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ABSTRACT 

Junaid Hassan: Simulation, fabrication and characterization of 940nm GaAs-based edge emitting 

laser epitaxial structures 

Master’s thesis 

Tampere University 

Science and Technology 

December 2025 
 

Single- and few-photon generation based on III–V semiconductor platforms is becoming 
central to advanced quantum communication and quantum key-distribution (QKD) systems, 
where compact, energy-efficient, and wavelength-stable light sources are essential. State-of-the-
art quantum photonic experiments still rely heavily on Ti:sapphire excitation at 900-1000 nm; 
however, the large footprint, cost, and limited integrability of these systems restrict their practical 
implementation in scalable quantum networks. III–V semiconductor monolithic and integrated 
mode-locked laser diodes (MLLDs) offer a highly promising alternative due to their compact form 
factor, low power consumption, and compatibility with photonic integration roadmaps. 
InGaAs/AlGaAs heterostructures naturally support emission in the 900-1200 nm band, making 
them suitable candidates for quantum-photonics-grade sources around 940 nm. 

Prior to the development of MLLDs, it is imperative to verify and quantify the optical gain, 
material quality, and carrier transport characteristics of the epitaxial wafers grown using molecular 
beam epitaxy (MBE). This thesis systematically investigates the performance of in-house grown 
GaAs-based epitaxial structures engineered for emission near 940 nm. Edge-emitting ridge-
waveguide lasers were fabricated to experimentally assess the epitaxial quality and device-level 
gain performance. A comprehensive characterization was carried out, including I-L-V 
measurements, extraction of external differential quantum efficiency, estimation of internal 
quantum efficiency and internal optical losses, evaluation of characteristic temperature, far-field 
divergence, and spectral behavior under different injection conditions. 

In parallel with the experimental work, detailed device-level optical and electronic simulations 
were performed to validate the epitaxial design. Band-structure simulations were used to examine 
carrier confinement, and changes in the band profile under forward-bias injection. Furthermore, 
the simulated I-L-V characteristics and distributed loss mechanisms, including free-carrier 
absorption, intervalence-band absorption, and thermally induced leakage, were analyzed to 
correlate with the measured device performance. The combined simulation-experiment approach 
provides a robust assessment of the wafer quality and establishes a reliable foundation for the 
future development of monolithically and integrated MLLDs for quantum-communication 
applications. 

 
 
 
Keywords: Quantum key distribution (QKD), Molecular beam epitaxy (MBE), Mode locked laser 
diode (MLLD), InGaAs/AlGaAs heterostructures, I-L-V characteristics, Loss mechanisms. 
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1. Introduction 

Photonics integration has become a key enabler to drive the advancement in 

telecommunication [1], defense [2], biosensing [3] and quantum communication [4]. 

Photonics integrated circuits (PICs), originally deployed for optical communication 

systems, are now revolutionizing quantum technology [5] by shrinking bulky and costly 

systems onto compact chips, enabling scalable, low-cost, and practical quantum secure 

communication. Figure 1.1 shows different photonics integration material platforms, the 

key integrated photonics components and common quantum communication 

applications. In terms of material, the most common platforms are based on silicon and 

indium phosphide. The main quantum photonic components include photodetectors [6], 

high-speed modulators [7] and quantum light sources [8], and common applications are 

quantum teleportation [9] and quantum key distribution (QKD) [10]. Single-photon light 

source [11], emitting in the 900-1000 nm range, is the key enabling part of a QKD system 

[12]. Currently, pulsed Ti:Sapphire lasers are commonly used as pump sources for single 

photon generation [13], which are bulky, costly and hard to scale. To this end, pulsed 

semiconductor light sources such as mode-locked laser diodes (MLLD) [14] are the best 

alternative as the optical pump sources for single-photon generation in this wavelength 

range due to their small footprint, power efficiency and cost effectiveness. 

Semiconductor lasers emitting around 940 nm [15] have been developed for a variety of 

applications such as optical pumping of solid-state lasers, fiber amplifiers and medical 

treatment [16]. InGaAs/AlGaAs quantum well heterostructures can emit light between 

900nm – 1200nm [17], where high power emission around 940 nm has been reported in 

different studies [18]. However, less focus has been given to the development of mode-

locked lasers emitting in 940 nm range, which are suitable as pump sources for single-

photon emission. 

In this work we design, fabricate and characterize InGaAs/AlGaAs stripe oxide lasers 

emitting around 940 nm to validate the performance of epitaxial material for mode-locked 

lasers developments. This thesis comprises a comprehensive study including theoretical 

analysis, simulations of epitaxial structure, fabrication, and electro-optical 

characterization. The results give a pretty good agreement between the simulation 

results and the actual values of key parameters like current-light-voltage (ILV) 
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characteristics of fabricated devices giving a base for next step of MLLD development 

from these epitaxial structures. 

 

 

Figure 1.1 Material platform for photonics integrated circuits and their applications in 
quantum communication. 

1.1. Structure of thesis 

This thesis is organized in the following way in terms chapters: 

Chapter 1 gives a quick overview of the thesis's main subject and the motivations behind 

this study. 

Chapter 2 provides the theoretical framework, discussing the fundamental physics of 

semiconductor lasers and the III–V material systems relevant to this study. 

Chapter 3 introduces edge-emitting lasers, focusing on their optical mode confinement 

and far-field emission characteristics. 

Chapter 4 addresses the design and simulation of 940 nm GaAs epitaxial structures 

using the HAROLD software, followed by a detailed description of their molecular beam 

epitaxy (MBE) growth and subsequent device fabrication processes. 

Chapter 5 gives the experimental characterization of the fabricated 940 nm GaAs edge-

emitting lasers is presented, where critical performance metrics, including LIV 

characteristics, threshold current, internal and external quantum efficiencies, internal 
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optical losses, characteristic temperature, and lasing wavelength are systematically 

analyzed. 

Finally, Chapter 6 summarizes the key outcomes of this work and outlines perspectives 

for future advancements in GaAs-based near-infrared edge-emitting laser technologies. 
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2.   Theoretical background 

In this chapter, fundamental principles of semiconductor physics and laser theory are 

discussed. Recombination mechanisms in semiconductor materials are generally 

divided into two types: First is radiative recombination and the second is non-radiative 

recombination. When the electron from the conduction band transitions in the valance 

band to a vacant state (hole), accompanied by emission of a photon, this combination is 

referred to as radiative recombination. In modern semiconductor lasers, the important 

radiative transitions are i) radiative absorption, ii) spontaneous emission, and iii) 

stimulated emission. In stimulated emission, the incident and the released photons are 

identical in terms of momentum and energy, which is the fundamental principle of laser 

operation. Nonradiative recombination, by contrast, occurs without photon emission and 

is significantly influenced by parameters such as temperature, and carrier concentration. 

The semiconductor laser is commonly realized by an electrically pumped forward biased 

p–n junction structure, wherein optical gain can be achieved by injecting carriers into a 

thin active region commonly names as quantum well. The optical feedback can be 

provided by as-cleaved facets of the semiconductor crystal, functioning as partially 

reflecting mirrors. When the injected current density reaches a threshold current density 

𝐽th at which gain is sufficient to compensate for the cavity losses, the lasing threshold is 

reached. Beyond this threshold, additional carrier injection results in photon generation 

through stimulated emission. Although lasers have many similarities, a semiconductor 

laser operates independently from other laser types. 

In Section 2.1, the fundamental recombination mechanisms in semiconductor materials 

are introduced. This includes a discussion of radiative recombination processes, which 

form the basis of light generation in lasers, and nonradiative mechanisms, which 

represent key loss channels. Section 2.2 addresses the effect of temperature on device 

performance. Carrier leakage across heterobarriers, and the injected current's 

temperature dependency are all given particular focus. Section 2.3 introduces the Fabry-

Perot cavity diode laser as a representative structure for understanding semiconductor 

laser operation. The analysis emphasizes essential principles such as output power 

threshold current, internal and external quantum efficiencies and optical losses in the 

cavity. Section 2.4 discusses GaAs-based material systems, focusing on lattice 

structure, the role of defects, and the effects of strain in quantum well layers. Finally, the 

specific epitaxial material structures employed in this thesis are presented.  
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2.1. Recombination mechanisms 

This section discusses the two major carrier recombination processes governing the 

performance of semiconductor lasers, namely radiative and non-radiative 

recombinations. 

2.1.1. Radiative recombination 

In semiconductors, electrons occupy specific energy states which can be determined by 

quantum physics and Schrodinger’s equation [19]. At absolute zero (0K), semiconductor 

materials exhibit a band structure analogous to that of insulators, consisting of an 

unoccupied conduction band and a maximum filled valence band, which are separated 

by a band gap significantly smaller (typically < 3eV) containing no allowed energy states 

[20].  

 

Figure 2.1 Energy-wave-vector (E-k) schematic showing a single conduction band 
alongside the split-off, light-hole and heavy-hole valance bands. 

 

Valence band (Ev) is situated below the bandgap, while the conduction band (Ec) is 

positioned above it, with both bands encompassing energy levels for holes and electrons  

The valence band has three sub-bands: split-off (SO), light hole (LH) and heavy hole 

(HH valence bands as shown in Figure 2.1.  

In this figure, Eg is bandgap energy, defined as the difference of the energies between 

maximum of the valence band and the minimum of the conduction band. At room 

temperature, the band gap values for III-V semiconductors vary from 0.18 eV for indium 

antimonide to 3.4 eV for GaN [20]. As a function of the crystal momentum (k-vector), the 
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figure also depicts the semiconductor band structure related to the electrons within the 

crystal lattice. The two types of bandgaps can be characterized by the values of the k-

vector  Figure 2.1 (a) illustrates that the valance and conduction bands exhibit their 

maximum and minimum points at an identical k-vector value, which is referred to as a 

direct bandgap . In Figure 2.1 (b), the k-vector values are different for maximum and 

minimum of the valence and conduction bands, indicating an indirect bandgap.  Intrinsic 

semiconductors, like germanium (Ge) and silicon (Si), exhibit an indirect bandgap, which 

constrains their efficacy in optoelectronic applications owing to inadequate radiative 

recombination. Conversely, indium phosphide (InP), gallium arsenide (GaAs), and 

gallium antimonide (GaSb), demonstrate a straight bandgap, facilitating effective light 

emission.  

In a semiconductor, the maximum occupied energy level at zero kelvin temperature is 

called Fermi energy Ef. At this temperature, all energy states below Ef are filled with 

electrons, while those above are empty. 

When additional holes and electrons are introduced into the semiconductor, for example, 

by doping or excitation, the system is no longer in a state of equilibrium. In such cases, 

the distribution of holes and electrons is better described using separate energy levels 

known as quasi-Fermi levels, i.e., in the conduction band Efc for electrons and in the 

valence band Efv for holes. These quasi-Fermi levels indicate the effective energy levels 

that govern the occupation of states by electrons and holes under non-equilibrium 

conditions. Additionally, Figure 2.1 (a) E∆ represents the difference of energy between 

the maximum of spin-orbit (SO) split-off band and the maximum of the valence band. 

The significance of E∆ will be addressed in section 2.1.2  for the case of nonradiative 

recombination.  

Absorption of light 

In direct-band-gap semiconductors, like GaAs, InP, or GaSb, a photon with energy over 

the bandgap has a high chance of being absorbed in thermal equilibrium. The electron 

in the valence band absorbs the energy emitted by the photon, thereby transitioning to 

the conduction band. In this process, the photon’s energy 𝐸=ℎ𝜈 must be at greater than 

or equal to the bandgap energy 𝐸𝑔. The energy enables an electron to transition from a 

lower energy state in the valence band (denoted as 𝐸1) to a higher energy state in the 

conduction band (denoted as 𝐸2), as shown in Figure 2.2 (a).  

However, if the energy of the photon is less than the bandgap, it will not be absorbed. 

This means that semiconductors with large bandgaps are transparent to low-energy 
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electromagnetic radiation, as such photons lack the energy required to promote 

electrons across the bandgap.  

 

 

Figure 2.2 Interband radiative transitions. a) Incident photon absorption, b) 
spontaneous emission c) stimulated emission showing the incident and released 

photons are identical. 

 

Optical gain 

Stimulated emission is the fundamental principle underlying laser operation. In this 

process, an incident photon interacts with the conduction band’s electron, causing the 

electron to transition to state in the valence band with low energy. As a result, a second 

photon is emitted that is identical to the incident photon in terms of frequency, energy, 

phase, and direction of propagation. This coherent emission process is illustrated in 

Figure 2.2 (c) and is central to the functioning of semiconductor lasers [21], [22]. 

The semiconductor must reach a state known as population inversion, where the density 

of electrons in the conduction band is greater than the hole density in the valence band, 

for stimulated emission to dominate over absorption. Under these non-equilibrium 

conditions, the optical intensity within the material increases exponentially due to 

repeated stimulated emissions. When the rate of stimulated emission becomes greater 

than the rate of absorption, the semiconductor exhibits a net optical gain (g). This gain 

enables the amplification of light, which is essential for laser generation. 

Carrier density and thermal effects on optical gain 

In an active region, the presence of high concentrations of electrons and holes gives rise 

to many-body interactions, which significantly influence optical properties. These 

interactions, prominent at higher carrier densities, lead to bandgap renormalization, often 

referred to as bandgap shrinkage [21]. As a result, the optical gain spectrum undergoes 
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a redshift, meaning the peak gain moves toward longer wavelengths.  Furthermore, a 

distortion in the spectral form is also present along with this redshift. 

Initially, the bandgap shrinkage dominates the spectral behavior, but as the carrier 

density continues to increase, the influence of this effect diminishes. This is due to the 

spatial spreading of carrier wavefunctions, which reduces their interaction strength and 

limits further shrinkage [23]. 

At even higher carrier densities, band-filling effects become significant. Electrons and 

holes begin to occupy higher energy subbands, resulting in emission wavelength to shift 

toward the shorter wavelength (higher energy) side. This effect, also known as the 

Burstein-Moss shift, leads to a blue shift in the gain spectrum and a broadening of the 

spectral profile [24]. Ultimately, the blue shift induced by band-filling can surpass the 

redshift caused by bandgap shrinkage, especially at very high carrier densities.  

Temperature also significantly influences the gain characteristics. At elevated 

temperatures, thermal broadening of the carrier distribution occurs due to increased 

kinetic energy. This broadening spreads carriers over a wider range of energy states in 

the conduction and valance bands, as governed by the Fermi-Dirac distribution.  

Consequently, a higher injected carrier density is required to achieve the same level of 

population inversion and optical gain. 

In summary, the gain spectrum of a semiconductor laser is the result of a complex 

interplay between carrier-induced effects and thermal influences. At low carrier densities, 

bandgap shrinkage dominates, leading to redshift, whereas at high densities, band-filling 

leads to blueshift. Simultaneously, temperature increases demand higher injection levels 

to maintain performance due to carrier redistribution. 

Spontaneous and amplified spontaneous emission 

The most fundamental radiative recombination process in semiconductors is 

spontaneous emission. In this process, an electron in the conduction band jumps to the 

valence band, emitting a photon as shown in Figure 2.2 (b). This emission occurs 

spontaneously, without external stimulation, and the emitted photon has a random 

direction, polarization and phase, making the radiation inherently incoherent. The rate of 

spontaneous emission depends on the carrier population and can be enhanced by 

external pumping. Pumping can introduce additional electrons and holes into the material 

either by optical means (through photons with energies exceeding the bandgap energy) 

or through current injections, where carriers are supplied directly via current. Increasing 

the carrier density through such methods raises the likelihood of spontaneous 

recombination, thereby enhancing the spontaneous emission output.  
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The amplified spontaneous emission (ASE) is the spontaneous emission which is a 

representation of the radiation that the semiconductor emits in free space. The 

concentration of carriers has a direct impact on the positioning of the spontaneous 

emission spectrum. 

Temperature also has a significant impact in modulating the emission spectrum. Fermi 

distribution is broadened by self-heating and recombination heat, increasing the higher-

energy states occupation probability, which leads to a blue shift in the emission spectrum 

due to band-filling effects. In addition, temperature-induced bandgap narrowing may 

cause emission spectrum to have a red shift [25]. The amplified spontaneous emission 

spectrum is derived from both the optical gain spectra and spontaneous emission [25]. 

Like spontaneous emission, the ASE spectrum is influenced by band-filling, bandgap 

narrowing, and self-heating, all of which contribute to shifts in its spectral characteristics.  

Quantum well (active region) 

In bulk semiconductors, conduction band electrons can move freely in three-dimensional 

lattice and have a continuous density of states for electrons within the conduction and 

valence bands. However, this unrestricted carrier motion limits control over optical 

transition rates. To overcome this, semiconductor heterostructures incorporating 

quantum wells (QWs) are employed. A quantum well is formed by placing thin layer of 

lower bandgap material between layers of higher bandgap materials, creating a potential 

well that confines carriers in one dimension.    

This confinement results in quantized energy levels, enhancing the probability of 

radiative recombination and improving the efficiency of light absorption and emission in 

devices such as laser diodes. The thickness of a quantum well (QW) is usually between 

5 and 20 nm. It is made up of a material with a narrower bandgap enclosed between two 

materials with wider bandgaps. The electrons and holes can be confined inside a very 

thin layer of QW by means of barriers. 

Figure 2.3 shows the energy levels of holes and electrons confined within a quantum 

well. For heavy holes these confined energy levels are denoted by E1hh, E2hh, and E3hh, 

and for light holes E1lh and E2lh, while for electrons by E1c, E2c, and E3c. Eg is QW energy 

bandgap, ∆Ec and ∆Ev are conduction and valance band energies respectively. 

In the quantization of energy state, the ground level is even raised to a higher energy 

value, it is evident that the transition energy ℎ𝜈 associated with electron-hole pair 

recombination is greater than the bandgap energy Eg. In comparison to bulk materials, 

the energy level quantization gives narrower emission spectra. A quantum well structure 

gives more gain a than bulk active region [21]. 
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Figure 2.3 Illustration of the energy levels of quantized electrons, heavy holes 
(represented by solid dashes), and light holes (shown by dashed dashes).  

 

2.1.2. Non-radiative recombination 

Non-radiative recombination is a basic constraint on the efficiency of modern 

optoelectronic devices such as laser diodes (LDs) and light emitting diodes (LEDs). In 

comparison to radiative recombination, in which photons are emitted, there is no light 

emission in non-radiative recombination when electrons and holes recombine, instead 

releasing energy predominantly as heat through phonons. The most common forms of 

non-radiative recombination include Shockley–Read–Hall (SRH) recombination, which 

arises from trap states within the bandgap or defects in the crystal lattice. Auger 

recombination, which involves a three-carrier process, redistributing recombination 

energy to a third carrier, and surface or interface recombination. The Auger process in 

case of long wavelength lasers is the dominant nonradiative mechanism [26]. The band-

to-band mechanism is the predominant form of auger recombination in longer-

wavelength lasers. This occurs when two electrons collide, ascending one electron to a 

higher energy state in the conduction band while transitioning the other to valence band. 

When the high-energy electron finally relaxes to lower energy state in the conduction 

band, it releases the extra energy as heat to the crystal lattice [21]. In the heavy hole 

(HH) band, two holes may collide in an equivalent manner; in this mechanism, the hole 

that is pushed deeper into the valence band is moved to the split-off (SO) or light hole 

(LH) bands. The three different types of transitions, together termed Auger processes, 

are illustrated in Figure 2.4.  
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In this figure, LH, SO and HH stand for light-hole, split-off and heavy-hole bands, 

respectively and C is for conduction band. 

 

 

Figure 2.4 Auger recombination mechanisms in III–V semiconductors [21]. 

 

 In the CCCH process, from the first recombination, the energy is utilized to 

elevate an electron from one conduction band to a superior band. In this instance, 

one electron transitions from the C band to the C band, while the other transitions 

from the C band to the H band (H representing the HH band).   

 The energy from the initial recombination in CHHS transfers an electron from the 

SO band to the HH band, resulting in a vacancy in the SO band.  

 In CHHL, the energy from the first recombination transfers one electron from the 

light hole (LH) band to the heavy hole (HH) band, so creating a hole in the LH 

band  

Nonradiative recombination reduces the density of carriers available for radiative 

transitions, thereby decreasing the laser’s output power and lowering its differential 

quantum efficiency. Among the dominant nonradiative mechanisms, Auger 

recombination plays a critical role, especially at high carrier densities. As the Auger 

processes depend on carrier-carrier interactions, the Auger recombination rate, given by 

𝑅𝐴𝑢𝑔𝑒𝑟  = 𝐶𝑁3 = 
𝐼𝐴𝑢𝑔𝑒𝑟

𝑞𝑉
 increases rapidly with increase in carrier concentration [27], [28].  

In semiconductor lasers, where carrier densities in the active region are approximately 

equal under steady-state conditions, all three Auger mechanisms CCCH, CHHS, and 

CHHL can contribute significantly to carrier loss. Moreover, the Auger recombination 
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increases exponentially with temperature for a given carrier density, further degrading 

laser efficiency at elevated operating temperatures [21], [27], [28]. 

This temperature dependance of Auger coefficient is given by [24]  

where 𝐸𝑎 is the required energy for an Auger recombination, C the Auger coefficient, k is 

the Boltzmann constant and T is the temperature.   

The Auger recombination rate increases with decrease in bandgap and is strongly 

dependent on the bandgap of material [27], [28]. In the CCCH Auger process, the 

hole’availability at state 3 in Figure 2.4 (a) is significantly enhanced in materials with a 

smaller bandgap, leading to an increased Auger recombination rate at a given carrier 

density  Moreover, the initial electron states 1 and 2 in Figure 2.4 (a) lie closer to the 

conduction band edge in such materials, which results in a higher occupation probability 

at finite temperatures and further promotes the recombination process. Consequently, 

the Auger transition rate exhibits an exponential increase with decreasing bandgap 

energy [21].  

For bulk narrow-gap III-V materials, in the case of the CCCH process, C is very large as 

the activation energy is low. QWs usually have a smaller Auger coefficient C [29]. The 

CHHL Auger process becomes significant at longer wavelengths where the bandgap 

energy Eg is smaller than the spin-orbit splitting energy EΔ. Similarly, the CHHS Auger 

process rapidly diminishes in importance under the same condition, and the CHCC 

process becomes the dominant mechanism at longer wavelengths. In mid-infrared 

lasers, the spin-orbit splitting bandgap EΔ  is smaller than the bandgap Eg  rendering the 

CHHS process energetically forbidden [30]. Consequently, the CHHL and CCCH Auger 

processes emerge as the primary nonradiative recombination mechanisms in mid-IR 

light-emitting devices. 

Auger recombination does not contribute to the device's light output; instead, they 

increase the current needed to produce a population inversion and lasing behavior. The 

equation provides the basis for this increase [21],  

In this equation, 𝑔0 differential gain parameter, 𝛤 optical confinement factor, 𝑉 active 

region volume, 𝜂𝑖 internal quantum efficiency, 𝛼𝑚 and 𝛼𝑖 are mirror and internal cavity 

𝐶(𝑇) =  𝐶(𝐾)  𝑒𝑥𝑝 (
−𝐸𝑎

𝑘𝑇
) 

2.1 

𝐼𝑁𝑅𝑡ℎ =  
𝑞𝑉𝐶𝑁𝑡ℎ

3

𝜂𝑖
  𝑒𝑥𝑝[

3 (𝛼𝑚 +  𝛼𝑖𝑛𝑡)

𝛤 𝑔0
] 

2.2 
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losses respectively. The cubic dependence on the threshold carrier density 𝑁𝑡ℎ highlights 

that Auger recombination plays a major role in determining the total threshold current 

density. Consequently, an additional current component 𝐼𝑁𝑅𝑡ℎ is introduced by the 

nonradiative auger process, contributing not only to the current threshold but also to the 

operating current above threshold. This implies that a higher injection current 

(𝐼𝑡𝑜𝑡 = 𝐼𝑡ℎ +  𝐼𝑁𝑅𝑡ℎ) is required both at and beyond threshold to maintain a given optical 

output power when Auger recombination is present. Furthermore, this increased current 

density leads to enhanced self-heating within the device, which in turn increases auger 

recombination, establishing a feedback loop that degrades overall efficiency and thermal 

stability. 

2.2. Temperature effects on device performance 

2.2.1. Carrier leakage over heterobarriers 

A loss process known as carrier leakage occurs when carriers in a well layer can escape 

across a barrier and enter the confining layer, which consists of the barrier and the 

cladding. A schematic of QW's carrier leakage is shown in Figure 2.5. Carrier leakage 

can be affected by the height of the barrier and the mobility of electrons and holes. Holes 

are less mobile than electrons as they have large effective mass. As a result, the leakage 

electron is substantially more for a given band offset [14]. To escape from the quantum 

well, carriers acquire sufficient thermal energy, carrier leakage increases as the 

temperature rises. There is a correlation between carrier leakage from the active region 

of a semiconductor laser and both the threshold current and the internal quantum 

efficiency of the laser. 

In case of quantum well lasers, the active region is confined specifically to the quantum 

well(s). However, under high injection or elevated thermal conditions, carriers may 

escape from the QW into adjacent regions. This includes both leakage into the 

surrounding waveguide layers and further into the doped cladding layers beyond the 

waveguide.  Thermally excited holes can escape into the waveguide region from the 

quantum wells where they may undergo nonradiative recombination. This leakage 

process imposes a significant limitation on the output power [31] at room temperature, 

thereby degrading the overall performance of the diode laser. 
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Figure 2.5 Carrier leakage into the barrier and cladding layers from quantum well. 

 

2.2.2. Temperature dependence 

As discussed earlier, temperature considerably affects the input current and the 

nonradiative threshold current. Equation 2.3 presents the threshold current, which 

incorporates additional temperature dependencies. As a function of temperature, the 

threshold current can be measured using equation 2.3 [21], 

𝐼𝑡ℎ =  𝐼0    𝑒𝑥𝑝(
𝑇

𝑇0
) 

2.3 

where 𝐼0 is the threshold current at 300K and 𝑇0 is some overall characteristic 

temperature. 
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Figure 2.6 Output power versus input current for a laser diode operating at different 
temperatures [32]. 

 

As we can see in Figure 2.6, the laser threshold is strongly affected by the laser’s 

temperature. As seen in figure, increased operation temperatures affect the threshold 

current by increasing it and also reduce slope efficiency and overall efficiency [32]. A 

lower value of the characteristic temperature signifies a stronger dependance of the 

threshold current to temperature (since 
𝑑𝐼𝑡ℎ

𝑑𝑇
=

𝐼𝑡ℎ

𝑇0
). Minor temperature-related fluctuations 

in other parameters can be efficiently integrated into this model within a constrained 

range of temperature. For instance, internal quantum efficiency may decrease at 

elevated temperatures owing to heightened current leakage or more intricate loss 

mechanisms. This internal efficiency decrease can be observed as a drop in the effective 

𝑇0, regardless of the precise nature of internal quantum efficiency’s temperature 

dependence.  

Threshold current and characteristic temperature have significant dependance of 

number of quantum wells in epitaxial structure. The higher carrier density in SQW causes 

the threshold current to be more sensitive to temperature, which is a disadvantage of 

SQW lasers. MQW devices exhibit enhanced thermal stability due to reduced carrier 

density in the quantum wells, resulting in small Auger recombination and internal losses 

[33]. 

2.3. Fabry-Perot cavity laser diode 

Optical gain in a semiconductor can be enhanced by placing the gain medium within an 

optical cavity, as illustrated in Figure 2.7, which facilitates optical feedback. In this 

configuration, light undergoes multiple round trips between two mirrors, being amplified 
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during each pass through the gain region. Typically, one mirror M1 is highly reflective 

(close to 100%), while the other M2 is partially transmitting to allow emission of the output 

light. This type of resonant structure is referred to as a Fabry-Pérot cavity.  

 

Figure 2.7 A Fabry-Perot Cavity giving monochromatic and directional light. 

 

When the modal gain 𝑔𝑚𝑜𝑑 becomes equal to the total optical losses α𝑡𝑜𝑡𝑎𝑙 with 

increased injected carrier concentration N, the laser threshold is then obtained [21], [22].  

𝑔𝑚𝑜𝑑 =  𝛤𝑔𝑡ℎ 
=  𝛼𝑚 + 𝛼𝑖𝑛𝑡 = 𝛼𝑡𝑜𝑡𝑎𝑙 2.4 

Where 𝛤 is the optical confinement factor, which is the ratio of the optical field in the gain 

area to the overall optical field, 𝑔𝑡ℎ is the maximum gain for an injected carrier 

concentration N, α𝑖𝑛𝑡 are internal losses and α𝑚 are the mirror losses given by equation 

2.5. 

𝛼𝑚 =  
1

𝐿
𝑙𝑛(

1

𝑅1𝑅2
) 

2.5 

Equation 2.4 is satisfied for discrete set of frequencies and is given by, 

𝜈𝑚 =  
𝑚𝑐

2𝑛𝐿
 2.6 

where ν𝑚 is the cavity resonance frequency of longitudinal mode of a Fabry-Perot cavity 

having optical length 𝑛𝐿. Consequently, the laser mode oscillates at a frequency 

corresponding to one of the longitudinal modes supported by the Fabry-Perot cavity. 

When the threshold condition described in equation 2.4 is met, the laser emits light at 

the wavelength defined by equation 2.6, as illustrated in Figure 2.7. Although an FP 

cavity supports multiple longitudinal modes shown in Figure 2.8, lasing occurs only for 

those modes where the optical gain compensates for the total cavity losses.  
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2.3.1. Output power and threshold current 

Carrier and photon density rate equation for semiconductor lasers can be written as [21], 

𝑑𝑁

𝑑𝑡
=  

𝜂𝑖𝐼

𝑞𝑉
−

𝑁

𝜏
− 𝜈𝑔𝑔𝑁𝑝 

2.7 

𝑑𝑁𝑝

𝑑𝑡
=  𝛤𝜈𝑔𝑔𝑁𝑝 + 𝛤𝛽𝑠𝑝𝑅𝑠𝑝 −

𝑁𝑝

𝜏𝑝
 

2.8 

The coupled rate equations describe both the steady-state and dynamic operation of a 

diode laser. In these equations, 𝜂𝑖 denotes the internal quantum efficiency, defined as 

the fraction of injected carriers into active region that are successfully converted into 

photons within the device. The current injection applied to the laser terminals is 

represented by I, while q is the electron charge and V the volume of the active region, 

𝜈𝑔 the group velocity, 𝜏 the carrier lifetime, , 𝑁𝑝the photon density, and 𝜏𝑝 the photon 

lifetime in the cavity, which is determined by optical losses. The spontaneous emission 

coupling factor is denoted by 𝛽𝑠𝑝, and 𝑅𝑠𝑝 represents the rate of spontaneous photon 

generated. 

 

Figure 2.8 A semiconductor laser's longitudinal modes and gain curve are shown 
schematically. 

 

In equation 2.7, the first term represents the rate of carrier injection into the active region. 

The natural decay of carriers in the absence of stimulated emission can be explained by 

the second term, while the third term accounts for stimulated recombination of electron–

hole pairs. For light-emitting diodes (LEDs), the contribution of the stimulated 

recombination term can be neglected,   
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𝐽 =  𝑞𝑑(𝐴𝑁 + 𝐵𝑁2 + 𝐶𝑁3 + 𝑅𝑠𝑡𝑅𝑝ℎ) 2.9 

The injected current in equation 2.9 can be divided into three main contributions: 

spontaneous recombination, stimulated recombination, and non-radiative recombination 

processes. These mechanisms can be expressed as follows: the term BN² represents 

spontaneous radiative recombination, the term AN corresponds to non-radiative 

recombination associated with defects and trap states. The cubic dependence, CN³, 

accounts for non-radiative auger recombination, while the final term describes the 

contribution from stimulated recombination d is the thickness of the active region.  

LI characteristics 

To obtain the diode laser’s output power above threshold, one can solve steady state 

carrier rate equation 2.7, (
𝑑𝑁

𝑑𝑡
= 0), below threshold (𝑅𝑠𝑡 ≈ 0), That is, 

𝑁

𝜏
= 𝐵𝑁2 + 𝐴𝑁 + 𝐶𝑁3 =

𝜂𝑖𝐼

𝑞𝑉
 

2.10 

Rewriting the equation of threshold values,  

𝑁𝑡ℎ

𝜏
= 𝐵𝑁𝑡ℎ

2 + 𝐴𝑁𝑡ℎ + 𝐶𝑁𝑡ℎ
3 =

𝜂𝑖𝐼𝑡ℎ

𝑞𝑉
 

 
2.11 

Above threshold the density of steady state photon be calculated by substituting equation  

2.10 into carrier rate equation 2.7, 

𝑁𝑝 =
𝜂𝑖(𝐼 − 𝐼𝑡ℎ)

𝑞𝜈𝑔 𝑔𝑡ℎ𝑉
 

2.12 

Since the escape rate of photon out of the laser cavity is 𝜈𝑔𝛼𝑚, the power a diode laser 

emits above threshold is, 

𝑃𝑜𝑢𝑡 = 𝜂𝑑

ℎ𝜈

𝑞
 (𝐼 − 𝐼𝑡ℎ) 

2.13 

where ℎ𝜈 represents the energy of a photon and 𝜂𝑑 corresponds to external differential 

quantum efficiency defined as the ratio of the total number of photons coming out of the 

device to the electron injected into the cavity, mathematically written as, 

𝜂𝑑 =
𝑑𝑃𝑜𝑢𝑡

𝑑𝐼
   

2𝑞𝜆

ℎ𝑐
 2.14  
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Equation 2.13 expresses the total optical power emitted through both facets of the 

Fabry–Perot cavity. For the case of mirrors with equal reflectivity, the output power is 

symmetrically distributed, with half of the total power emitted from each facet. 

Furthermore, according to equation 2.13, if optical gain, internal quantum efficiency, 

confinement factor, and cavity losses stay constant, the output power rises linearly when 

the current is beyond the threshold value.  

For a semiconductor laser, the required threshold current can be expressed as [21], 

𝐼𝑡ℎ =
𝑞𝑉𝐵𝑁𝑡𝑟

2

𝜂𝑖
   𝑒𝑥𝑝

2(𝛼𝑚+𝛼𝑖𝑛𝑡)

𝛤 𝑔0  
2.15 

Here, 𝑁𝑡𝑟 denotes the transparency carrier density, defined as the carrier density at 

which the material gain exactly balances the absorption, and gain coefficient is g₀. This 

equation highlights that the threshold current is highly influenced by the mode 

confinement factor, the total optical losses, and the gain coefficient.  

 

Figure 2.9 Schematic showing output power vs input current. 

 

Figure 2.9 illustrates the output power versus input current (L-I) characteristic of a 

semiconductor laser, where below the threshold current 𝐼𝑡ℎ the output power arises 

primarily from spontaneous emission, and above 𝐼𝑡ℎ the slope changes sharply due to 

stimulated emission. The incremental slope efficiency is defined by the ratio Δ𝑃/Δ𝐼, 

which quantifies how effectively the injected current is converted into optical output 

power in the lasing regime. 
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2.3.2. Efficiency and losses of laser diode 

The principal feature of a laser diode is its power-current (P-I) relationship, seen in Figure 

2.9. The threshold current Ith can be ascertained from the observed P–I curve by locating 

the intersection of the linear region above the threshold with the current axis. With known 

emission wavelength, the differential quantum efficiency ηd using equation 2.14 can be 

calculated. The mirror loss αm can be determined using equation 2.5.  Nevertheless, the 

internal quantum efficiency ηi and the net internal optical loss αi cannot be derived from 

observations of one single device. 

These characteristics can be determined by employing multiple lasers with different 

cavity lengths, diced from the same processed material and identical mirrors. By 

measuring the differential efficiencies of devices with varying cavity lengths, the results 

can be expressed in terms of mirror losses, internal losses, and cavity length, as shown 

in equations 2.16 and 2.17  [21]. 

𝜂𝑑 =  
𝜂𝑖  𝑙𝑛 (

1
𝑅1𝑅2

)

𝐿1𝛼𝑖 +  𝑙𝑛 (
1

𝑅1𝑅2
)
 

 

2.16 

and  

𝜂𝑑
′ =  

𝜂𝑖  𝑙𝑛 (
1

𝑅1𝑅2
)

𝐿2𝛼𝑖 +  𝑙𝑛 (
1

𝑅1𝑅2
)
 

 

2.17 

where 𝐿1 and 𝐿2 represents the lengths of the laser diodes with different cavity lengths.  

Solving, we find 

𝛼𝑖 =  
𝜂𝑑

′ −𝜂𝑑

𝐿1𝜂𝑑−𝐿2𝜂𝑑
′  𝑙𝑛 (

1

𝑅1𝑅2
) 2.18 

and 

𝜂𝑖 =  𝜂𝑑𝜂𝑑
′  

𝐿1 − 𝐿2 

𝐿1𝜂𝑑 − 𝐿2𝜂𝑑
′  

2.19 

Using equations 2.18 and 2.19 gives the desired internal parameters. However, there is 

uncertainty in the experimental data, it restricts the use of these equations.   

For improved reliability, it is preferable to use multiple data points and extract the 

unknown parameters through curve fitting. The optimal method in this case involves 

plotting the reciprocal of the measured differential efficiency against the cavity length L. 
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The linear fitting to the data yields a slope and intercept, enabling the determination of 

αi and ηi. Specifically,  

1

𝜂𝑑
=

1

𝜂𝑖
[1 +

𝛼𝑖

𝑙𝑛 (
1

𝑅1𝑅2
)

 𝐿] 
2.20 

Thus, the intercept provides ηi , which can be used in the slope to calculate 𝛼𝑖. 

2.4. Gallium arsenide material systems 

2.4.1. Lattice structure 

Semiconductors are characterized by a periodic crystal arrangement that extends 

throughout the solid, referred to as a lattice. Most III–V compound semiconductors, such 

as gallium arsenide (GaAs), exhibit a zincblende structure, characterized by a face 

centered cubic (fcc) lattice. This configuration is achieved by positioning an extra atom 

at a displacement of x/4 + y/4 + z/4 from each atom of the face-centered cubic sublattice, 

where x, y, and z are the basis vectors of the cubic cell. Figure 2.10 illustrates the 

zincblende crystal structure of GaAs, in which each arsenic atom is covalently bonded 

to its four nearest gallium atoms in a tetrahedral coordination. 

 

Figure 2.10 GaAs Zincblende structure [19]. 

 

The length of a side in a cubic unit cell is called lattice constant ‘a’. This length is same 

in all three dimensions. To grow the materials epitaxially on a monocrystalline substrate, 

this parameter plays a key role in the process. Either the crystal structure of the substrate 
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should be adopted by the new material that is growing on the substrate, or the new 

material should have the same lattice constant as the substrate material. 

2.4.2. Defects in semiconductor lattice 

Defects in semiconductor crystals may arise either from thermodynamic factors during 

growth or from the incorporation of unintentional impurities into the lattice. In general, 

crystalline defects are classified into four main categories: (i) point defects, (ii) line 

defects, (iii) planar defects, and (iv) volume defects. Each class of defect perturbs the 

periodicity of the crystal lattice and can adversely influence the electrical and optical 

properties of the material. Since such imperfections degrade the performance and 

reliability of electronic and optoelectronic devices, minimizing their formation is of critical 

importance in semiconductor fabrication.  

Point defects 

Point defects are localized disruptions in the lattice involving one or a few atomic sites. 

There are a variety of point defects, as shown in Figure 2.11 [19]. Such defects can act 

as nonradiative recombination centers, thereby reducing carrier lifetime and device 

efficiency.  

 

Figure 2.11 Point defects in semiconductor crystal lattice [19]. 

 

A important point defect in compound semiconductors such as GaAs is the antisite 

defect, in which a gallium atom occupies an arsenic lattice site rather than its normal 

gallium site. These defects (commonly represented as GaAs) can act as recombination 

centers and consequently degrade device performance.  
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Line defects or dislocation 

Unlike point defects, line defects commonly referred to as dislocations extend over a 

series of atomic sites that can be connected along a line  Dislocations may arise, for 

instance, when an additional half-plane of atoms is introduced or removed from the 

crystal lattice as shown in Figure 2.12 [19], leading to what is known as an edge 

dislocation. They may also be generated by slip processes in which atomic planes shift, 

causing bonds to break and reform at new positions. 

Dislocations present a critical challenge in semiconductor materials, particularly in the 

fabrication of strained layer heterostructures. In optoelectronic devices, the presence of 

dislocations introduces nonradiative recombination centers, which can drastically 

degrade performance and, in severe cases, render the device nonfunctional. Hence, 

minimizing dislocation density is essential for achieving high-performance and reliable 

semiconductor lasers. 

 

 

Figure 2.12 A diagram illustrates the existence of a dislocation [19]. 

 

2.4.3. Heterostructues 

When a material having a crystal structure similar to that of the substrate is epitaxially 

deposited, it typically adopts the same lattice arrangement as the underlying substrate. 

However, semiconductor devices often consist of heterostructures composed of different 

material layers. To preserve monocrystallinity, the lattice constants of these layers must 

be closely matched to that of the substrate. While ultrathin layers of lattice-mismatched 
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materials can be accommodated elastically, once the layer thickness exceeds a critical 

value hc, the accumulated strain relaxes through the formation of misfit dislocations.  

These defects disrupt crystal symmetry and significantly degrade the structural and 

electronic quality of the heterostructure.  

The critical thickness is primarily governed by the degree of lattice mismatch, although 

the elastic properties of the constituent materials also play a role. A larger lattice constant 

difference between the epitaxial layer and the substrate results in a smaller critical 

thickness, thereby increasing the likelihood of dislocation formation [34]. 

2.4.4. Strained QW layers 

 When a material is grown on a substrate with a different lattice constant in a 

heterostructure, the resulting unit cell adopts altered dimensions. When deposited on the 

substrate, the unit cells of this material undergo deformation: they are stretched under 

compressive strain or compressed under tensile strain, depending on whether their 

natural lattice is larger or smaller than that of the substrate. Once the critical thickness, 

hc, exceeds the limit, dislocations begin to occur, and the strain increases with the 

addition of each consecutive layer of lattice-mismatched material.  

 

Figure 2.13 Schematic illustration of unit cell deformation in an epitaxial layer due to 
lattice mismatch with the substrate. 

 

In lattice-mismatched materials, a strained layer whose thickness remains below the 

critical limit can positively impact device performance. Strain, for example, increases the 

separation between the heavy- and light-hole subbands, which reduces the auger 
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recombination coefficient [16]. Beyond lowering the threshold current and modifying the 

bandgap, strain also effects the device performance [24].  

2.4.5. GaAs, AlGaAs and InGaAs based semiconductor alloys 

GaAs, which crystallizes in the zincblende structure and has a lattice constant of 5.6533 

Å, is classified as a direct bandgap semiconductor. The bandgap of intrinsic GaAs for 

bulk arsenic is Eg=1.424 eV, corresponding to a photon wavelength of λph= 0.868 µm, 

calculated using λph= hc/Eg. However, when doping is introduced to the crystals, the 

bandgap narrows, resulting in an increase in wavelength [35].  

Along with GaAs, this work employs ternary compounds such as InGaAs for quantum 

wells and AlGaAs for the waveguide and cladding layers, with the compositions adjusted 

by varying the Ga–In and Al–Ga ratios. The lattice constants and other relevant 

parameters of these arsenide materials are summarized in Table 1.  

 

Table 1  Some important parameters of III-V semiconductors at room temperature [19] 

 

Table 1 shows that the lattice constants of GaAs and InAs differ sufficiently little to allow 

bandgap engineering by adjusting the composition of ternary alloys. Lattice matching 

can also be achieved using Vegard’s law, an empirical approximation stating that the 

lattice constant of a semiconductor alloy varies linearly with the composition of its 

constituent elements. For ternary alloys such as InGaAs and AlGaAs, the lattice constant 

can be expressed as: 

𝑎(𝐼𝑛𝑥𝐺𝑎1−𝑥𝐴𝑠) = 𝑥 𝑎𝐼𝑛𝐴𝑠 + (1 − 𝑥) 𝑎𝐺𝑎𝐴𝑠 2.21 

The bandgap energy of ternary materials can be estimated in a manner analogous to 

the lattice constant, with the inclusion of an additional parameter known as the bowing 

Substance Lattice 

constant 

(Å) 

Bandgap 

Energy 

(eV) 

Wavelength 

(nm) 

Refractive Index 

(n) 

GaAs 

AlAs 

InAs 

5.6533 

5.6620 

6.0583 

1.424 

2.16 

0.354 

870 

Indirect gap 

3500 

3.59 

2.98 

3.72 
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constant “C”. For instance, the bandgap energy of InGaSb can be determined using the 

following quadratic relation: 

𝐸𝑔(𝐼𝑛𝑥𝐺𝑎1−𝑥𝐴𝑠) = 𝑥 𝐸𝑔,𝐼𝑛𝐴𝑠 +  (1 − 𝑥)𝐸𝑔,𝐺𝑎𝐴𝑠 − 𝐶𝑥(1 − 𝑥) 2.22 

In III–V semiconductors, the bowing parameter C is positive, which means the actual 

alloy bandgap is lower than the value predicted by a linear interpolation.  

2.4.6. InGaAs quantum well 

For emission around 940 nm, in this work we used InGaAs quantum wells (QWs) grown 

on GaAs substrates. Since the lattice constant of InAs is significantly larger than that of 

GaAs, the incorporation of indium into GaAs always results in compressively strained 

QWs. To achieve emission at 940 nm, the indium composition is carefully adjusted so 

that the strain remains below the critical thickness limit, thereby avoiding misfit 

dislocations [36]. Strain in the QW can be engineered by varying the indium 

concentration: increasing indium content lowers the bandgap and extends the emission 

wavelength, while keeping the thickness sufficiently thin. 

The compressive strain in InGaAs QWs is advantageous for laser operation because it 

enhances hole confinement in the valence band, reduces threshold carrier density 𝑁𝑡ℎ, 

and increases differential gain 
𝑑𝑔

𝑑𝑁
 [36]. However, as the emission wavelength 

approaches the longer end of the near-infrared spectrum, the valence-band offset 

between the QW and GaAs barriers decreases, which can cause leakage of holes across 

the heterointerface thereby greatly increasing 𝐽𝑡ℎ. Therefore, careful optimization of 

indium composition and well thickness is essential to balance strain, confinement, and 

material quality for efficient 940 nm edge-emitting lasers.  
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3.   Edge-emitting laser diode 

This chapter aims to discuss the primary design and operation of edge-emitting laser 

diodes (EELs), focusing on elements that can be enhanced via epitaxial growth and 

device fabrication. It establishes a basis for comprehending the correlation among 

material design, fabrication, and device performance. 

 All semiconductor lasers comprise a gain region, where stimulated emission transpires, 

and a resonator that provides optical feedback. According to the resonator configuration, 

the laser may emit light laterally, as observed in edge-emitting lasers (EELs), or 

vertically, as seen in vertical-cavity surface-emitting lasers (VCSELs). For numerous 

applications, including fiber-coupled sensing, it is crucial for the laser to function in a 

steady single optical mode. The epitaxial structure in EELs largely determines the 

transverse mode, which is perpendicular to the junction plane, whereas device 

processing, such as ridge generation, current confinement, and index-guiding 

techniques, can regulate the lateral mode, which is parallel to the junction plane [22]. 

3.1. Waveguide modes 

The optical field distribution inside the laser cavity is determined by the refractive index 

profile and layer geometry. Waveguiding in edge-emitting lasers can be analyzed along 

three main directions: transverse, lateral, and longitudinal. 

3.1.1. Transverse modes 

Transverse confinement occurs in the vertical direction through the layered 

heterostructure [37]. The refractive index difference between the active region and 

cladding layers determines the optical confinement factor, which has a strong impact on 

both the threshold current and the modal gain. By choosing the active layer thickness 𝑑 

to satisfy the condition in equation 3.1, a double-heterostructure semiconductor laser 

can be designed to emit in a single vertical mode, perpendicular to the junction plane. 

𝑑 <
𝜆

2
(𝑛2

2 − 𝑛1
2)

1
2 

3.1 

where n1 and n2 are the refractive indices of cladding and active region. For all guided 

modes, the inequality n2 > ne > n1 is satisfied. 
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3.1.2. Lateral modes 

Lateral confinement is achieved through gain guiding or index guiding, depending on the 

device design. It defines the number of supported lateral modes and strongly impacts 

beam quality and far-field divergence.  

Gain guiding 

In gain-guided devices, the lateral confinement of the optical mode arises from localized 

optical gain within the active region. This gain, governed by carrier injection, can be 

expressed as, 

𝑔 = 𝑔𝑑 (𝑁 − 𝑁𝑡𝑟) 3.2 

Here, 𝑔 denotes the optical gain, 𝑔𝑑  the differential gain, 𝑁 the carrier density, and 𝑁𝑡𝑟 

the transparency carrier density. The optical field is confined to regions of high gain, 

allowing lateral guiding without requiring a ridge-waveguide (RWG) structure. Vertical 

confinement, in contrast, is consistently maintained by index guiding through the epitaxial 

layer design. 

A major limitation of gain guiding is that the injected current is not strictly confined within 

the active layer, unlike in index-guided RWG devices. As a result, a portion of the injected 

carriers does not contribute efficiently to population inversion, which leads to higher 

threshold currents. For this reason, gain guiding is typically employed in devices 

designed for high-power operation, where multimode behavior is acceptable.  

In gain-guided lasers, the optical gain present in all laser structures serves as the main 

mechanism for confining the optical mode within the junction plane [5]. These devices 

are termed gain-guided because the spatial distribution of the optical mode along the 

junction is determined by the gain profile. 

The simplest current-limiting configuration for a gain-guided laser is the oxide stripe 

device [23]. In this design, an insulating oxide layer defines a contact stripe through 

which current is injected into the laser structure. The insulating layer is typically silicon 

dioxide (SiO₂), which is why gain-guided lasers of this type are also called stripe-oxide 

lasers. Figure 3.1 shows a schematic of a stripe-oxide gain-guided laser. Compared to 

index-guided lasers, stripe-oxide gain-guided devices are relatively easier to fabricate.  
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Figure 3.1 Schematic depiction of gain guided GaAs based oxide stripe laser. (a) 
Isometric view of laser device (b) Cross sectional view 

 

Performance of device 

There are two significant limitations in the performance of gain-guided lasers. The 

effective current density reduces when thr current spreads in the layers other than active 

layer [38]. In semiconductors, the refractive index decreases as current density 

increases, resulting in a reduced effective index step and thus a decrease in lateral 

confinement [39]. Due to the absence of an effective lateral index in gain-guided lasers, 

anti-guiding is significantly pronounced in these devices. These two limitations contribute 

to elevated threshold current and diminished external differential quantum efficiency in 

these laser types.   

The kinks in the light-current (L-I) characteristics of gain-guided lasers can arise from the 

carrier leakage due to current spreading and other device or material related non-

idealities. Such kinks can result from the excitation of higher-order modes, a transition 

from transverse electric (TE) to transverse magnetic (TM) polarization, or lateral shifts of 

the optical mode [22]. Despite these challenges, stripe-oxide lasers remain strong 

candidates for high-power multimode operation. 

3.2. Far field profile 

A semiconductor diode laser emits light with an elliptical cross-section, as illustrated in 

Figure 3.2. As the beam propagates away from the laser facet, it undergoes divergence, 

and the resulting angular intensity distribution observed at a large distance is referred to 

as the far field (FF). Since the waveguide is only a few hundred nanometers thick in the 

vertical direction, strong diffraction occurs vertically. In contrast, the larger lateral 

dimension results in a much smaller beam divergence along the horizontal axis.  
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Figure 3.2 Far field of oxide stripe laser diode. 

 

The far-field width is determined by drawing lines from the active region of the crystal to 

the ends of the ellipse’s major or minor axis. The angle formed between these lines 

represents the angular spread at which the intensity falls to 50% of its maximum. The 

full width at half-maximum (FWHM) angles, θ∥ and θ⊥, correspond to the directions 

parallel and perpendicular to the junction plane, respectively, as shown in Figure 3.2.  

These angles are essential for characterizing the laser mode’s angular distribution and 

offer insights into the degree of modal confinement. In general, a very small θ∥ signifies 

weak lateral confinement of the optical mode. For optimal coupling to an optical fiber, a 

nearly symmetrical output beam profile is preferred, as it helps minimize coupling losses 

[40]. 
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4.   Fabrication and simulation 

This chapter presents the numerical simulation of GaAs-based epitaxial structures for 

940 nm edge-emitting lasers (EELs), alongside a detailed description of the fabrication 

process used to realize oxide-stripe devices with different cavity lengths. By combining 

simulation with experimental fabrication, this chapter establishes a direct link between 

theoretical design and practical realization of high-performance 940 nm edge-emitting 

lasers. This integrated approach not only validates the predictive capability of simulation 

tools but also provides a robust framework for guiding future developments in 

semiconductor laser. 

4.1. Device processing 

The fabrication of the edge-emitting semiconductor laser was carried out through a 

photolithographic process step. All procedures were performed in a cleanroom 

environment under strict contamination control, as the device involves micro-scale 

features where even minor impurities can severely compromise performance. The major 

steps done for fabrication are schematically illustrated in Figure 4.1. 

 

Figure 4.1 Schematic illustration of all major steps done for fabrication of one edge 
emitting oxide strip device. 

 

For process development, instead of employing a complete wafer, which is both costly 

and unnecessary at this stage smaller wafer pieces were utilized. The complete epitaxial 
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structure used in this thesis is detailed in section 4.2.1, which summarizes the 

parameters imported for the growth specification sheet. 

4.1.1. Plasma enhanced chemical vapour depsotion 

PECVD is a plasma-assisted chemical vapor deposition technique in which highly 

reactive radicals generated in the plasma migrate toward the substrate and adhere to its 

surface, forming a uniform dielectric film. This method is widely used in semiconductor 

processing due to its excellent film uniformity and step coverage. 

In the present study, a 150 nm SiO₂ layer was deposited using plasma-enhanced 

chemical vapor deposition (PECVD). SiO₂ served as the insulation layer in the fabrication 

of the edge-emitting laser diodes. The deposition was carried out by placing the samples 

in a PECVD chamber equipped with a heated electrode maintained at approximately 300 

°C. The resulting plasma-assisted chemical reactions enabled the controlled growth of 

the insulating SiO₂ layer on the wafer surface. 

4.1.2. Photoresist coating and UV-lithography 

The lithography process starts by coating the sample surface with an ultraviolet (UV)-

sensitive photoresist. This photoresist contains a photoactive compound (PAC) that 

undergoes a chemical reaction upon exposure to UV light, changing its solubility in an 

alkaline developer solution. In a positive photoresist, the exposed areas become more 

soluble and are removed during development, while in a negative photoresist, the 

exposed areas become less soluble and remain after development.  

The resist is applied by spin coating, where a small droplet of resist is dispensed onto 

the center of the wafer mounted on a rotating chuck. As the sample spins at high speed, 

the liquid spreads uniformly across the surface, forming a thin, controlled film. The resist 

thickness can be adjusted by tuning the spin speed and duration. 

Before resist application, the surface is primed with hexamethyldisilazane (HMDS), 

which removes residual moisture and improves adhesion between the resist and the 

substrate. Once coated, the resist layer is subjected to a soft bake on a hotplate to 

partially harden the film, hence changes the resist profile’s behavior during development. 

Care must be taken to avoid excessive baking, as over-hardening may inhibit proper 

development of the exposed regions.  
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Figure 4.2 (a) Glass plate bearing the original patterned mask design  (b) Developed 
mask patterns on the sample following lithographic processing  (c) Magnified view of 
the transferred patterns, showing a measured line width of 80.20 µm; caused by the 

exposure and development. 

 

Patterning is carried out using UV photolithography with a mask aligner (Suss MA6). The 

mask is a glass plate as shown in Figure 4.2 (a) containing metal features created via 

electron-beam lithography. During exposure, UV light passes through the transparent 

regions of the mask, altering the solubility of the underlying photoresist. The required 

exposure time depends on the resist type and the critical feature size. After exposure, 

the wafer is developed in a solution that selectively removes the defined regions. Careful 

optimization of the process is essential to prevent under- or over-development, which 

can degrade pattern fidelity. 

After development, the patterned resist is inspected under a microscope to ensure 

accurate feature transfer as shown in Figure 4.2 (b). Finally, a hard bake is carried out 

to enhance adhesion and mechanical stability of the resist, allowing it to withstand 

subsequent processing steps such as etching. In Figure 4.2 (c), we can see the actual 

developed pattern of width 80.20 µm.  

4.1.3. Dielectric etching  

In many semiconductor processes, the transfer of the ridge pattern into the dielectric 

layer is achieved by reactive ion etching (RIE), a dry etching technique capable of 

producing highly anisotropic profiles [41], [42]. RIE combines physical sputtering by inert 

gas ions with chemical reactions of reactive gases to achieve directional etching. While 

this method is widely used for high-precision dielectric etching, it can also induce surface 

damage to the underlying semiconductor, particularly GaAs, which may degrade optical 

and electrical properties [43].  

In the present work, however, the transfer of the ridge pattern to the SiO₂ dielectric layer 

was performed using wet chemical etching. Specifically, buffered hydrofluoric acid (BHF) 
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was employed due to its high selectivity for SiO₂ and its negligible etching effect on 

GaAs. While wet etching facilitates the efficient removal of the oxide mask, BHF can 

cause surface damage on the GaAs substrate, and over-etching presents a significant 

issue that requires precise controlling. 

Although wet etching is inherently isotropic or anisotropics and can result in undercutting 

beneath the resist mask, in this application it provided a reliable method for SiO₂ 

removal. The ability of HF-based solutions to etch oxides without significantly attacking 

GaAs ensures clean and well-defined stripe openings required for oxide stripe laser 

fabrication.  

Compared to RIE, which is commonly employed for oxide etching in semiconductor 

technology, wet etching was deliberately chosen as it is fast, but in the meantime it also 

leaves traces of etchant on the surface. 

4.1.4. Electrical contacts 

Prior to forming electrical contacts, the samples were subjected to a native oxide removal 

step by immersing them for 20 seconds in a dilute solution of ammonium hydroxide and 

deionized water (NH₄OH:H₂O, 1:10). This wet etching treatment ensured the removal of 

surface oxide, thereby providing a somehow clean semiconductor surface for metal 

deposition. 

The metal contacts for the oxide stripe laser process were deposited using electron 

beam evaporation inside a high-vacuum chamber. The e-beam evaporator system used 

for metal deposition in this work is equipped with a multi-pocket crucible holder that 

allows up to eight different metal sources to be used sequentially without breaking 

vacuum. A tungsten filament acts as the electron source, which, when heated by an 

applied current, emits electrons. These electrons are accelerated under a high voltage 

(typically 10 kV) and magnetically directed towards the target material. The focused 

electron beam locally heats and evaporates the metal, producing a flux of atoms that 

condense onto the sample surface, forming uniform thin films.  

For the p-side metallization, a trilayer metal stack was used, consisting of Ti/Pt/Au with 

thicknesses of 50/50/250 nm, respectively. Titanium was employed as the adhesion 

layer to promote good bonding between the semiconductor surface and the subsequent 

metallic layers. Platinum acted as a diffusion barrier, preventing intermixing between 

gold and the semiconductor material, while the top gold layer provided a stable, 

oxidation-resistant, and highly conductive contact surface. The relatively thick Au layer 
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was particularly important to ensure low series resistance and robust electrical 

performance of the device.  

After thinning and polishing the n-side of the wafers (as described in the section 4.1.5), 

n-contact metallization was carried out using a multilayer stack of Ni/Au/Ge/Au with 

thicknesses of 5/5/30/90 nm. In this metallization scheme, nickel can reduce native 

surface oxides and it also prevents the formation of Ni-Ga-As compounds that can 

facilitate Ge incorporation during alloying. Germanium (Ge) acts as a donor to heavily 

dope the contact region, lowering resistance and mitigating Schottky barrier effects to 

enable reliable ohmic contacts, and the final thick gold layer acts as a stable, highly 

conductive overlayer.  

4.1.5. Chemical-mechanical polishing  

The typical dimensions of an individual oxide stripe laser chip are around (1600 × 500) 

µm². Cutting the wafer into such small chip sizes is not feasible unless the substrate is 

thinned to a reduced thickness of about 110-120 µm. To achieve this, a combination of 

mechanical grinding and chemical etching is employed. Prior to the thinning process, the 

p-side of the wafer is protected by first spinning a resist layer on the surface and then 

sealing it with a layer of wax for better adhesion to the glass substrate to proceed with 

chemical mechanical polishing. 

4.1.6. Rapid thermal annealing 

Following the n-side metallization, the samples underwent a rapid thermal annealing 

(RTA) step to activate the ohmic contacts. The purpose of this treatment is to promote 

interdiffusion between the gold and Germanium layers, resulting in the formation of a 

eutectic alloy. This process enables germanium to diffuse further into the GaAs 

substrate, thereby lowering the contact resistance and significantly improving the quality 

and stability of the n-type ohmic contact after RTA [41].  

In this work, annealing is carried out using the contact RTA system. The sample is placed 

n-side down between two silicon carbide (SiC)-coated wafers, and the process is 

performed under an inert nitrogen atmosphere to prevent oxidation. Controlled heating 

is applied according to the defined recipe, ensuring reproducibility and uniform treatment 

across the sample surface. 
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4.1.7. Packaging  

Dicing and mounting 

After completing the RTA, the sample is cut into individual emitters. A fine scribe is made 

along the junctions between adjacent laser diodes (LDs), and mechanical strain is 

applied to cleave the bar along these lines, isolating single devices. Due to their small 

size, the LDs are mounted onto aluminum nitride (AlN) submounts, which facilitate 

handling and act as heat spreaders to dissipate thermal energy from the active region, 

improving device performance. The attachment is performed using the electrically 

conductive, thermosetting adhesive EPO-TEK MED-H20E, which hardens upon heating.  

Wire bonding 

Gold wires are used to connect the top of the chip to the submount. The tip of the gold 

wire is melted using an electrical arc and then gently pressed onto the top of the laser 

diode (LD), while the other end is secured to the submount. Figure 4.3 (a) shows the 

schematic of wire bonded chip on the AlN submount and Figure 4.3 (b) is the SEM image 

of the packaged device. 

 

Figure 4.3 (a) wire bonding and (b) SEM image of an oxide stripe component bonded 
on a submount for measurements. 

 

4.2. Introduction to HAROLD 

HAROLD, standing for Hetero-structure Laser Diode Model, is heterostructure simulator 

developed by Photon Design Ltd., optimized for the design of both edge emitting lasers 

(EEL) and VCSEL quantum-well lasers. Its advanced physical simulation environment 

supports arbitrary vertical layer architectures, allowing accurate modeling of epitaxial 

structures with quantum wells, graded layers, and complex compositions  
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HAROLD provides integrated electro-optical-thermal simulations, solving Poisson's 

equation, drift-diffusion carrier transport, current dispersion, waveguide mode 

confinement, thermal conduction, and optical amplification in 1D or 2D setups. These 

linked simulations facilitate a coherent characterization of edge-emitting laser behavior, 

especially where temperature-dependent material characteristics and current distribution 

affect device performance. 

The Figure 4.4 shows the epitaxial structure editor of the HAROLD laser simulator used 

to define the vertical layer stack for the edge-emitting device. The left pane (“Total 

Structure”) lists the full sequence from the top metal contact to the substrate. The red 

highlighted layer is the InGaAs quantum well, whose properties are edited in the right 

pane. Doping for the well is set to zero, and default SRH and meshing policies are 

selected. At the bottom, the auto calculated simulation wavelength (≈ 0.978 µm) and 

temperature (300 K) are specified for computing material parameters (refractive index, 

absorption, gain) used in the subsequent optical/electrical and loss-budget simulations. 

All layers thicknesses are listed in the Figure 4.5. 

 

Figure 4.4 HAROLD epitaxial structure editor for the simulated GaAs/AlGaAs edge-
emitting laser. 
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4.2.1. Epitaxial layer structure 

A GaAs substrate was introduced as the foundation layer with a thickness of 350 µm 

with n-type doping of 3×10-18 cm⁻³. On top of this substrate, Al0.70GaAs cladding layers 

of 0.7µm were added on both sides of the active region, with one n-doped and other p-

doped to provide the required carrier injection. Between the claddings, a series of 

confinement and quantum well layers were defined. The confinement barriers consisted 

of Al0.25GaAs with thicknesses of 0.7 µm, while the active region was formed with 

In0.13GaAs, separated by barriers to ensure quantum confinement. The epitaxial layer 

sequence thicknesses used to simulate is schematically illustrated in Figure 4.5, showing 

the arrangement of substrate, cladding, waveguide, quantum wells, and contact layers.  

The epitaxial structure used in this work follows a conventional double heterostructure 

laser design with an InGaAs quantum well as the active region. On the p-side, heavily 

doped GaAs contact layers are introduced to provide low-resistance ohmic contacts, 

followed by a digital grading layer where the aluminum composition is gradually reduced 

from 70% to 0%, that smooths the bandgap transition between the high Al cladding and 

the waveguide. The p-AlGaAs cladding layer, with high aluminum content, provides 

strong optical confinement, while the adjacent AlGaAs waveguide layers with lower Al 

content guide the optical mode towards the active region.   

 

Figure 4.5 GaAs based epitaxial structure grown using MBE 

 

The core of the device consists of a thin InGaAs quantum well sandwiched between 

GaAs barriers, where radiative recombination occurs and the emission wavelength is 

 

GaAs 150 nm p-side contact 2 

GaAs 50 nm p-side contact 1 

AlGaAs 20 nm p-side digital grading 

AlGaAs 700 nm p-side cladding 

AlGaAs 300 nm p-side waveguide 

InGaAs 5 nm quantum well 

AlGaAs 300 nm n-side waveguide 

AlGaAs 700 nm n-side cladding 

AlGaAs 20 nm n-side digital grading 

GaAs 200 nm n-side buffer layer 

GaAs 3500 µm n-side buffer layer 
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defined. On the n-side, the structure is mirrored with an AlGaAs cladding, a digital 

grading layer, and a GaAs buffer layer that ensures lattice quality and a smooth transition 

to the GaAs substrate, which provides mechanical stability and the n-type electrical 

contact. This proposed laser design is to ensure efficient carrier injection, strong optical 

confinement, and minimized interface defects.  

4.2.2. Laser structure 

Quantum well (QW) lasers can be categorized into three types based on the band 

alignment at the well–barrier interface: type-I (nested), type-II (staggered), and type-III 

(broken gap) [28]. In type-I structures, electrons and holes are both confined within the 

same layer, whereas in type-II and type-III designs, the carriers are separated across 

neighboring layers, leading to indirect radiative recombination. Since a detailed analysis 

of the band structure is beyond the scope of this thesis, it will not be addressed further.  

 

Figure 4.6 Band diagram of type-I laser structure, left portion is the top layer and the 
right most part is the bottom layer. 

 

The laser structure in Figure 4.6 is type-I with In0.13Ga0.87As QW based on the layer 

thicknesses presented in Figure 4.5. The emission of In0.13Ga0.87As QW is at 940nm 

wavelength. The band alignment of quantum well and barriers forms nested alignment 

using In0.13Ga0.87As QW for all composition range with Al0.25Ga0.75As barriers. 

In addition, ternary alloys offer advantages from a growth perspective. This laser 

structure itself is fabricated by molecular beam epitaxy (MBE) on an n-doped GaAs 

substrate. The growth begins with a buffer layer, a few hundred nanometers thick, 
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composed of GaAs to match the substrate material and provide a high-quality surface 

for the subsequent epitaxial layers.  

The intrinsic region includes a compressively strained quantum well that serves as the 

active area, providing the laser gain. Surrounding Al0.25G0.75As layers function as 

waveguides, confining the optical field. This confinement arises because, as shown in 

Table 1, layers with higher aluminum content exhibit lower refractive indices. For the 

laser structure illustrated in Figure 4.5 and Figure 4.6, the corresponding refractive index 

profile and optical mode distribution are presented in Figure 4.7 

 

Figure 4.7 Optical mode intensity (red curve) and Refractive index profile (blue curve) 
for the laser structure. 

 

4.2.3.  Band profiles in equilibrium and forward-biased operation 

Vertical conduction- and valence-band edges across the epitaxial stack are shown in 

Figure 4.8 that forms the separate-confinement heterostructure with a single quantum 

well at its center. 

For the laser structure presented in Figure 4.6, with no external bias as depicted in Figure 

4.8 (a), the Fermi level is uniform, and the bands are piecewise flat within each layer, 

exhibiting step changes at every heterointerface that reflect the band-offsets between 

the well and its barriers/claddings. The quantum-well region appears as a local minimum 

in the conduction band and a corresponding local maximum in the valence band, 

providing strong confinement for electrons and holes, respectively. Mild band bending 
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occurs in the doped claddings near the junction due to built-in fields, while the abrupt 

“kinks” at interfaces indicate abrupt composition changes and the partitioning of the 

offset between the conduction and valence bands. In this state, carriers remain localized 

by the offsets and there is negligible net current; leakage paths over the barriers are 

energetically suppressed. 

Figure 4.8 (b) shows the heterostructure under forward bias, the bands tilt across the 

stack, dropping on the electron-injection side and rising on the hole-injection side. Quasi-

Fermi levels split, enabling substantial carrier injection into the well. The tilting reduces 

the effective barrier height on the injecting side and slightly increases it on the opposite 

side, so carriers drift/diffuse toward the well where they accumulate and recombine 

radiatively. Local screening in the well partially flattens the bands there, while the 

surrounding barriers continue to limit thermionic escape and field-assisted leakage. The 

resulting profile is characteristic of an operating edge-emitting heterostructure laser: 

carriers are confined to the active region, which sustains population inversion and optical 

gain, while residual tilting sets the balance between confinement, leakage, and series-

resistance heating. 

 

Figure 4.8 Simulated band-edge profiles of the epitaxial double-heterostructure edge-
emitting laser. Red and blue traces show the conduction- and valence-band edges 

across the vertical stack. (a) At equilibrium and (b) Under forward bias. 
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4.2.4. ILV characteristics of the simulated structure 

In simulator panel the device is driven up to a maximum injection current of 1 A while 

recording the electrical (I-V) and optical (L-I) characteristics as shown in Figure 4.9. 

The series resistance can be obtained from the slope 𝑑𝑉 𝑑𝐼⁄  in the linear region above 

threshold. Using the segment between 100 and 800 mA, the calculated value is 𝑅𝑠 =

0.14 Ω. From the L-I trace, the maximum optical power at 1 A is 1.1 W. 

The L-I curve exhibits a kink (change in differential slope) at current around 220mA. 

Because the I-V remains featureless at the same current, this kink is optical not electrical 

in origin. 

 

Figure 4.9 ILV characteristics of designed structure in self-heating operation. 

 

Physically, forward bias splits the quasi-Fermi levels as discussed in section 4.2.3 and 

carrier fills the quantum well; above threshold the output follows. A kink corresponds to 

a change in differential efficiency caused by the waveguide/gain distribution: 

 With rising current, carrier- and thermo-optic index changes reshape the 

vertical/lateral profile. This can trigger modal redistribution or a mode hop (e.g., 

from a higher loss to a lower loss lateral/vertical mode, or between longitudinal 

mode clusters), producing a jump in external differential efficiency. 

 The loss-budget analysis supports this: internal losses that scale with current-

FCA, metal/substrate absorption, and other “excess” parasitics, depend on how 

the optical field overlaps doped and lossy layers. A modal shift that pulls the field 

away from those regions reduces αi and increases ηd, yielding the observed 

upward change in L–I slope. 



 

43 

 

4.2.5.  Loss mechanisms 

The total input power by is nearly 1.6 W and the output power from IL curve in the Figure 

4.9 can be seen to be 1.1 W, which gives us an estimation that almost 0.5 W of power 

is being lost in the form of heat. Figure 4.10 presents the current-dependent power 

budget of the device, decomposed into the explicitly modeled channels (non-radiative 

recombination, Joule, free-carrier absorption, substrate/metal absorption, and the 

Thomson thermoelectric term) together with the cumulative total. 

The total dissipated power rises nearly linearly with current, but consistent with the 

recombination physics outlined in section 2.1.2., the non-radiative recombination 

channel is the dominant sink over the entire operating range. As carriers are injected 

and the quasi-Fermi levels separate, recombination pathways that do not produce useful 

photons convert the electrical input directly into heat. At low injection this is primarily 

defect-assisted SRH recombination in and around the quantum well; at higher injection 

the Auger contribution grows and maintains the dominance of the non-radiative term. 

 

Figure 4.10 Power-loss budget vs current for the edge-emitting laser: total (black) and 
components, with excess as dominant losses 

 

The excess-power heat source accounts for residual dissipation arising from uncoupled 

spontaneous emissions and scattered stimulated emissions that are reabsorbed as heat. 

Although this term appears significant in the Figure 4.10, the fabricated device is 

predominantly limited by non-radiative recombination losses. By comparison, Joule 

heating increases with current but remains secondary, indicating a moderate series 

resistance consistent with the smooth I-V trace. FCA and substrate/metal absorption are 

minor, reflecting limited modal overlap with doped and metallic regions due to the 
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heterostructure design. The Thomson term is negative, providing a thermoelectric 

cooling offset that does not change the overall conclusion. 

4.2.6. Molecular beam epitaxy growth 

After performing simulations with HAROLD and obtaining the expected device 

characteristics, the designed wafers were fabricated using molecular beam epitaxy 

(MBE). MBE is a highly controlled epitaxial growth technique in which crystalline layers 

are deposited onto a substrate such that the grown layers replicate the substrate’s lattice 

structure. This method enables fabrication of extremely thin layers with nanometer 

precision, including quantum wells (QWs), which are essential for tailoring the optical 

and electronic properties of semiconductor lasers. 

Growth takes place in an ultra-high vacuum (UHV) environment, where beams of atoms 

or molecules evaporated from elemental sources heated in effusion cells, impinge on the 

heated substrate. The substrate temperature is carefully controlled to provide sufficient 

thermal energy for the atoms to incorporate into their proper lattice sites. Since epitaxial 

growth requires close lattice matching between the substrate and deposited layers, 

binary GaAs substrates were used in this work. By adding additional elements during 

growth, ternary alloys (e.g., InGaAs) can be realized to adjust laser properties and meet 

the design requirements predicted by simulations. A schematic of the MBE growth 

chamber is illustrated in Figure 4.11 

Within the growth chamber, precise control of layer composition is achieved by adjusting 

the temperature of individual sources and operating mechanical shutters that regulate 

the molecular beams. Typical III-V MBE systems include sources for gallium, indium, 

and aluminum (group III), arsenic, phosphorus, and antimony (group V), as well as 

dopants such as beryllium, silicon, carbon, or tellurium. 

Semiconductor layers can be precisely doped during MBE to tailor their electrical 

conductivity by incorporating controlled amounts of impurities. For III-V arsenides like 

GaAs, tellurium (Te) typically serves as a donor dopant on group V sites to provide 

electrons, while beryllium (Be) acts as an acceptor on group III sites to generate holes. 

In this work, all GaAs substrates were n-doped with tellurium and oriented along the 

(100) plane. The GaAs substrate thickness is 350 µm, and the total thickness of the 

grown wafers is between 500 µm and 600 µm. 
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Figure 4.11 The schematic of a growth chamber of a typical MBE system from the 
inside [44]. 
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5.   Characterization results 

This chapter discusses the methods employed to characterize the devices investigated 

in this thesis, along with the corresponding results. Edge-emitting laser diodes were 

analyzed by measuring their optical output and extracting key parameters from the 

resulting ILV characteristics, including the threshold current, peak power, slope efficiency 

and saturation current. Additionally, far field and spectral measurements were 

performed, and parameters such as external and internal quantum efficiencies, optical 

mirror losses, and threshold temperature were determined. 

5.1. Experimental setup 

To ensure consistency across all measurements, the devices were maintained at room 

temperature (25 °C) using a thermoelectric cooler (TEC) controlled by a temperature 

electronic controller. 

ILV (current-light output power-voltage) measurements are used to characterize the 

optical and electrical performance of the device. In this method, the laser is driven over 

a range of injection currents while simultaneously recording the emitted optical power 

and the voltage across the gain section. From the resulting ILV curves, several important 

device parameters can be extracted, providing valuable insight into both the efficiency 

and the operating behavior of the laser. 

The device’s emitted light is directed into an integrating sphere and measured by a 

photodetector. The inner surface of the integrating sphere is coated for high reflectivity, 

allowing the incoming light to be uniformly redistributed through multiple reflections 

before reaching the detector port. This arrangement reduces the effect of beam shape 

or spatial distribution on the measured signal, ensuring accurate power measurements.  

The photodetector is chosen based on the device’s emission wavelength to maximize 

detection efficiency. 

5.2. ILV measurements 

Figure 5.1 presents the electrical and optical performance of two laser diodes fabricated 

from epitaxial structures with different Al compositions in the waveguide layers: 12% Al 

and 25% Al. The comparison covers (a) current–voltage (IV) characteristics, (b) 

continuous-wave (CW) light-current (L-I) measurements, and (c) pulsed light-current 

measurements. 
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In Figure 5.1 (a), The IV characteristics of both devices exhibit the expected exponential 

dependence at low injection currents, transitioning into a quasi-linear regime at higher 

drive levels. Across the measured range (0-1 A), the device with 25% Al in the waveguide 

consistently requires a slightly higher forward voltage (1.1-1.75 V) compared to the 12% 

Al device. This behavior can be attributed to the increased bandgap and larger 

heterojunction offsets introduced by the higher Al content, which raise the built-in 

potential and contribute to a marginally higher series resistance. From the linear regime 

above ~200 mA, the extracted differential resistance is ~0.45 Ω for the 25% Al device 

and ~0.40 Ω for the 12% Al device. The value for 25% Al device has a good comparison 

with the simulation results as discussed in the section 4.2.4. The higher resistance of the 

25% Al structure is therefore consistent with the modified band alignment and carrier 

transport properties, a trend that has also been reported in AlGaAs-based edge-emitting 

lasers where elevated Al fractions slightly increase the voltage requirement but are 

favorable for optical performance [45].  

Under CW operation, the device with 25% Al in the waveguide demonstrates a bit better 

performance compared to the 12% Al device, exhibiting both a lower threshold current 

and a higher slope efficiency as shown in Figure 5.1 (b). By extrapolating the linear 

portion of the L–I curve, the threshold current is estimated to be ~160 mA for the 25% Al 

device versus ~210 mA for the 12% Al device. In the linear regime between 300-900 

mA, the slope efficiency reaches ~0.45 W/A for the 25% Al device, in contrast to ~0.33 

W/A for the 12% Al device, corresponding to approximately 35% higher slope efficiency 

and ~25% lower threshold current. At 1A drive current, the maximum output power of 

the 25% Al device approaches ~380 mW, compared to ~270 mW for the 12% Al 

structure.  The improved performance can be attributed to two main factors: (i) the larger 

bandgap of the 25% Al waveguide reduces internal optical loss by suppressing parasitic 

absorption near the lasing wavelength, and (ii) the increased refractive-index contrast 

between waveguide and cladding enhances optical confinement in the active region, 

thereby improving modal gain and external efficiency. These advantages outweigh the 

modest increase in drive voltage observed in the IV characteristics, confirming that 

higher Al content in the waveguide yields superior CW output characteristics.  
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Figure 5.1 Comparison of (a) IV, (b) CW IL and (c) Pulsed IL curves for the edge 
emitting lasers having different Al compositions in waveguide. 

 

In Figure 5.1 (c), we can see the pulsed L–I measurements further verify the better 

performance of the 25% Al device compared to the 12% Al device. Across the entire 

current range up to 2.5 A, the 25% Al waveguide consistently delivers higher output 

power, reaching ~950 mW versus ~870 mW for the 12% Al structure. Both devices 

exhibit nearly parallel slopes at high injections, but the 25% Al device provides a clear 

power advantage, particularly in the mid-current regime. The apparent “kink” observed 

around 1.3-1.4 A is not intrinsic to device operation but results from a measurement 

artifact, caused by the range switching of the integrating sphere system, which 

introduces a discrete saturation in the recorded power. Excluding this artifact, the pulsed 

data show that the 25% Al device sustains approximately 10% higher output power at 

elevated current densities, confirming its very minor improvement in gain-to-loss 

balance, reduced carrier leakage, and lower internal loss.  

The 25% Al-composition wafer is selected for further cavity length studies because it 

demonstrates superior optical output under both CW and pulsed conditions, indicating 

reduced carrier leakage and lower internal losses. This improved performance makes it 

an ideal candidate for detailed evaluation of internal quantum efficiency and external 

differential quantum efficiencies, characteristic temperature (T₀), mirror losses, 

spectrum, and far-field properties, thereby providing a more reliable platform for 

optimizing device design and performance metrics. 

Figure 5.2 shows the ILV curves for the different cavity lengths diced from 25% Al epi 

wafer. The IV curves in Figure 5.2 (a) demonstrates that shorter cavity devices (e.g.  500 

µm) require significantly higher voltage at a given current compared to longer cavity 

lengths. This is due to increased series resistance and enhanced self‐heating in short 

cavities, which drive up voltage drop and degrade carrier injection efficiency [46].  As the 
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cavity length increases, the current density for a given total current fall, reducing resistive 

and thermal losses, leading to a smoother, lower‐voltage IV characteristic. 

 

Figure 5.2 Comparison of (a) IV curves and (b) CW IL curves for the different cavity 
length 25% Al devices. 

 

CW IL curves for the same devices are shown in Figure 5.2 (b). Shorter cavities show 

lower threshold currents and at the same time reduced output power at a given current 

due to increased optical losses and reduced gain volume.  

5.3. Internal efficiency and losses  

The internal quantum efficiency 𝜂𝑖, quantifies the fraction of injected electron–hole pairs 

that are converted into photons within the active region of a semiconductor laser, with 

the remainder lost through non-radiative channels. In this study, 𝜂𝑖 is extracted via the 

cavity-length method. First, the slopes of the LI curves for 25% Al devices of identical 

cross-section but differing cavity length L are compiled in Table 2 these slopes are used 

to compute the external differential efficiency 𝜂𝑑 according to equation 2.14. Next, the 

inverse efficiencies 1/𝜂𝑑 are plotted against L and fit with a straight line, as shown in 

Figure 5.3 consistent with the standard linear relation in equation 2.20.  
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Table 2  Slope efficiency, external differential quantum efficiency, and its reciprocal for 
GaAs edge-emitting lasers with varying cavity lengths  

 Cavity Length Slope Efficiency  

(2 mirrors) 

External Differential 

Quantum Efficiency 

 

L (µm) 2
∆𝐏

∆𝐈
 (mW/mA) 𝜼𝒅 (%) 𝟏

𝜼𝒅
 

500  

1000 

1600 

2500 

0.98  

1.04 

0.96 

0.80 

74 

79 

71 

61 

1.35 

1.27 

1.40 

1.63 

 

The least-squares fit of 1/𝜂𝑑 versus L yields an intercept 1.023636=1/𝜂𝑖, giving 𝜂𝑖 ≈ 97% 

by solving equation 2.20, for R=0.31, the internal losses for the used epi wafer are αi = 

2.7 cm-1. These values are consistent with prior GRINSCH InGaAs QW results reported 

in the literature. For example, Coldren et. al.  [21] report for 50 µm-wide In0.2Ga0.8As 

GRINSCH lasers αi = 3.2 cm‐1 and ηi = 89.6%. Our epi (In ≈ 13%) yields αᵢ = 2.7 cm-1 

and ηi ≈ 97%, i.e., comparable order of magnitude with a lower internal loss and a slightly 

lower internal efficiency. The small discrepancies are reasonable given differences in 

well composition (13% vs 20% In), layer design/fabrication, and measurement 

conditions, and they support the conclusion that the present wafer exhibits material 

quality broadly in line with established GRINSCH InGaAs QW benchmarks.  

5.4. Characteristic temperature T0 

The characteristic temperature T0 measures a laser diode’s thermal sensitivity: higher T0 

means threshold current changes more slowly with temperature, i.e., better stability. 

Care is needed below room temperature for non-hermetic devices due to condensation 

and possible short circuits. Conventional AlGaAs lasers often show T0 ≥ 120 oC. As noted 

in Section 2.3.2, temperature strongly affects operating and non-radiative threshold 

currents; here we determine T0 for our devices. 

For 1600 µm cavity length device, we measured LI characteristics at several heat-sink 

temperatures as depicted in Figure 5.4. The resulting Ith and then calculated ln (Jth) 

values are compiled in Table 3. 
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Figure 5.3 Inverse external differential efficiency 1/ηd versus cavity length L of 25% Al 
devices. The vertical-axis intercept gives 1/ηi (internal differential efficiency). The slope 
is proportional to the internal loss, with αi=slope x ηi x ln(1/R), R is the facet reflectivity 

(for cleaved GaAs/AlGaAs, R≈0.31). 

 

 

Figure 5.4 Output power versus current curves for 25% Al, cavity length 1600µm A4 
device operating at various temperatures. 
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Table 3: A list of parameters of 25% Al device for T0 calculation. 

Temperature  

 

Ith Jth ln (Jth) 

(oC) (A) (A/cm2)  

15 

25 

35 

45 

0.150 

0.175 

0.185 

0.200 

117.19 

136.72 

144.53 

156.25 

4.764 

4.918 

4.973 

5.051 

Length = 1600µm, Stripe width = 80µm, Area = 0.00128cm2 

 

Following the standard relation, 

𝐽𝑡ℎ =  𝐽0 𝑒𝑥𝑝
𝑇

𝑇0
 

5.1 

Solving this equation for 𝑇0, we get, 

𝑇0 =
∆𝑇

∆ 𝑙𝑛 𝐽𝑡ℎ
 

5.2 

As shown in Figure 5.5, 𝑙𝑛( 𝐽𝑡ℎ) was plotted against absolute temperature T(K), and a 

linear fit was applied. The slope of the fitted line yields (1/𝑇0), from which the 

characteristic temperature (T0) was extracted. This procedure provides the characteristic 

temperature T0 = 109.17 oC for standard cavity length (1600µm) by directly linking the 

temperature dependence of threshold to the exponential model. 

5.5. Far field profile 

The far-field intensity profiles of the 1600 µm cavity laser diode operated at 1000 mA, 

measured along the fast axis (red) and slow axis (blue) is shown in Figure 5.6. The fast 

axis exhibits a broad divergence with a full width at half maximum (FWHM) of 

approximately 53.3°, while the slow axis shows a much narrower divergence of about 

9.0°. This anisotropic emission is a typical characteristic of edge-emitting semiconductor 

lasers, originating from the strong optical confinement in the vertical direction (fast axis) 
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and the weaker confinement along the lateral waveguide (slow axis) as already 

discussed in the section 3.2 

 

 

Figure 5.5 Threshold current density Jth versus temperature with linear fit; the inverse 
of the fit slope gives the characteristic temperature T0. 

 

5.6. Emission spectrum 

The measured emission spectra for the 940-nm design device in Figure 5.7 show a 

systematic red shift of the lasing peak with increasing drive current i e λ≈935 nm at 500 

mA, λ ≈940 nm at 1000 mA, and λ ≈947 nm at 2500 mA. This behavior is consistent with 

current-induced self-heating: as junction temperature rises, the semiconductor band gap 

narrows (Varshni dependence [24]), moving the material gain peak to longer wavelength, 

while the effective refractive index increases, lengthening the optical path and shifting 

the cavity modes to longer wavelengths. For GaAs-based lasers near 940 nm, a typical 

thermo-wavelength coefficient of ~0.25-0.35 nm K-1 can account for the observed drift 

[47].  
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Figure 5.6 Far-field profiles of a 1600 µm GaAs laser diode at 1000 mA, showing broad 
fast-axis divergence (FWHM ≈ 53.3°) and narrow slow-axis divergence (FWHM ≈ 9.0°) 

due to anisotropic optical confinement. 

 

 

Figure 5.7 Room-temperature emission spectra of the 940-nm design device at 
different currents. The lasing peak redshifts with increasing current due to self-heating. 
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5.7. Power stability check 

The device was operated in CW at a fixed injection current of 250 mA, i.e., with a modest 

margin above the measured threshold of 170 mA. This operating point deliberately 

emphasizes sensitivity to optical loss and modal dynamics while avoiding excessive self-

heating. The resulting 24-hour power record Figure 5.8 serves as a functional stability 

probe: at constant current, any evolution in output directly reflects changes in internal 

optical loss and recombination dynamics rather than electrical drive. 

The trace is broadly stable, with slow variations that are characteristic of electro-thermal 

and modal effects in double-heterostructure edge emitters. Because the drive current is 

held constant and the I-V response in this range is featureless, fluctuations in output 

power are not electrical in origin. Instead, they arise from small changes in refractive 

index (carrier and thermo-optic) and carrier distributions that subtly alter the modal 

overlap with lossy regions, manifesting as slight adjustments of external differential 

efficiency. This interpretation is consistent with the earlier L-I analysis in which a kink 

was attributed to integrating sphere range change. 

 

Figure 5.8 24-hour CW power stability at constant current (250 mA; I>Ith=170 mA). 
Slow variations in output reflect electro-thermal/modal dynamics, while the overall 

stability is limited predominantly by non-radiative recombination 
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6.   Conclusion 

This thesis aimed to advance the understanding and development of GaAs-based 940 

nm edge-emitting laser diodes through simulation, fabrication, and experimental 

characterization.  

The simulation phase involved defining the epitaxial structure in the HAROLD laser 

simulator and analyzing fundamental properties such as optical mode confinement, 

refractive-index profile, and equilibrium and biased band diagrams. The simulated L-I 

characteristics predicted a threshold current near 100 mA and a maximum optical output 

power of approximately 1.1 W. Power-balance analysis showed that a non-negligible 

fraction of the input power was dissipated through non-radiative recombination and 

thermal losses, offering insight into the expected device performance after fabrication. 

Guided by these simulations, two epitaxial wafers were grown with different waveguide 

compositions: a 25% Al design and a 12% Al design. Oxide-stripe lasers were fabricated 

from both wafers and subsequently characterized. The measured threshold currents 

were approximately 170 mA for the 25% Al device and 270 mA for the 12% Al device, 

with series resistances of ~0.33–0.35 Ω. Corresponding electrical input powers were 180 

mW and 273 mW, respectively. Spectral measurements confirmed lasing near 940 nm 

at low injection, in good agreement with the targeted epitaxial design and simulated 

emission wavelength. 

Internal quantum efficiency and internal loss parameters were determined to be. To 

evaluate reliability, the 25% Al device was operated slightly above threshold for nearly a 

day. The output power remained stable at approximately 34.5 mW, indicating no 

significant degradation or Al-oxide-related instability under the tested conditions. 

Overall, the results of this thesis provide a methodology for designing and assessing 

GaAs-based 940 nm stripe-oxide edge-emitting lasers, demonstrating good agreement 

between simulation and experiment across threshold behavior, emission wavelength, 

and optical stability. The study highlights the effectiveness of combining numerical 

modeling with systematic fabrication and characterization to guide the development of 

oxide-confined laser diodes. 

Future work 

Future work may focus on improving the optical performance and long-term stability of 

the 940 nm GaAs edge-emitting laser structures investigated in this thesis. Since the 
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oxide-stripe devices fabricated here were primarily used to evaluate the underlying 

epitaxial wafers quality, a recommended next step would be to implement optimized HR 

facet coating on fact just after dicing the chips to reduce mirror losses, enhance slope 

efficiency, and enable a more accurate assessment of the intrinsic gain characteristics 

of the epitaxial design. Furthermore, such improvements would provide a more 

comprehensive understanding of device performance and support the transition from 

preliminary epi-wafer testing toward better quality laser diodes. 
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