gas, fiber, semiconductor. Building the 

device known as a laser typically requires the following fundamental 

elements: an optical gain medium to generate photons and a resonant 

cavity composed of mirrors, positioned in the front and back, to 

resonate the generated photons. Photons are generated by carriers 

excited from a pumping source within the gain medium. As coherent 

light builds up through resonance within the cavity, lasing occurs when 

the generated gain matches the surrounding losses. Lasers are 

categorized into continuous wave (CW) and pulsed wave (PW) types, 

depending on their intended use. They find applications across a wide 

range of power levels, from low to high. Additionally, due to their 

ability to focus into small spot sizes, lasers are particularly valuable for 

precision tasks. As a result, lasers are utilized in diverse fields including 
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space communication, medical instruments, and micro-machining [1-5]. 
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1.2. Semiconductor Lasers 

 

Semiconductor lasers are lasers that use electrical energy as a 

pumping source and are primarily composed of III-V materials with a 

direct band gap. Unlike other laser systems, semiconductor lasers have 

the advantage of being mass-produced, compact in size, and exhibiting 

good power conversion efficiency, meaning they produce a high output 

optical power relative to the input electrical power [6-8]. However, a 

drawback is that in high-power operations, they tend to produce many 

lateral modes, leading to reduced beam quality [9-10]. As a result, in 

applications requiring precision work at high power levels, they are 

often used as a pumping light source for other laser systems [11-14]. 

Additionally, they find widespread use in fields such as precision 

machining, telecommunications and medical instruments [15-21], as 

well as in LiDAR [22-24] and facial recognition sensors [25-26]. 

Semiconductor lasers can be categorized into VCSELs (Vertical-

cavity surface-emitting laser) and edge-emitting lasers based on 

whether the mirrors are oriented in the vertical or longitudinal direction 

which are shown in Fig.1-1. In the case of VCSEL, Bragg patterns are 

introduced above and below the active region, creating AR (Anti-

reflection) and HR (High-reflection) mirrors. As a result, the laser beam 
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is emitted from the upper (AR) surface. On the other hand, edge-

emitting lasers are cut along the facet in front and behind the active 

region, and AR and HR coatings are applied to the cut facet to form 

mirrors. In this case, the light is emitted from the AR-coated portion. In 

this dissertation, 850 nm GaAs/AlGaAs edge-emitting lasers are 

investigated. 

 

 

 

 

Fig.1-1. Simple schematic diagram: (a) VCSEL, (b) edge-emitting 

laser . 
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1.2.1 Edge-Emitting Lasers 

Edge-emitting lasers can have cavity lengths extended to several 

millimeters, which has led to significant development and interest as 

high-power lasers, unlike VCSELs. The simple cross-sectional 

schematic of the device is depicted in Fig. 1-2. The active region 

consists of lightly doped quantum wells and barriers. Above and below, 

materials with a larger bandgap, P- and N-doped respectively, form 

cladding to enable vertical waveguide. At the top of the P-cladding 

layer, the stripe width is set according to the lateral size of the beam to 

be emitted. Etching is then performed to create a mesa, while insulating 

materials are applied on the sides to deposit the current block layer. 

Through the mesa, lateral ridge waveguide is achieved based on the 

effective refractive index difference between the center and sides when 

viewed laterally. Edge-emitting lasers come in various package types 

depending on their output and purpose. These include TO cans for low 

power, submount packages commonly used for high power, and various 

packages like laser bars and stacks for applications requiring several 

hundred watts of power and they are shown in Fig.1-3.  

 

 

 



6 

 

 

 

 

 

Fig.1-2. Simple cross-sectional schematic of edge-emitting laser. 
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Fig.1-3. Semiconductor laser packages: (a) TO-Can, (b) submount [27], 

(c) bar [28], (d) stack packages[29]. 
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1.3. Beam Quality 

 

The light generated through a semiconductor laser is primarily 

transmitted through optical fibers shown in Fig. 1-4. Therefore, the 

optical coupling efficiency between the device and the optical fiber is 

crucial. The factor that determines the coupling efficiency is the beam 

quality of the light emitted from the device, which is typically 

measured using parameters like Beam Parameter Product (BPP) and M
2
 

[30-32]. 

 

 

 

Fig.1-4. Laser diode/stack fiber coupling schematic [31]. 
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1.3.1 Standards of Beam Quality 

Laser beams are typically generated in the form of Gaussian beams, 

which exhibit the characteristic that the lateral distribution of optical 

intensity in the beam can be represented using a Gaussian function. In 

Fig.1-5, a Gaussian beam is represented as having a waist with a 

diameter of 2wo at a spot where it exhibits a divergence angle of 2θo. 

When considering the wavelength of this beam as λ, the relationship 

between the waist and divergence angle can be described by the 

following equation: 

 
4

2 2o ow





  . (1.1) 

For beams that are not Gaussian and include multi-modes rather than 

single modes, assuming the same waist, the divergence angle can be 

greater than 2θo due to higher-order modes. Therefore, the parameter 

known as the beam parameter product (BPP) is often used as a primary 

criterion for defining the beam quality of light generated from 

semiconductor lasers. It is defined as: 

 BPP w   . (1.2) 

This definition becomes challenging when there are various 

semiconductor lasers with different wavelengths, making it difficult to 

compare beam quality. Therefore, the normalized M² scale, which is 
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obtained by dividing the actual beam's BPP by the BPP of a Gaussian 

beam, is often used. 

 
2 device

Gaussian

BPP w
M

BPP








  . (1.3) 

 

 

 

 

 

 

 

 

Fig.1-5. Schematic of Gaussian beam. 



11 

1.4. Simulation Works 

Since direct device fabrication and measurement were challenging, 

precise component analysis through simulation played a crucial role in 

our research. Accurate simulations allow us to investigate aspects that 

are challenging to measure and analyze experimentally. They enhance 

the accuracy of design for performance improvement and can 

significantly reduce both time and costs. To achieve accurate 

simulations, it is essential to precisely model the design parameters that 

determine the performance of the components within the simulation. 

For our semiconductor laser simulations, the simulation tool should 

possess self-consistent capabilities for electrical, optical, and thermal 

simulations. In our works, we conducted simulations using the 

commercial TCAD tool for semiconductor lasers, PICS3D [33]. This 

tool allows us to perform various analyses beyond the basic 

performance metrics measured experimentally, such as L-I and I-V 

characteristics and far-field patterns. It also enables analyses of near-

field patterns, internal temperature distributions, current flow, and more 

within the device. 
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1.5. Outline of Dissertation 

 

This dissertation focuses on the component structure research for 

performance enhancement of 850 nm GaAs/AlGaAs-based 

semiconductor lasers, including beam quality. The study emphasizes 

precise design parameter extraction and modeling for accurate 

simulations, forming the basis for structural optimization. It proposes a 

structure to overcome factors degrading beam quality in high-power 

semiconductor lasers and addresses the beam quality limitations arising 

from the occurrence of multiple modes by fabricating and measuring 

single-mode semiconductor lasers for analysis. The nonlinear 

phenomena occurring in these lasers are analyzed, and structural 

optimization studies are conducted to suppress them. To facilitate 

structural optimization, accurate design parameters are extracted to 

construct precise simulations, leading to the proposal of an optimized 

structure.  

Chapter 2 provides the background necessary for understanding the 

research conducted in this dissertation. To generate light in a 

semiconductor laser, it's crucial to understand the carrier transitions 

originating from an electrical pumping source. In chapter 2.1, we 

introduce carrier transitions in semiconductor lasers. Chapter 2.2 
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presents a theoretical approach to understanding the changes in carriers 

and photons due to carrier transitions. Chapter 2.3 explains material 

and modal gain, which defines how photons are generated from 

injected carriers in a laser. Based on this, we theoretically derive the 

relationship between the injected current and emitted optical power in a 

semiconductor laser using resonance conditions. Lastly, in chapter 2.4, 

we introduce deep learning, which is applied to extract design 

parameters.  

In Chapter 3, the dissertation introduces far-field blooming, which 

degrades beam quality at high outputs in high-power semiconductor 

lasers. It presents a pedestal structure, previously studied to alleviate 

this issue. Building on this, the dissertation introduces the double 

pedestal structure, applying the pedestal structure both above and 

below by utilizing the ELO technique to separate the substrate and 

device. This approach effectively suppresses far-field blooming, 

resulting in improved beam quality and output power. 

In Chapter 4, an analysis of the fabricated 850 nm GaAs/AlGaAs-

based single-mode semiconductor lasers is conducted. The performance 

is evaluated through far-field patterns, L-I characteristics, and 

temperature analysis. The chapter also includes an analysis of the 

nonlinear phenomenon, kink, occurring in the device. 
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Chapter 5 introduces a methodological study on structural 

optimization to suppress the kink that degrades beam quality. To 

construct precise simulations necessary for structural optimization, 

design parameters are measured and extracted from the actual device 

using deep learning. The extracted parameters are utilized to validate 

the reliability of the constructed simulations against measurement 

values. Based on this validation, a proposal for structural optimization 

that effectively suppresses the kink is presented.  

Finally, chapter 5 serves as the conclusion and discussion section, 

summarizing this dissertation's key points and findings. 
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2. Background 

 

2.1. Carrier Transition 

 

As mentioned earlier, semiconductor lasers differ from other laser 

systems in that their pumping source is electrical energy. Consequently, 

the changes in carriers due to carrier transitions determine the changes 

in photons. Carrier transitions can be broadly categorized into 

absorption and recombination processes, each involving the absorption 

and emission of energy. Recombination, in turn, can be further divided 

into two main types: radiative recombination, which includes processes 

like spontaneous and stimulated recombination, resulting in the 

emission of light energy; and non-radiative recombination, which 

involves the release of thermal energy, encompassing mechanisms like 

Auger and Shockley-Read-Hall (SRH) recombination. These carrier 

transitions are shown in Fig.2-1. In chapter 2.2 and 2.3, based on the 

reference book [34], we analyze the rates of carrier transitions and 

theoretically derive the relationship between the input current of the 

semiconductor laser and its output optical power. 

 

 



16 

 

 

 

Fig.2-1. Carrier transitions between conduction and valence bands. 
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2.1.1. Radiative Recombination  

Spontaneous recombination occurs when an excited carrier 

transitions from the conduction band to the valence band, releasing 

light in the process. Spontaneous recombination is independent of the 

presence of light. When carriers recombine spontaneously, the 

generated photon has random phases and directions. This randomness 

in phase and direction makes spontaneous emission a fundamental 

process in many optical devices and natural phenomena. Stimulated 

recombination is a process that occurs when a material interacts with 

incident light. In this process, when an incoming photon interacts with 

an excited electron in the material, it triggers the electron to transition 

from a higher energy state to a lower energy state, releasing a photon in 

the same phase and direction as the incident photon. This results in the 

generation of a coherent photon, which possesses the same 

characteristics (phase, frequency, and direction) as the incident light. 

Stimulated emission is a key principle behind the amplification of light 

in laser devices, as it leads to the production of coherent and highly 

directional light beams. In the case of a semiconductor laser, when 

current is initially injected into the device, only spontaneous 

recombination occurs. During this stage, photons are generated due to 

spontaneous recombination processes. Among these photons, those that 
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match the resonance conditions within the optical cavity lead to 

stimulated recombination. As the injected current increases and reaches 

a specific threshold level (threshold current or carrier density), 

stimulated recombination becomes the dominant process, resulting in 

the lasing action of the laser. This threshold current is a critical 

parameter that determines when the laser transitions from spontaneous 

emission to stimulated emission, marking the onset of laser operation.  
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2.1.2. Non-Radiative Recombination  

SRH recombination is associated with defects or impurities in the 

semiconductor crystal lattice. In a semiconductor, there may be defects 

or impurities present in the crystal lattice structure. These defects create 

localized energy states within the forbidden gap of the semiconductor 

material. When an electron or hole encounters such a defect, it can 

become trapped in one of these localized energy states. When these 

trapped carriers recombine with carriers of the opposite type, energy is 

released in the form of heat, contributing to non-radiative 

recombination processes in semiconductor devices. Auger 

recombination is a process where carriers (electrons or holes) within 

the same energy band collide, leading to a transfer of energy among 

them. Figure 2-2 shows three main types of Auger recombination: 

CCCH, CHHS, and CHHL [34]. To explain CCCH, consider two 

electrons within the conduction band colliding. During this collision, 

one of the electrons gains extra energy and moves to a higher energy 

level within the conduction band, while the other electron loses some 

energy and recombines with the valence band. The electron that moved 

to the higher energy level will eventually release excess energy as 

thermal energy to stabilize itself, typically by transitioning to the 

bottom of the conduction band's energy levels. Auger recombination is 
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significant because it represents a non-radiative process for carriers in 

semiconductor materials. It involves carrier interactions and energy 

exchange within the material, ultimately affecting its electrical and 

optical properties. 

 

 

 

 

 

 

 

 

 

 

Fig.2-2. Auger recombination: CCCH, CHHS and CHHL processes 

[34]. 
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2.2. Rate of Carrier Transition  

 

When current is injected into a semiconductor laser, as previously 

mentioned, the generation of photons is determined by carrier 

transitions. Therefore, it is crucial to analyze the rate at which each of 

these transitions occurs per second. Figure 2.3 provides a metaphorical 

representation of the transitions when a current greater than the 

threshold current is injected into a semiconductor laser. lR  represents 

carrier leakage from the active region. nrR , 
spR  and stR  represent 

the rates of non-radiative, spontaneous, and stimulated recombination, 

respectively, while thN  signifies the threshold carrier density.  

 

 

 

 

Fig.2-3. Reservoir analogy above threshold where water level has risen 

to the spillway [34]. 
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The change of carrier density in the active region can be expressed 

as: 

 gen rec

dN
G R

dt
  . (2.1) 

genG  and recR  represent the ratios of carrier density injected and 

recombined, respectively. Assuming the volume of the active region is 

oV  and the current leakage rate is 1 i , the rate of carrier density 

injected per second, 
genG , can be expressed as: 

 
gen i

o

I
G

qV
 , (2.2) 

where I  is the current and q  is the charge of an electron. 

Recombination is subdivided into four rates, as shown in Fig. 2-D, and 

it can be analyzed as an approximation based on carrier density( N ) and 

time constant( ), as expressed in the following equation as: 

 
rec l nr sp stR R R R R    , (2.3) 

 rec st

N
R R


  . (2.4) 

In order to increase the number of coherent photons inside a 
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semiconductor laser, only photons moving in the cavity's resonance 

direction (z-direction) can gain through stimulated emission. The 

increased quantity of photons at this time is expressed as: 

 
g z

p p pN N N e   , (2.5) 

where 
pN  is photon density and g  is material gain. When z  is 

sufficiently small, the approximation (1 )g ze g z     is possible. 

Therefore, the increased quantity of photons and stR  can be expressed 

as: 

  p p p gN N g z N g v t     , (2.6) 

 
p

st g p

N
R v gN

t


 


, (2.7) 

where 
gv  is the group velocity. Based on the derived equations (2.1), 

(2.2), (2.4) and (2.7), summarizing the changes in carrier density is 

expressed as: 

 
i g p

o

dN I N
v gN

dt qV



   . (2.8) 
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2.3. Threshold and Steady State in Lasers 

 

2.3.1. Material and Modal Gain 

To understand the increase in optical output in lasers, it's important 

to grasp both material gain and modal gain accurately. As mentioned 

earlier, g  represents the material gain of the substances forming the 

active region of the laser. Material gain is the growth or decrease ratio 

of light intensity per unit length of light propagation within the material. 

When there are few carriers within the material, there's no population 

inversion upon light incidence, leading to more absorption mechanism 

compared to recombination mechanism, resulting in negative gain (or 

absorption). On the contrary, when there's a sufficient quantity of 

carriers within the material to achieve population inversion upon light 

incidence, recombination mechanism happens more prominently than 

absorption mechanism. This leads to positive gain, and the greater the 

number of carriers, the higher the gain. Figure 2-4 illustrates the gain 

spectrum of bulk GaAs. When light with a wavelength longer than the 

bandgap energy enters a material, it simply passes through. However, 

when light with a shorter wavelength enters, it can have positive or 

negative gain values depending on the magnitude of the carrier density 

within the material. 
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Fig.2-4. Gain spectrum versus carrier density in bulk GaAs. Indicated 

values are the sheet carrier densities:  [34]. 
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Figure 2-5 shows the laser cavity cross-section. L  is the cavity 

length and each 1r  and 2r  is reflectivity of each facet. The electric 

field of the mode generated in a semiconductor laser can be represented 

in the xy plane using the photon distribution function, U(x, y), as 

shown in the following equation as: 

 ( )( , ) j wt z

y oE e E U x y e  , (2.9) 

where 
ye is the unit vector of TE polarization and oE is the magnitude 

of field. The complex propagation constant,  , is defined as: 

 ˆ ( )
2

i

j
g      , (2.10) 

where   is the confinement factor which has the value of /o pV V , and 

i  is the internal loss, the rate at which the field's magnitude decreases 

per unit distance as it propagates in the z-direction. For a mode to reach 

the threshold for lasing, its magnitude must be preserved after 

completing one round trip inside the cavity. Therefore, considering 

what's reflected at each facet, the threshold condition can be expressed 

as the following equation, 
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  , (2.11) 

and from equation (2.11), the equation can be rearranged as: 



27 

 th i mG g      , (2.12) 
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1 1 1 1
ln lnm

L r r L R


   
    

  
, (2.13) 

In these equations, m  is referred to as mirror loss, representing the 

light that exits the laser through the facets. The point at which lasing 

begins, thg , is denoted as G  and defined as modal gain. Since the 

optical intensity after one round trip cannot be greater than the initial 

intensity, the modal gain cannot exceed G , and consequently, the 

carrier density in the active region cannot exceed thN . This concept is 

well illustrated in Fig.2-6.  

 

  

 

 

 

Fig.2-5. Generic cross-sectional schematic of laser cavity. 
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Fig.2-6. Material gain versus carrier density and carrier density versus 

input current [34]. 
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2.3.2. L-I Characteristic 

Semiconductor lasers are distinguished by the threshold current, 

which separates the dominant radiative recombination mechanism into 

spontaneous and stimulated recombination. Therefore, when analyzing 

the L-I (Light-Current) characteristics measured in a steady state, it's 

important to examine the region before and after the threshold current. 

Before reaching the threshold current, Rst can be considered to be 

nearly zero. Therefore, through (2.8), we can derive the following 

relationship for the steady state as: 

 th th
i

o

I N

qV



 , (2.14) 

Through (2.14), the equation (2.8) after reaching the threshold current 

can be changed as: 

 
0 0

th
i i g th p

IdN I
v g N

dt qV qV
    . (2.15) 

The stored optical energy in the cavity, stP , is expressed as: 

 
st p pP N h V , (2.16) 

and using the concept of the energy loss rate through the mirrors, 
g mv  , 

we can get the optical output power equation for the steady state as: 

  m
o g m p p i th
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h
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, (2.17) 
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2.4. Deep Learning Technique 

 

Deep learning is a subfield of machine learning that focuses on 

artificial neural networks (NNs), particularly deep neural networks 

(DNNs). Therefore, unlike general engineering simulations that 

calculate through lots of theoretical equations and iterations, deep 

learning is a simulation that predicts results given certain input values 

through various learning data. Therefore, if there is a well-trained DNN, 

it can reduce time and improve accuracy. The basic concepts of NNs 

are computational models inspired by the structure and functioning of 

human brain. NNs consist of layers of interconnected nodes, called 

neurons. Information flows through these networks with each neuron, 

and each time it passes through each neuron, a simple calculation is 

performed using weight and bias. DNNs are a kind of NN that has 

multiple hidden layers between the input and output layers. These 

multiple hidden layers enable DNNs to learn complex patterns and 

calculation from training data. A simple schematic structure of DNNs is 

shown in Fig.2-7. Research results in various engineering fields using 

deep learning are being reported [35-41]. 
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Fig.2-7. Simple schematic structure of DNNs. 
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2.4.1. Activation and Loss Function 

Activation and loss functions are indeed essential for enabling 

neural networks to learn and accurately predict not only linear patterns 

but also nonlinear phenomena. When a DNN is trained, data is passed 

from one layer to the next through operations involving weights and 

biases at each neuron. Explaining data transfer without considering 

activation functions, when data moves from the k-th neuron in the (m-

1)-th hidden layer to the n-th neuron in the m-th hidden layer, let's call 

each weight and bias as 
( , , )k m nW , 

( , , )k m nb  and the data at the n-th 

neuron in the m-th hidden layer as 
( , )m nx . With this representation, if 

we consider the data 
(0,1)x  from the initial input passing through the 

first neuron in the first hidden layer and then the first neuron in the 

second hidden layer, the data at the end can be expressed as shown as:  

 
(2,1) (1,2,1) (1,1,1) (0,1) (1,1,1) (1,2,1)( )x W W x b b   . (2.18) 

When you analyze this equation inductively, it ultimately results in 

a linear relationship with the input at the output, and consequently, it 

cannot properly learn nonlinear patterns. This implies that without the 

activation function, the neural network would essentially be a linear 

model, incapable of capturing and learning complex, nonlinear patterns 

in data. Activation functions are critical in introducing the necessary 
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nonlinearity into the network, enabling it to learn and represent a wide 

range of patterns and relationships. There are various types of 

activation functions, including sigmoid, ReLU, Tanh, Softmax, and in 

this study, ReLU was applied. 

Loss functions, also known as a cost functions, are mathematical 

functions that measure the difference between the predicted values and 

the real values for a given set of input data. The choice of a loss 

function depends on the type of problem you want to predict and train 

for. For regression problems, Mean Squared Error (MSE) is typically 

used, while for classification problems, the cross-entropy function is 

applied. Additionally, users can create and use custom loss functions 

depending on the specific situation. MSE was applied in this study. 
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2.4.2. Training and Testing 

One of the significant advantages of DNNs compared to other 

machine learning methods is their ability to automatically achieve the 

best results. The process of training a DNN from start to finish occurs 

over multiple iterations, which are referred to as epochs. During these 

epochs, a DNN uses techniques like gradient descent and 

backpropagation to adjust its weights and biases automatically until it 

minimizes the loss calculated by the loss function during the training 

process. In order to conduct smooth gradient descent, the role of the 

optimizer is crucial. In this research, we used Adam. 

Testing is the process of evaluating how well a well-trained DNN 

applies and generalizes to unlabeled data with input and output. When 

you have a large amount of data initially, you separate the data into 

training and testing sets. Then, for each epoch, you calculate the loss 

separately. The loss obtained during testing should generally be higher 

than what's obtained during training. However, as the number of epochs 

increases, the testing loss should also decrease, indicating that the DNN 

structure has learned properly. 
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3. High-Power Semiconductor Laser Structure 

for Improving Beam Quality 

 

High-power semiconductor lasers fundamentally require a large 

cavity for high output. As a result, they adopt a broad area structure 

with a wide stripe width and long cavity length. While this structure 

leads to the generation of numerous multi-modes, resulting in poor 

beam quality, its advantage lies in excellent Power Conversion 

Efficiency (PCE). Therefore, high-power semiconductor lasers are 

primarily used as pump light sources in laser systems that demand both 

high output and precision work. Light generated in semiconductor 

lasers is typically transmitted to other systems through fibers. Hence, 

improving beam quality, which determines fiber coupling efficiency, is 

crucial for energy transfer efficiency. Figure 3-1 illustrates the BPP of 

high-power semiconductor lasers reported in renowned international 

journals and conferences over the past decade [42-68], saturating at 

approximately 2-3 mm∙mrad. While there have been studies on device 

structure and submounts [69-72] serving as heatsinks to enhance beam 

quality and address thermal issues, the most researched aspect is the 

suppression of far-field blooming caused by the enhanced thermal 

lensing effect at high power. 
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In this chapter, we introduce a pedestal structure that structurally 

enhances far-field blooming, which is a temperature-related issue. 

Building on this, we propose a double pedestal structure that improves 

beam quality and output power. 

 

 

 

 

 

 

 

 

Fig.3-1. Reported results of BPP from international journals and 

conferences. 
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3.1. Far-Field Blooming 

 

In semiconductor lasers, optical waves in the active region are 

created at the center of the device through vertical and lateral 

waveguiding. Therefore, at high currents for high output, the 

temperature at the center of the device rises due to not only joule heat 

generated by carriers but also the high optical output. This induces 

temperature differences between the center and the edges and these 

temperature differences become more significant as the output power 

increases because semiconductor materials have the characteristic of 

increasing refractive index with temperature. It is leading to enhanced 

thermal lensing effect which strengthens lateral waveguiding [73-75]. 

This effect induces higher-order mode generation, which widens the 

overall far-field pattern, causing far-field blooming [74, 75]. These 

phenomena increase the divergence angle, consequently increasing the 

BPP and degrading beam quality.  
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3.2. Pedestal Structure 

 

To effectively suppress the far-field blooming caused by the 

persistent thermal lensing effect in high-power semiconductor lasers, it 

is crucial to design a heat dissipation structure that minimizes the 

temperature difference between the center and the edge of the 

component. A researched structure [76, 77] for this purpose involves 

utilizing a pedestal structure as a heatsink. Figure 3-2(a) schematically 

represents the typical heat dissipation structure of a semiconductor laser. 

Generally, it takes the form of a combination of a heat sink and the p-

contact part of the component, allowing for the overall dissipation of 

heat from the component. In contrast, the pedestal heat-sink, illustrated 

in Figure 3-2(b), incorporates a pedestal structure between the heat sink 

and the component. This design facilitates the emission of a significant 

amount of heat from the center of the component. Using such a pedestal 

heat-sink structure helps reduce the temperature difference between the 

center and the edge of the component, thereby minimizing the thermal 

lensing effect. Additionally, it aids in suppressing the generation of 

high-order modes, which are a cause of far-field blooming. 

Figure 3-3 presents simulation results before and after the use of the 

pedestal structure, as reported in reference [36]. Figures 3-3(a) and (b) 
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depict the L-I characteristics of higher-order modes as a function of the 

injected current for cases with and without the application of the 

pedestal heat-sink. When the pedestal structure is employed, a 

reduction in the occurrence of higher-order modes can be observed. 

Furthermore, in Figure 3-3(c), due to the suppression of higher-order 

mode generation, there is a decrease in the far-field angle, resulting in a 

decrease in the BPP and an improvement in beam quality. However, 

since the pedestal structure directs heat dissipation primarily towards 

the center, the overall heat dissipation is reduced. As a consequence, 

Figure 3-3(d) shows that the pedestal structure leads to a decrease in 

the maximum optical output. 

 



40 

 

 

 

Fig.3-2. Schematic semiconductor laser structure including heatsink: 

(a) general type, (b) applying pedestal structure. 
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Fig.3-3. Calculated L-I characteristics of high-order modes with 

increasing current: (a) pedestal structure, (b) origianl structure, and (c) 

divergence angle of far-field pattern of original and pedestal structure, 

and (d) L-I characteristics and quantum well temperature of original 

and pedestal structure [77]. 
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3.3. Double Pedestal Structure 

 

The heat-sink, responsible for dissipating heat in semiconductor 

lasers, is typically attached to the P-contact region. The reason for this 

is that attaching a heat-sink below the device, due to the thickness of 

the substrate being several hundred micrometers, does not significantly 

impact heat dissipation. However, if it were possible to eliminate the 

need for a thick substrate, attaching a heat-sink to the N-contact could 

have a meaningful effect. Drawing inspiration from the previously 

introduced pedestal structure, the double pedestal structure with upper 

and lower pedestal elements aims to enhance beam quality and increase 

output power through efficient heat dissipation from the center. 

The component used in the research is a semiconductor laser with a 

wavelength of 852 nm, composed of GaInAsP, and it is a single 

quantum well component. It has a ridge structure with a cavity length 

of 2 mm and a stripe width of 100 µm. The substrate is removed using 

the epitaxial lift-off (ELO) technique, and contact is established 

beneath through a pedestal structure. The analysis focuses on 

performance improvements based on the contact size. 
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3.3.1. Epitaxial Lift-Off Technique 

The Epitaxial Lift-Off (ELO) technique is a technology designed to 

reuse semiconductor substrates, aiming to reduce costs and enhance the 

manufacturing process. Initially, before growing the device, a 

sacrificial layer is epitaxially deposited on the substrate. The layers 

constituting the device are then grown on top of this sacrificial layer. 

Subsequently, the sacrificial layer is chemically removed, separating 

the substrate and the device. This enables the reuse of the substrate. 

The process for constructing a double pedestal structure follows the 

steps outlined in Figure 3-4. Figure 3-4 (a) illustrates the structure of a 

semiconductor laser utilizing a pedestal structure designed to dissipate 

heat only to the center through a ridge structure. Before growing the 

device, a sacrificial layer composed of AlAs is first grown on a GaAs 

substrate. The device is then constructed on top of this sacrificial layer. 

Subsequently, top metal bonding is performed as shown in Fig 3-4(b). 

Following this, as depicted in Fig. 3-4(c) and (d), the ELO technique is 

applied to separate the device from the GaAs substrate. Insulators and 

N-contact metal are then formed to create the bottom pedestal structure. 

Finally, in Fig. 3-4(e) and (f), heat sinks are attached to the bottom and 

top, forming a structure that efficiently dissipates heat to the center 

both from the top and bottom. 
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Fig.3-4. Fabrication process of DP structure with ELO technique: (a) 

semiconductor laser applying pedestal structure, (b) bonding of the top 

metal, (c) removal of substrate by ELO technique, (d) construction of 

the N-contact applying bottom pedestal structure, (e), (f) construction 

of bottom and top heat-sink [78]. 
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3.3.2. Results 

Figure 3-5(a) depicts a semiconductor laser employing the double 

pedestal structure produced through the previously introduced ELO 

technique. The simulation analyzes the changes in the L-I 

characteristics and far-field blooming as the size of the N-contact 

below varies (100, 140, 200, 400, 600 µm). Figure 3-5(b) represents the 

L-I characteristics and the maximum temperature in the quantum well 

with increasing current. As the contact size increases, the maximum 

optical output increases compared to the performance of the original 

device (Normal), and the temperature increase in the quantum well 

decreases. Figure 3-5(c) illustrates the temperature distribution in the x-

direction, as indicated in Figure 3-5(a), at a current of 3 A. The results 

include the temperature distribution of the original device, the case with 

only the pedestal structure applied, and the results based on different 

contact sizes. When only the pedestal structure is applied, the overall 

temperature is higher than that of the original device due to heat 

dissipation only from the center of the component. However, a 

significant reduction in the temperature difference between the center 

and the edge is observed, leading to a decrease in the thermal lensing 

effect. Results with the double pedestal structure also show a 

pronounced reduction in the temperature difference between the center 
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and the edge, and overall, a decrease in the temperature of the quantum 

well. Figure 3-5(d) presents results for the half-divergence angle of the 

calculated far-field pattern and the maximum temperature in the 

quantum well at a current of 3 A. As the contact size increases, the heat 

dissipation increases, reducing the maximum temperature. However, 

the heat dissipation towards the center decreases relative to the edge, 

resulting in a decrease in the inhibitory effect on thermal lensing. 

Therefore, with increasing contact size, it is observed that the far-field 

angle increases. 
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Fig.3-5. (a) Cross-sectional schematic of semiconductor laser applying 

double pedestal structure, and performance of the original device 

compared to the device with the application of pedestal and double 

pedestal structures: (b) L-I characteristics and quantum well 

temperature, (c) thermal distribution, and (d) divergence angle of far-

field pattern of double pedestal structure with different contact size 

[78]. 
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3.4. Summary 

 

In this chapter, we investigated a structure that could mitigate the 

far-field blooming, a temperature-related issue, in high-power 

semiconductor lasers. To suppress far-field blooming, our focus was on 

reducing the thermal lensing effect at high power. Drawing inspiration 

from the previously studied pedestal structure, we employed the ELO 

technique to separate the component from the substrate, forming a 

double pedestal structure both above and below to efficiently dissipate 

heat from the center. The double pedestal structure addressed the 

drawback of high quantum well temperatures in the pedestal structure, 

and its advantage of reducing the temperature difference between the 

center and the edge proved effective in mitigating thermal lensing and 

suppressing far-field blooming. 
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4. Single Mode Semiconductor Laser 

 

As introduced in the previous chapter, the double pedestal structure, 

which suppresses far-field blooming occurring in high-power 

applications, has proven effective in improving beam quality. However, 

high-power semiconductor lasers with a broad area structure face 

limitations in enhancing beam quality due to the generation of multiple 

modes. For Gaussian beams with wavelengths between 850 and 970 nm, 

the BPP values are around 0.27 to 0.31, while high-power lasers exhibit 

values over ten times larger. Due to these limitations, there is renewed 

interest in the research of single-mode semiconductor lasers (SMSLs) 

that exhibit beam quality close to Gaussian beams. Unlike high-power 

semiconductor lasers, SMSLs have a narrow stripe width in the order of 

micrometers, resulting in fewer modes and an M
2
 value close to 1. 

Since it is challenging to separate and measure each mode, SMSLs are 

generally considered to have an M
2
 value between 1.1 and 1.5. Recent 

studies have been conducted to enhance the maximum output of 

SMSLs. Notably, TRUMF [79], a leading group in semiconductor laser 

development, reported the development of an SMSL of 930 nm with 

over 2 W output and M
2
 < 1.5. They also developed an SMSL bar with 

over 200 W output, indicating the potential for high-power SMSLs to 
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serve as excellent pumping sources and, simultaneously, as direct 

optical sources for precision applications, rather than just as pumping 

sources. In the wavelength range of 9xx nm, semiconductor lasers are 

extensively researched as pumping sources for Yb-doped fiber lasers. 

However, in the 850 nm range, there is a limited amount of research or 

commercial devices operating as Single-Mode Semiconductor Lasers 

(SMSL) with power in the Watt range. Among the commercially 

available devices operating as SMSL in the 850 nm range provided by 

THORLABS, a leading company handling various optical devices, the 

device with the maximum output has a power of 600 mW [80]. 

Motivated by these considerations, we directly fabricated an 850 nm 

SMSLs with an output close to 1 W and an M
2
 value less than 1.5. 

In this chapter, we analyze the L-I characteristics and far-field 

pattern of the actually fabricated 850 nm GaAs/AlGaAs SMSLs to 

evaluate beam quality. Additionally, we conduct an analysis of the 

observed non-linear phenomenon, the kink, through measurements. 
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4.1. Fabricated 850 nm GaAs/AlGaAs Single 

Quantum-Well SMSLs 

 

Figure 4-1(a) and (b) show cross-sectional views and SEM images 

of semiconductor lasers with a single quantum-well SMSL structure 

based on 850 nm GaAs/AlGaAs. Active region is composed of a 7nm 

quantum-well and barrier made of GaAs and AlGaAs, respectively. 

Vertical cladding is formed above and below the active layer through 

layers made of P-doped and N-doped AlGaAs. The ridge structure is 

formed through wet etching, and on both sides, a current block layer is 

designed to guide the current only to the center. The top (W) and 

bottom of the ridge are 2.4 and 4.6 μm, respectively, and the SEM 

image of the device reveals its asymmetric structure. The cavity length 

(L) of the device is 1200, 1500, and 1800 μm. Figure 4-2 represents the 

measured L-I characteristics, with threshold currents of 38, 43, and 53 

mA and all devices have output optical power more than 600 mW. A 

prominent nonlinear feature known as "kink" is observed between 326-

403, 394-497, and 479-551 mW of output power. 
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Fig.4-1. Fabricated single quantum well semiconductor laser based on 

GaAs/AlGaAs: (a) cross-section, (b) SEM image. 



53 

 

 

Fig.4-2. Measured L-I characteristics: (a) L= 1200, (b) 1500, (c) 1800 

μm. 
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4.2. Kink and Far-Field Pattern Analysis 

 

Theoretically, in semiconductor lasers, the multi-modes generated 

are considered as independent optical modes, and the calculated optical 

power in the L-I characteristics is obtained by summing the optical 

powers of each mode. However, in reality, interference between these 

modes occurs, leading to the observed kink. The exact point of mode 

interference that causes the kink is challenging to determine 

theoretically. Still, it is reported to result from the asymmetry in the 

fabricated device structure, which leads to an asymmetric effective 

refractive index [81, 82]. This mode interference causes the far-field 

pattern of the device to exhibit maximum intensity shifting from the 

center, resulting in beam steering and an asymmetric shape. As 

observed in SEM images of the studied devices, the asymmetric device 

structure is believed to be the cause of mode interference leading to the 

kink phenomenon.  

Figure 4-3 illustrates the divergence angle concerning output power 

for L=1200, 1500, and 1800 μm, demonstrating the presence of thermal 

lensing effect as output power increases. Figure 4-4 represents the far-

field patterns in three scenarios: before the kink occurrence (A, A', and 

A''), after the kink occurrence (C, C', and C''), and within the region 
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where the kink occurred (B, B', and B''). In regions without kinks, the 

far-field pattern exhibits left-right symmetry. In contrast, in areas where 

the kink occurs, there's beam steering and asymmetric far-field pattern. 

This asymmetry indicates the interference between modes. To explore 

commonalities, additional analysis of the internal temperature of the 

device was conducted. Measuring the internal temperature of the device 

experimentally can be challenging. However, it can be indirectly 

inferred by observing the shift in resonance wavelength spectra at 

different temperatures. 
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Fig.4-3. Measured divergence angles: (a) L= 1200, (b) 1500, (c) 1800 

μm. 

. 
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Fig.4-4. Measured far-field patterns in three scenarios: before the kink 

occurrence, after the kink occurrence, and within kink occurence: (a) 

L= 1200, (b) 1500, (c) 1800 μm. 
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First, in Fig. 4-5(a)-(c), at an optical output power of 100 mW and 

environmental temperatures of 273, 293, 313, and 333 K, measured 

spectra show a linear resonance wavelength shift of 0.25 nm/K, as 

confirmed by Fig. 4-5(d). Next, measurements of the resonance 

wavelength were conducted for devices with cavity lengths L = 1200, 

1500, and 1800 μm at room temperature (295.5 K) across an optical 

power range of 60 to 580 mW with 40 mW intervals. These results are 

presented in Fig. 4-6(a)-(c). Using the relationship between temperature 

and resonance wavelength established earlier, it was possible to 

calculate the maximum internal temperature of the device. The 

calculated internal temperatures are also shown in Fig. 4-6(a)-(c), and it 

was observed that the range of temperatures where kinks occurred was 

consistent, ranging from 307 to 312 K.  

The objective of the fabricated devices is to operate as SMSLs and 

achieve maximum output. Therefore, evaluations were conducted on a 

device with a L of 1800 μm. The beam quality, measured through the 

divergence angle in Figure 4-3(c), indicates a BPP of 0.36 mm∙mrad 

and an M
2
 value of 1.33 at 580 mW. Figure 4-7(a) presents data 

measured for the L=1800 μm component up to 750 mW, confirming its 

operation with powers exceeding 750 mW. Since the goal of device 

fabrication was to achieve power close to 1W, additional measurements 
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were conducted up to the Catastrophic Optical Damage (COD) level for 

a component with L=1200 μm. The results, as shown in Figure 4-8(b), 

were measured at 700 mW. COD is influenced by the internal 

temperature and optical power of the device, and its level is 

proportional to the size of the cavity. Although not measured, it is 

anticipated that the L=1800 μm device would have a COD level 

exceeding 1W. 

 

 

 

Fig.4-5. Measured resonance wavelengths of W= 3 μm at T= 273, 293, 

313, 333 K: (a) L= 1200, (b) 1500, (c) 1800 μm, and (d) relationship 

between temperature and resonance wavelength. 
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Fig.4-6. Measured resonance wavelength and calculated inner 

temperature of the devices: (a) L= 1200, (b) 1500, (c) 1800 μm. 

. 
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Fig.4-7. L-I characteristics: (a) L=1800 μm until 750 mW, (b) COD 

level of L=1200 μm. 
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4.3. Summary 

 

In this chapter, we actually fabricated an 850 nm GaAs/AlGaAs-

based SMSL due to the limitations in beam quality caused by the 

occurrence of multiple modes in high-power semiconductor lasers. we 

observed phenomena such as beam steering through the analysis of far-

field patterns and spectra, investigating the kink observed in the L-I 

characteristics. Through this analysis, we identified mode interference 

causing the kink at specific temperatures. Additionally, the fabricated 

SMSLs demonstrated power levels exceeding 600 mW, showcasing 

performance surpassing the commercially available devices provided 

by THORLABS in the 850 nm range. For a device with a cavity length 

of 1800 μm, we confirmed operation as an SMSL with over 750 mW 

and near 1 W optical output and an M
2
 value of 1.33 at 580 mW.  
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5. Optimizing Structure for Kink Suppression  

 

In the previous chapter, an evaluation of beam quality was 

conducted on the fabricated 850 nm GaAs/AlGaAs single quantum-

well device. However, due to the persistent occurrence of kinks, it was 

challenging to precisely assess beam quality. Additionally, in the 

fabrication process we use, wet etching is employed to create the ridge 

structure, leading to the formation of an asymmetric structure that 

causes kinking. Therefore, avoiding kinks in the produced SMSL is not 

straightforward. Hence, optimal structures that can suppress the 

occurrence of kinks by inhibiting the generation of the 1st order mode 

need to be optimized. Typically, for structural optimization, precise 

simulations are necessary. To achieve accurate simulations, it is crucial 

to accurately extract and model the design or key parameters that 

determine the performance of the device.  

In this chapter, We propose a methodological approach to extract 

design parameters and perform structural optimization for precise 

simulations. We measure the design parameters and perform accurate 

extraction and modeling through deep learning. Utilizing these, we 

optimize structures through precise simulations to minimize the 

occurrence of kinks. 
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5.1. Design Parameters Extraction and Modeling 

 

In semiconductor lasers, one of the most critical metrics is the L-I 

(Light-Current) characteristic. This characteristic not only aims to 

enhance power conversion efficiency (PCE) to improve overall 

efficiency but also encompasses structural research focused on 

increasing output from single emitters [83-87]. Additionally, research 

in various forms such as modules, laser bars, stack packages, and more 

is actively underway to combine light emitted from multi-emitters to 

enhance optical output and beam quality [88-93]. When evaluating L-I 

characteristics, two major components are typically distinguished: 

threshold current and slope efficiency. These components are 

influenced by a combination of factors including structural information 

such as stripe width, cavity characteristics, layer structure, and doping 

details, which are essential for designing the device. Moreover, they are 

determined by material properties and process characteristics, including 

gain characteristics, internal loss, non-radiative recombination rates, 

and free carrier absorption (FCA). Typically, structural information is 

determined during the design and fabrication of the device, while 

parameters such as internal loss, non-radiative recombination rates, and 

FCA are influenced by the quality of the fabrication process. Hence, 
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these parameters are treated as design parameters for designing the 

device in a specific process. Internal loss can be experimentally 

measured and extracted by analyzing the L-I characteristics of devices 

with different cavity lengths, making it relatively straightforward [94-

96]. However, non-radiative recombination coefficients and FCA 

coefficients are challenging to extract solely through experiments. They 

are typically considered as fitting parameters for simulation analysis 

[88, 97]. We aim to extract internal loss, Auger coefficient, and FCA 

coefficient as design parameters. We take advantage of the fact that 

SRH recombination has minimal influence on L-I characteristics. We 

introduce experimental measurement and temperature modeling for 

internal loss and propose using deep learning techniques, specifically a 

simple deep neural network (DNN), to extract and model the FCA 

coefficient and Auger coefficient, which were previously considered as 

fitting parameters. 
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5.1.1. Device Structure 

Figure 5-1(a) illustrates the cross-sectional structure of the 850 nm 

GaAs/AlGaAs semiconductor laser used in this study. Layers, including 

three quantum wells (QWs) of double heterostructure, were grown on a 

GaAs substrate using the MOCVD technique. The laser was fabricated 

in a ridge waveguide form utilizing a current block layer (CBL). Each 

QW has a thickness of 8 nm, and, concerning the active region, it is 

sandwiched between the P-cladding layer above and the N-cladding 

layer below. The fabricated device has a stripe width (W) of 1.4 µm, 

and the reflectivity of the two facets composing the cavity is 0.11 and 

0.95, respectively. The cavity length (L) is 700 µm. Figure 5-1(b) 

displays the L-I characteristics measured at experimental temperatures 

of 293 K, 303 K, 313 K, and 323 K. The threshold currents for these 

temperatures are 25 mA, 26 mA, 27 mA, and 28 mA, respectively. 
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Fig.5-1. Fabricated 850 nm GaAs/AlGaAs multi-quantum well 

semiconductor laser: (a) cross-sectional structure and (b) L-I 

characteristics at 293, 303, 313, 323 K. 
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5.1.2. Internal Loss Modeling 

The slope efficiency is defined as follows by the relationships 

derived in Chapter 2, specifically equation (2.13) for mirror loss and its 

relationship with cavity length, as well as equation (2.17) for the 

relationship between optical power and current, 
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1 1
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where d  is expressed as 
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By rearranging the (5.2) in terms of 1/ d  using (5.1), we can 

obtain a linear relationship with respect to L . 
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Based on the information provided, L  and R  values are known, 

but the unknown variables to be extracted are i  and i . To 

determine these values, components with L  values of 300 and 1100 

have been fabricated. The experimentally measured slope efficiency for 

these components with L  values of 300, 700, and 1100 μm at 

temperatures of 293, 303, 313, and 323 K is used to calculate 1/ d . 

The results for 1/ d  are represented by symbols and curves in Fig.5-
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2(a). The curves measured in Fig.5-2(a) confirm linearity with cavity 

length as shown in (5.1), and by obtaining the y-intercept from the 

linear fit, i  can be calculated. Additionally, i
 
can be calculated 

using the slope of the line and i . The values of i  calculated for 

each temperature are shown in Fig.5-2(b). Furthermore, it can be 

observed that it linearly increases with temperature. The thermal 

modeling obtained from Figure 5-2(b) is expressed as: 

 ( ) ( 298)i oT T     , (5.4) 

where o  is the internal loss at 298 K and   is rate of the increase 

in internal loss with temperature. In this device, each extracted value of 

o
 
and   is 12.18 cm

-1
 and 0.041 cm

-1
/K. 
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Fig.5-2. (a) Measured  versus = 300, 700, 1100 μm and (b) 

extracted internal loss versus temperature at 293, 303, 313, 323 K. 
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5.1.3. Auger and FCA Coefficients Modeling Based on 

DNNs 

Deep learning techniques have become a powerful tool not only for 

analyzing linear relationships between causes and effects or inputs and 

outputs, as introduced in Chapter 2.4, but also for analyzing nonlinear 

relationships. As a result, research incorporating deep learning is being 

reported in various optical fields, including optical communication [98, 

99], image reconstruction [100, 101], and the inverse design of optical 

devices [102, 103]. Additionally, research has been reported in which a 

simple neural network structure called a deep neural network (DNN) 

was used for the inverse design of semiconductor lasers' design 

parameters [104, 105]. In [104], seven design parameters such as 

injection efficiency, heat capacity, series thermal resistance, device 

temperature, gain characteristic, carrier characteristic and loss that 

determine the L-I characteristics of a semiconductor laser were set as 

inputs, and 60 optical powers at different currents were set as outputs. A 

DNN was trained to mimic the L-I characteristic simulation. The data 

used for training and testing were generated from a laser simulation 

based on the TWM (Traveling wave model). The results showed a good 

match between the L-I characteristics obtained from the trained DNN 

and those obtained from the laser simulation. The well-trained DNN 



72 

can be used in combination with the Particle Swarm Optimization (PSO) 

algorithm to extract the seven design parameters required to achieve the 

desired L-I characteristics, as explained. The research results 

demonstrate the potential of inverse design for semiconductor lasers by 

extracting multiple sets of parameter values. However, it's important to 

note that this approach may introduce significant uncertainty from a 

material property perspective, as specific materials and fabrication 

often require precise parameter values. Therefore, in this chapter, we 

aim to extract our designated design parameters one by one through 

experimentation and simulation for accuracy.  
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5.1.4. Algorithm and DNN Structure 

In the case of Auger and FCA coefficients, they are not easy to 

experimentally extract and model independently, similar to internal loss. 

Therefore, their values are determined through numerous trial-and-error 

iterations by comparing simulated and measured L-I characteristics. In 

this research, we applied deep learning to eliminate human-dependent 

trial-and-error processes, aiming for consistency and precision in 

parameter extraction. Figure 5-3 and 5-4 illustrate the consecutive 

DNN structure and overall process used in our study. As mentioned 

earlier, we will be extracting and modeling the Auger and FCA 

coefficients one by one, labeled as #DNN1 and #DNN2 in the structure. 

Each DNN consists of three inputs, one output, and three hidden layers, 

each containing 512 elements. When distinguishing the L-I 

characteristic into threshold current and slope efficiency regions, the 

threshold current is determined by losses and the Auger coefficient [96, 

105]. On the other hand, slope efficiency is determined by internal loss, 

the Auger coefficient, and the FCA coefficient [96]. Therefore, for 

#DNN1, which outputs the Auger coefficient, the inputs include 

experimentally obtained environmental temperature and the threshold 

current of the device, as well as the measured internal loss. For #DNN2, 

which outputs the FCA coefficient, the inputs include the 
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experimentally obtained slope efficiency and internal loss, as well as 

the Auger coefficient extracted from #DNN1. In the DNN, the Mean 

Squared Error (MSE) was used as the loss function, and the Adam 

optimizer was employed. ReLU activation functions were used as well. 

To ensure that the DNN was well-trained, it was trained for a million 

epochs. 

Generating the required training dataset involves conducting L-I 

characteristic simulations while varying the values of internal loss [ 0 , 

…, 1h  ], the Auger coefficient [ 0C , …, 
1jC 
], the FCA coefficient 

[ 0k , …, 1mk  ], and temperature [ 0T , …, 1nT  ]. Properly preparing the 

data is essential for the effective training of the DNNs. In the case of 

DNN#1, where the FCA coefficient has a limited impact on the 

threshold current, simulations are carried out with 0k  = 0. In the case 

of DNN#2, simulations are conducted at a specific temperature ( sT ), 

assuming no temperature dependence in the FCA coefficient. This 

strategic approach reduces the number of required simulations from 

( h j m n   ) to ( h j n  ) + ( h j m  ) - ( h j ). Following this, the 

generated data is divided into training and testing sets. Given that the 

performance of the DNNs is affected by the quality of the training data, 

it is crucial to identify the DNN with the lowest testing loss. To 

accomplish this, the process of "Finding appropriate DNN#1" in Fig.5-
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4 is necessary. The training and testing datasets are selected by 

iteratively changing the testing set, similar to cross-validation. After 

training is conducted for each iteration, the training and testing datasets 

with the lowest testing loss are chosen for DNN training. To illustrate 

DNN#1, in Fig.5-5, let's consider it based on the output Auger 

coefficient. It can be divided into j datasets, each containing h n  data 

points from 0C  to 
1jC 
. For smooth training, the first and last datasets 

must be included in the training dataset. Therefore, the testing dataset 

can have its Auger coefficient set to any value from 1C  to 
2jC 
. By 

iteratively changing the Auger coefficient in the testing dataset through 

j-2 iterations, the testing dataset with the lowest testing loss is selected. 

DNN#1 is then applied to extract the Auger coefficient from this 

selected testing dataset. The deep learning implementation utilizes 

open-source Python and PyTorch libraries. 
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Fig.5-3. Consecutive schematic structure of DNN. 
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Fig.5-4. Overall process of parameter extraction. 
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Fig.5-5. Process of iteration for finding testing dataset which has 

minimum testing loss. 
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5.1.5. Results 

A total of 448 L-I characteristic simulation was conducted, covering 

various parameter values. This encompasses internal loss values 

ranging from [1, 3, 5, 7, 9, 11, 13, 15] cm
-1

, Auger coefficients ( C ) 

spanning [0, 1, 3, 5, 7, 9, 11]   10
-30

 cm
6
s

-1
, and FCA ( k ) values from 

[0, 1, 2, 3, 4]   10
-18

 cm
-2

, all assessed at different temperatures of 

[293, 303, 313, 323] K. Figure 5-6(a) and (b) display the training and 

testing loss curves of DNN#1 when the testing set's C  values are [1, 3, 

7, 9]   10
-30

 cm
6
s

-1
. Notably, the absence of a curve for 3C = 5   10

-

30
 cm

6
s

-1
 is due to the lack of training data. While the training loss 

curves suggest well-trained DNNs for all cases, Figure 5-6(b) 

highlights that the testing set with 1C = 10
-30

 cm
6
s

-1
 is unsuitable for 

DNN#1. Consequently, the appropriate DNN#1 is determined to be the 

one aligned with the testing set of 4C = 7   10
-30

 cm
6
s

-1
, exhibiting 

the minimum loss. 

Leveraging DNN#1, Auger coefficients of the device are extracted 

at various temperatures, as depicted in Fig. 3-6. Using a well-

established model equation represented as [27]:  

 ( ) exp a
o

Boltzmann

E
C T C

k T

 
  

 
, (3.5) 

where aE  is the activation energy and Boltzmannk  is the Boltzmann 
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constant, we obtain extracted values of oC  equal to 3.95   10
-27

 

cm
6
s

-1
 and aE  equal to 167.5 meV. The corresponding modeling curve 

is presented in Fig. 5-7, and this extracted Auger model automatically 

becomes an input for DNN#2. 

Figure 5-8(a) and (b) display the training and testing curves of 

DNN#2 at 1T  = 303 K when the testing set's k  values are [1, 2, 3]   

10
-18

 cm
-2

. The absence of a curve for 3k = 3   10
-18

 cm
-2

 is due to 

insufficient training data. Notably, the suitable DNN#2 is found for the 

testing set aligned with 2k = 2   10
-18

 cm
-2

, as shown in Fig. 5-8(b). 

Consequently, the extracted FCA coefficient is determined to be 1.01 

  10
-18

 cm
-2

. 

Finally, a verification process is conducted to validate the accuracy 

of the extracted values. The L-I characteristics are recalculated using 

the extracted parameters across various temperatures. The simulation 

results and the measured data are compared in Fig. 5-9 at different 

temperatures, showing a close alignment between the two. 
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Fig.5-6. Loss curves of DNN#1 of (a) training and (b) testing. 
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Fig.5-7. Extracted values and curve of Auger coefficient. 
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Fig.5-8. Loss curves of DNN#2 of (a) training and (b) testing. 
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Fig.5-9. L-I characteristics of simulation and measurement at (a) 293, 

(b) 303, (c) 313 and (d) 323 K using extracted parameters. 
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5.2. Simulation Validation of W= 3 μm  

 

In addition to further validating the accuracy of the simulation 

composed of the extracted and modeled parameters, we fabricated a 

device with W=3μm to increase the maximum output of the device. 

Figure 5-10 presents both measured and simulated L-I characteristics, 

where kink becomes prominent in the power range of 60 to 160 mW. 

Fortunately, the simulation results match well with the measured data. 

Regrettably, our simulation tool does not account for nonlinear 

phenomena such as kinking. Therefore, further validation is required 

for the discrepancy between the measured values and simulations in the 

linear-looking range of 75 to 150 mW. The inserted images in Fig 5-10 

depict the far-field patterns at 120 mW and 220 mW optical output. At 

120 mW, beam steering and asymmetric far-field patterns are observed, 

indicating mode interference and a reduction in optical power. 

Conversely, at 220 mW, where simulation and measurement values 

overlap, a symmetric far-field pattern with no beam steering is 

observed, confirming the absence of mode interference. The analysis of 

these two far-field patterns further reinforces the reliability of the L-I 

characteristic simulations. Additionally, through the simulation, it can 

be confirmed that the 1
st
 order mode is generated at around 60 mW. To 
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validate the simulation results, the divergence angle was measured for 

various optical powers, and the results are shown in Figure 5-11(a). The 

measurement results revealed a sharp increase in the divergence angle 

at 60 mW, indicating the emergence of new higher-order modes. Figure 

5-11(b) compares the measured far-field patterns at 40 and 60 mW with 

the simulated far-field pattern at 40 mW, showing a good agreement 

between the measurement and simulation results. Based on this, the 

calculated BPP and M
2
 values at 40 mW were 0.27 and 1, respectively, 

indicating the presence of only the fundamental mode at 40 mW. 

Taking these results into consideration, it can be confirmed that around 

60 mW, the 1
st
 order mode is observed in the actual device, consistent 

with the simulation results. 

Furthermore, it's necessary to verify whether the thermal 

calculations performed in the simulation tool are accurate. Figure 5-

12(a) shows the resonance wavelength spectrum measured at 

temperatures of 283, 303, and 323 K, confirming a wavelength shift of 

0.1725 nm/K due to temperature variations. As analyzed in the SQ 

device, the measured resonance wavelength, up to 340 mW optical 

power, and the calculated internal temperature of the device are 

presented in Fig.5-12(b). The internal temperature calculated through 

simulation is represented by the solid line. These all results collectively 
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validate that the simulation accurately replicates the performance of the 

device. 

 

 

 

 

Fig.5-10. Fabricated 850 nm GaAs/AlGaAs multi-quantum well 

semiconductor laser of W= 3 μm: Measured L-I characteristic and 

insets of far-field pattern at 120 and 220 mW. 

. 
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Fig.5-11. (a) Measured divergence angle with increasing output power 

and (b) measured far-field patterns at 40 and 60 mW, simulated far-

field pattern at 40 mW. 

. 
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Fig.5-12. Measured (a) Spectrum and (b) measured and simulated 

inner temperature of W= 3 μm. 

. 
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5.3. Optimizing Structure 

 

The strategy to suppress the kink involves adjusting the thickness of 

the layers to inhibit the generation of the 1
st
 order mode. Figure 5-13(a) 

provides a cross-sectional view of the device to illustrate the approach. 

In the lateral direction, the core and cladding can be distinguished, as 

shown in the Fig.5-13(a). To suppress the 1
st
 order mode, the thickness 

of the layers is increased to reduce the effective refractive index 

difference between the core and cladding. The target layers include P-

cladding, N-cladding, and the active region. Firstly, the N-cladding 

layer, with a thickness of 2 μm in the current device, is excluded from 

consideration as it is already sufficiently thick and may not yield 

significant effects. Secondly, the active region is excluded from the 

target because increasing its thickness could negatively impact 

electrical characteristics and lead to increased heat generation due to 

higher resistance. Therefore, our focus is on optimizing the thickness of 

the P-cladding layer to suppress the generation of the 1
st
 order mode. 

Figure 5-13(b) shows the output power when the thickness of P-

cladding (t) is increased from 0.2 to 0.95 μm, considering the 

simulation of the occurrence of the 1
st
 order mode. When t is less than 

0.5 μm, it can be observed that the occurrence of the 1
st
 order mode is 
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delayed as intended. However, when t is greater than 0.5 μm, it is 

noticed that the optical power at which the 1
st
 order mode occurs 

decreases again. A common aspect among these simulation results is 

that the maximum temperature inside the quantum well when the 1
st
 

order mode occurs is approximately 312 K. As t increases, heat 

dissipation towards the P-contact side slows down, reaching 312 K at 

lower powers. Consequently, when t is greater than 0.5, it is confirmed 

that the 1
st
 order mode occurs more quickly due to the thermal lensing 

effect. It is evident that around t = 0.45 and 0.55 μm, the first-order 

mode is best suppressed, allowing for single-mode operation up to 

approximately 200 mW. 
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Fig.5-13. (a) Cross sectional diagram and (b) Simulated output power 

of 1
st
 order mode generation with increasing t. 

. 
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5.4. Summary 

 

In this chapter, we conducted precise simulations to optimize the 

structure and minimize the kink caused by structural asymmetry in the 

wet-etching process. To construct accurate simulations, it was 

necessary to precisely extract and model parameters determining the 

performance. We achieved this through measurements and the use of 

DNN (Deep Neural Network). The reliability of the simulation 

constructed with the extracted parameters was verified through 

comparisons with actual measured L-I characteristics, far-field patterns, 

and internal temperature data of the device. With the validated 

simulation, we were able to optimize the thickness of P-cladding to 

suppress kink and the occurrence of the 1st order mode. 

Since this chapter presents the methodology of model parameters 

extraction and optimization, it can be applied not only to the devices 

used in this dissertation but also to other types of semiconductor lasers. 
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6. Conclusion 

 

In this dissertation, we fabricated 850 nm GaAs/AlGaAs-based 

semiconductor lasers and conducted detailed analyses of the key 

performance characteristics, L-I characteristics, and beam quality, 

through measurements and simulations. We set internal loss, Auger, and 

FCA coefficients as the design parameters determining the L-I 

characteristics. We obtained an empirical temperature model for 

internal loss through experimental measurements. Additionally, we 

employed deep learning to extract and model Auger and FCA 

coefficients, which were traditionally considered as fitting parameters 

for simulations. While this dissertation focuses on the results of our 

specific device, the algorithms and methodologies presented can be 

applied to other types of semiconductor lasers with an abundant dataset, 

demonstrating the feasibility of design parameter extraction and 

modeling. 

Furthermore, a detailed analysis of the far-field pattern is crucial to 

assess beam quality. We analyzed the far-field patterns for various 

output levels and used these patterns to investigate the nonlinear 

phenomenon known as kink, which is observed in the L-I 

characteristics. We also examined the relationship between the internal 
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temperature of the device and the occurrence of kink. Based on these 

analyses and the modeled parameters, we proposed structural 

optimizations aimed at minimizing kink and enhancing beam quality in 

the fabricated devices. 
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Abstract (In Korean) 

 

850 nm GaAs/AlGaAs 반도체 레이저의 디자인 

파라미터 모델링 및 빔 품질 분석 

 

본 학위 논문은 850 nm GaAs/AlGaAs 기반의 반도체 레이저의 

출력뿐 아니라 빔 품질 향상을 위한 소자 구조연구와 시뮬레이션 

기반의 구조 최적화 연구의 방법론적인 연구에 중점을 두고 있다. 

반도체 레이저의 경우 대량양산이 가능하여 cost effective하며, 

크기가 작아 다양한 광원이 필요한 시스템에서 사용되고 있다. 

하지만 고출력 반도체 레이저는 다 수의 멀티 모드의 발생으로 인해 

빔 품질이 나쁘다는 단점을 가지고 있기 때문에 고출력을 요하는 

시스템에서는 직접적으로 사용하지 못하고 가스, 섬유 레이저 등의 

다른 레이저의 펌핑 소스로써의 역할을 하고 있다. 반도체 레이저가 

고출력을 달성하면서 동시에 가스나 광섬유 레이저와 동등한 빔 

품질을 갖추게 되면, 직접적인 활용이 가능해져 에너지 손실을 크게 

감소시킬 수 있다. 또한, 기존 반도체 레이저의 장점을 통해 기존 

레이저를 사용한 시스템에서 비용 및 크기 효율이 현격히 향상될 

것으로 기대되어 이를 연구하는 동기가 되었다. 

고출력 반도체 레이저의 경우 출력이 커질수록 빔 품질이 
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저하되는 far-field blooming이 발생하는데, 우리는 위, 아래 

중심부로 효율적으로 열 방출이 가능한 double pedestal 구조를 

고안하여 광 출력과 빔 품질이 향상된 결과를 얻었다. 또한, 싱글 

모드 반도체 레이저(SMSL)로 이루어진 레이저 바를 통해 고출력을 

달성하고, 일반적인 고출력 반도체 레이저의 다중 모드로 인한 빔 

품질 저하 문제를 해결하기 위해 850 nm GaAs/AlGaAs SMSL을 

제작하고 분석하였다. 목표로 했던 1 W에 근접한 최대 출력을 가지는 

소자를 제작하였으나, 비선형현상인 kink로 인한 빔 품질저하가 

발생하여, 이를 해결하고자 구조최적화 연구를 같이 진행하였다. 

구조최적화에 필요한 정밀한 시뮬레이션을 구성하기위해, 성능을 

결정짓는 디자인 파라미터들을 측정 및 딥 러닝을 통해 정확하게 

추출 및 모델링을 진행하였다. 구성된 시뮬레이션을 측정값과의 

비교를 통해 신뢰성을 검증하고 kink가 최대한 억제된 최적화된 

구조를 제안한다. 최적화 연구는 본 논문에 사용된 소자뿐만이 

아니라 다른 소자에서도 일관성 있게 적용될 수 있을 것으로 

기대된다. 

 

                                                                        

핵심 단어: 반도체 레이저, double Pedestal, SMSL, 딥 러닝, DNN, 

디자인 파라미터 추출, L-I 특성, 내부 손실, Auger 상수, FCA 

상수, kink, far-field 패턴, 빔 퀄리티.
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