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ABSTRACT 

Fabrication and Characterization of GaN-Based Superluminescent Diode for Solid-State 

Lighting and Visible Light Communication 

 

Abdullah Alatawi 

 

To date, group-III-nitride has undergone continuous improvements to provide a broader 

range of industrial applications, such as solid-state lighting (SSL), visible light 

communications (VLC), and light projection. Recently, VLC has attained substantial 

attention in the field of wireless communication because it offers ~ 370 THz of bandwidth 

of unregulated visible spectrum, which makes it a critical factor in the evolution of the 5G 

networks and beyond. 

 

GaN-based light-emitting diode (LED) and laser diode (LD) have become increasingly 

appealing in energy-sufficient SSL replacing conventional light sources. However, III-

nitride LEDs suffer from efficiency-droop in their external quantum efficiency associated 

with high current densities, and their modulation bandwidth is limited to 10 ~ 100 MHz. 

Although LDs have shown gigabit-modulation bandwidth, unfavorable artifacts, such as 

speckles are observed, which may raise a concern about eye safety. 

 

This dissertation is devoted to the fabrication and electrical and optical characterization 

of a new class of III-nitride light-emitter known as superluminescent diode (SLD). SLD 

works in an amplified spontaneous emission (ASE) regime, and it combines several 

advantages from both LD and LED, such as droop-free, speckle-free, low-spatial 

coherence, broader emission, high-optical power, and directional beam. Here, SLDs were 

fabricated by a focused ion beam by tilting the front facet of the waveguide to suppress 

the lasing mode. They showed a high-power of 474 mW on c-plane GaN-substrate with a 

large spectral bandwidth of 6.5 nm at an optical power of 105 mW. To generate SLD-

based white light, a YAG-phosphor-plate was integrated, and a CRI of 85.1 and CCT of 
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3392 K were measured. For the VLC link, SLD showed record high-data rates of 1.45 Gbps 

and 3.4 Gbps by OOK and DMT modulation schemes, respectively. Additionally, a widely 

single- and dual-wavelength tunability were designed using SLD-based external cavity 

(SLD-EC) configuration for a tunable blue laser source. 

 

These results underscore the practicality of c-plane SLDs in realizing high-power, high data 

rate, speckle-free, and droop-free SSL-VLC apparatus. Additionally, the SLD-EC 

configuration allows a wide range of applications, including biomedical applications, 

optical communication, and high-resolution spectroscopy. 
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CHAPTER  1:  

Introduction 

The recent development of group-III-nitride optoelectronic devices is vital for many 

critical applications, such as solid-state lighting (SSL), full-color display, optical data 

storage, projection, medical diagnosis [1], etc. Energy-efficient white lighting systems 

could not be realized without the invention and development of GaN-based light emitters 

[2]. Violet-blue light-emitting diodes (LEDs) have been widely accepted as the building 

block for white light bulbs, and blue laser diodes (LDs) have also been investigated for 

high-intensity, droop-free light sources [3, 4].  

 

The group-III-nitride superluminescent diode, sometimes denoted as an SLD or SLED, is 

an emerging type of light emitter that has attracted increasing attention [5]. Since first 

appearing in 2009 [6], group-III nitride SLDs have undergone steady improvement in 

terms of the output power, optical bandwidth, and emission at different wavelengths [7]. 

Group-III-V SLDs in the near-infrared (NIR) wavelength domain have been studied since 

the first GaAs-based SLDs were introduced in the 1970s [8, 9]. These SLDs are based on 

compounds and alloys formed by elements, such as In, Ga, Al, As, P, and Sb. Subsequently, 

SLDs at ∼830 nm, ∼1.3 μm, and ∼1.55 μm have been demonstrated, and SLDs based on 

quantum dots [10-13], quantum dashes [14-16], and quantum wells [17, 18] have been 

investigated. NIR SLDs have taken up an important role in medical technology, such as in 

the optical coherence tomography (OCT) [19, 20]. Recently, the strain-induced quantum 

well intermixing technique was utilized in an InGaP/InAlGaP system to obtain a yellow-

emitting SLD [21, 22], which is the shortest wavelength achievable in a conventional III-V 

material system. Hence, the development of group-III-nitride SLDs has become essential 

to obtaining short-wavelength SLDs, including near-ultraviolet (UV), blue and green SLDs. 

Group-III-nitride SLDs are optical devices operating at amplified spontaneous emission 

(ASE). This allows them to emit a high-brightness, broad spectral bandwidth, and low 

temporal coherence output beam within a single or double pass of gain over a wide 
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spectral range [23]. The SLD structure is similar to the Fabry-Pérot LD, but without an 

intrinsic resonant cavity, i.e., inhibition of optical feedback is intentionally implemented. 

The GaN-based SLD has become a potential candidate for a high-performance light 

source, mainly owing to its high power and broader emission bandwidth.  

 

The rapid expansion of visible light communication (VLC) at the present time is an 

essential driving force for the research and development of GaN-based blue SLDs [24, 25]. 

VLC has gained huge interest in transmitting multi-gigabit-per-second data without 

electromagnetic interference (EMI) [26-28]. Hence, VLC-based technology enables high-

speed networks in radio frequency (RF) sensitive areas, such as hospitals and aircraft. In 

SSL-VLC systems, high-brightness and high-speed light emitters are required. GaN-based 

LDs have been employed in SSL-VLC systems, owing to their large modulation bandwidth, 

and Gbps data rates have been reported using on-off keying (OOK) [29], and orthogonal 

frequency division multiplexing (OFDM) modulation techniques [30]. Such systems also 

find unique applications in underwater wireless optical communication [31, 32]. Recently 

the utilization of a GaN-based SLD as an alternative light source for SSL-VLC systems was 

reported [25], which offers high output power and “efficiency-droop”-free characteristics 

as a compact optical transmitter. Moreover, shorter-wavelength SLDs play a significant 

role in achieving the in-plane resolutions and signal detection enhancements necessary 

for imaging applications [33].  

 

This chapter is organized as follows. In Section 1.1, SSL and white light generation based 

on three conventional approaches is detailed. In the next Section 1.2, VLC technology is 

introduced with information on the VLC recent applications, such as indoor wireless 

communication: Li-Fi, underwater wireless optical communication (UWOC), and 

intelligent traffic systems. The next Section 1.3 is an overview of high-speed VLC system 

components and modulation schemes. In section 1.4, two types of GaN-based emitters, 

which are LED and LD are presented with more details on their efficiencies that make 
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them competitive alternatives to their counterpart of the conventional light source. 

Section 1.5 is devoted to novelty statements of the dissertation work. 

1.1 Solid-State Lighting and White Light Generation 

Lighting was among the fundamental discovery of human technologies and began to be 

developed tens of thousands of years ago from chemical-fuel-based to vacuum-based 

electric lighting and recently to solid-state lighting (SSL) [34]. It helps to increase 

productivity by increasing working hours into non-sunlit hours of night and in dark places 

where windows are not available [35]. Despite the advantages of lighting technologies, 

they consumed a huge amount of energy. For example, a filament-based incandescent 

bulb has a luminous efficacy (output of optical lumens/input of electrical watts, lm/W) of 

only 16 lm/W, about 4% that of an optimal white light source [36]. Even energy-saving 

compact fluorescent lamps (CFLs) that utilize a phosphor-coated gas discharge tube are 

only about 20% efficient with 55-70 lm/W of efficiency [37]. In the United States, 9,200 

terawatt-hours (TWh) was consumed in 2001, and of that, about 8.3% was consumed by 

artificial lighting systems. The cost of this electricity is about $55 billion and increasing, as 

energy costs increase, populations grow, and technology penetration throughout the 

world rises [38]. 

 

Remarkable progress has been developed in SSL-based illumination devices, such as LED 

to provide necessary illumination for visibility and vision, which results in creative lighting. 

Recently, LEDs have cumulated excellent parameters and durability of energy efficiency 

and luminaire lifetime with an average efficiency higher than 100 lm/W, which predicted 

to reach 200 lm/W by 2020 [39]. Additionally, higher efficiencies, the LEDs are also 

anticipated to bring entirely new functionalities to lighting systems based on their merit 

features, such as long operational lifetime (up to 50,000 h), compact packaging, free of 

harmful ultraviolet (UV) or infrared (IR) radiation, free of mercury materials and at a low 

fabrication cost [40]. Due to these benefits, the global energy savings from the adoption 

of SSL is expected to be 15-20% by reducing the consumption of fossil fuels and carbon 
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dioxide emissions [41]. Translated these into environmental benefits will provide 

substantial motivation for research toward advancing “green devices” LED performance 

[41].  

 

At present, Gallium nitride (GaN) has emerged as one of the most interactive progress in 

semiconductor science and technology. The most recent 2014 Physics Nobel Prize, 

awarded for the pioneering success of the blue light-emitting diode (LED), is clear 

evidence for a technology breakthrough [42]. The paradigm shift came by achieving 

reliable p-type doping and, consequently, the ability for fabrication of light emitter 

devices [38]. Derived by market growth, GaN-based blue, green, and white LEDs as 

emerging technologies are widely used in vast applications, such as cellular phones, traffic 

signals, automotive interior and exterior signaling, general lighting, and display full colors. 

Also, GaN-based laser diodes are used in pick-ups for optical disks in the latest computer 

games and videos [41]. Highly efficient lighting systems based on SSL are being developed 

to possess other features that are of high importance to our daily use of basic white light 

illumination: desirable color properties, minimal or no flicker, long lifetime, and less 

environmental and human toxicity [34].  

 

Generally, there are three approaches to generate white light [43, 44]: Firstly, the most 

common and simplest approach is the “phosphor-converted” or pc-LEDs which employs 

an InGaN pc-LEDs to provide blue emission (λ ∼ 440–460 nm) and to combine it with 

YAG:Ce3+ phosphor materials (λ ∼ 560 nm) that emit at longer wavelengths. This 

configuration is successful in creating a two-color white LED with a color rendering index 

(CRI) of 70–80 and a correlated color temperature (CCT) of 4000–8000 K. While suitable 

for less demanding applications, including outdoor lighting, this approach is not sufficient 

to generate white light with CRI > 80 which is commonly required for indoor illumination. 

For the purpose of increasing the CRI of the generated white light, a second approach is 

proposed by utilizing UV-LED to pump red- and green-emitting phosphor to generate 

warm-light with CRI>90 with CCT of 3000–3600 K. However, this approach needs more 
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optimization of red- and green-phosphor materials and high efficient UV light. In contrast 

to phosphor approaches, three or more monochromatic sources, such as green, red, and 

blue (RGB) LEDs are mixed to generate white light with high characteristics of CRI>95. 

Nevertheless, there are some drawbacks associated with the RGB-LED approach, which is 

the need for complex electronics counteract the differential aging of the RGB LEDs. 

Moreover, there are limitations on the LED's performance in the ‘green-yellow’ gap. 

1.2 Visible-Light Based Optical Communication 

The Visible Light Communication (VLC) technology is pervasive throughout most of 

today’s society. The history of VLC could be traced back to the 1880s when Alexander 

Graham Bell developed an ambient-sunlight wireless telephone over 200 m [45, 46]. VLC, 

coined in 2011 as Light-Fidelity (Li-Fi), have evolved significantly, aiming at providing a 

networked wireless communication for multiple users. Recently, VLC has gained 

considerable attention in the field of wireless communication because it offers hundreds 

of unlicensed THz of bandwidth, which makes it a key factor in the evolution of the fifth-

generation (5G) networks and beyond. Based on a report by Cisco, it is predicted that 

there will be a nine-fold increase in mobile communications traffic from 2014 to 2020 

[47]. If the global traffic demands are exponentially growing, there will soon be ‘a 

spectrum crisis’ as radio frequency (RF) technology cannot keep pace with these demands 

[47]. In the SSL-based VLC system, information is transmitted by modulating the intensity 

of the SSL-emitters at a rate imperceptible of the human eyes, which offers dual purpose 

of providing illumination as well as high-speed data transmission [48]. Figure 1.1 shows 

the frequencies and wavelengths of the electromagnetic spectrum and the frequency 

allocation for different communication applications, such as free-space optics (FSO), 

Wireless Fidelity (Wi-Fi), television (TV), amplitude modulation (AM), and frequency 

module (FM). 
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Figure 1.1 The light spectrum shows the frequency allocation for various communication systems. [47] 

While being considered as “green” communication technology, VLC offers several 

advantages over RF [47-49]. First, VLC has an unregulated spectrum based on a visible 

range of the EM spectrum from 370 to 780 nm, which offers a huge communication 

bandwidth that is readily available to deliver a license-free high date rate. 

 

In contrast to RF, VLC provides hundreds of unlicensed terahertz (THz) (~ 370 THz) of 

license-free bandwidth, which is 10,000 times more than the entire RF spectrum, which 

covers only 300 GHz. Thus, making VLC a potential solution to overcoming the crowded 

RF spectrum due to the rapid growth of the ever-increasing wireless communication. 

Second, because the visible light wave cannot penetrate opaque objects as in indoor 

wireless connectivity, the same spectrum can be reused in other rooms enabling dense 

spatial reuse. Third, due to the highly precise confinement of the optical emission using 

optics, VLC provides narrow beam-width and line-of-sight constraint property, offering 

high levels of secrecy and privacy in protecting the communication links. Contrarily, other 

conventional RF-based communication systems, including Wi-Fi, Bluetooth, and cell 

phone network, have a high risk of being hacked. Fourth, VLC is considered to be ‘green 

communication’ because it offers highly-efficient systems by utilizing existing lighting 

source infrastructure, e.g., LEDs for illumination and high-speed data rate 
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communication. Owing to these properties, several applications benefited from the VLC 

systems capabilities, and examples of them will be summarized as follows: 

1.2.1 Indoor Wireless Communication: Li-Fi 

The visible light communication (VLC), coined in 2011 as Light-Fidelity (Li-Fi) by Prof. 

Harald Haas from Edinburgh University, have evolved significantly, aiming at providing a 

networked wireless communication for multiple users. Figure 1.2 shows an example of 

LiFi system network schemes for indoor wireless communication. In the 2000s, the first 

project about utilizing white LEDs based indoor wireless communication was pioneered 

by Tanaka et al. at Keio University, Japan [50, 51]. After that, in 2003, the Visible-Light-

Communication-Consortium (VLCC) was established to promote and standardize VLC 

technology in Japan.  

 

The IEEE standard for short-range VLC applications (IEEE Std. 802.15.7) was also 

established in 2011 [52]. A Li-Fi link speed of about 10 Gbps can be achieved, which is 250 

times more than of super-speed broadband. In contrast, to Wi-Fi, Li-Fi does not interfere 

with RF signals and can be safely employed in many electromagnetic sensitive areas such 

as airports and hospitals where Wi-Fi is limited or forbidden of use.  

 

Figure 1.2 Example of LiFi system networks schemes for indoor wireless communication [53] 
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1.2.2 Underwater Wireless Optical Communication (UWOC) 

The VLC transmission progress in underwater wireless optical communication (UWOC) 

has gained huge interest due to the high data rate and safety provided by VLC-emitters 

[54]. It offers efficient and high transmission rates among submarines, unmanned 

underwater vehicles (UUV), ships, divers, buoys, and underwater sensors within a short-

range (< 100 m). Furthermore, it helps to observe and measure climate change. Acoustic 

technology is the most widely method in underwater communication; however, it is 

limited by low bandwidth (2-30 kHz) and high latency. The other method is RF signals are 

used in underwater environment applications, but it has a limitation in its propagation 

due to high attenuation (> 150 dB/m at 100 MHz) of RF waves in seawater. Further 

improvements are required to ease the role of VLC links concerning increasing high 

transmission data rate and channel lengths. 

1.3 High-Speed VLC System 

Figure 1.5 presents a typical VLC system includes a visible light transmitter such as LED, 

LD, or SLD using a data source that modulates the radiated light. Modulated light will then 

be transmitted over a transmission channel such as free space or a transmitter device 

waveguide. Finally, the optical sensor acts as a receiver to recover the data. The 

transmitter involves a driver circuit to control electrical-optical (E-O) converter, which 

utilizes intensity modulation (IM) to modulate and code the light beam. For example, in a 

simple On-Off Keying modulation scheme, the data bit “0” and “1” can be transmitted by 

selecting two distinct levels of light intensity. The receiver contains an optical-electrical 

(O-E) converter such as a photodiode (semiconductor device that converts the received 

light into current), amplification circuit, and signal processing for demodulation process.  
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Figure 1.3 Visible light communication system [47]. 

1.4 III-Nitride Light Emitters  

Recently, group III-nitride semiconductors have attracted much scientific and commercial 

interest since the first breakthroughs in the development of GaN light-emitting diode 

(LED) and laser diode (LD) by Nakamura et al. in 1991 and 1996, respectively [55, 56]. 

Today, GaN-based LED, LD, and SLD have achieved efficiencies that make them 

competitive alternatives to their counterpart of the conventional light source.  

1.4.1 Light-Emitting Diode (LED) 

In the ongoing development and application of VLC technologies, III-nitride LEDs are 

typically optimized for illumination and communication, and their design is governed by 

important factors such as efficiency, output power, and cost, regardless of other factors 

of importance to VLC such as modulation bandwidth. Commercially available LED for SSL 

with large illumination area has modulation bandwidth of the order of 20 MHz, which is 

limited by the relative large RC (resistance × capacitance) time delay and a relative long 

carrier lifetime, which is originating from the spontaneous emission (SE) process [57]. To 

overcome this challenge, micro-LED has been significantly adapted to increase the 

bandwidth by about one order of magnitude higher than early VLC-based broad area LEDs 

[58]. With further development in micro-LED, such as reducing the LED active area 

(100×100 μm2) and increasing injection currents, 3.0 Gbps of data rate can be realized 

over free-space by orthogonal frequency division multiplexing (OFDM) scheme [59]. 

Furthermore, to improve the data rate, various modulation schemes and signal 

processing techniques, such as pre- and post-equalization circuits, high-order 

modulation/multiplexing schemes, and parallel data transmission have enabled 

communication of up to 1 Gbps using a single pc-LED and up to 3 Gbps using RGB-LEDs [4, 

30]. Intensive research has been progressed since the first report of the LED-based VLC 

system in 1999, aiming to improve the performance of the white LED. Even with this 

remarkable progress, LED suffers from the effect of the so-called ‘efficiency droop’ 
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phenomenon, where non-thermal drop in efficiency decreases abruptly with relatively 

high current densities as seen in fig. 1.6. It limits the performance of the LED to relatively 

lower current densities (10-100 A/cm2), leading LED to produce less photon per unit area 

and hence, reducing the SSL performance. The origin of the efficiency droop is still 

understudied by significant research, and it might be attributed to Auger recombination 

[60, 61], carrier leakage [62], and carrier delocalization [63]. One way to solve this issue 

is by increasing the LED chip area as discussed before; however, the fabrication process 

of larger LED areas usually involves high cost to eliminate the generated heat caused by 

high currents. 

 

Figure 1.4 Power-conversion efficiencies versus input power density of LED and a laser diode. The 

efficiency of the LED decreases at high input power densities while the efficiency of the LD increases [4]. 

The basic structure of the InGaN-based LED consists of multiple quantum wells (QWs) as 

the active layer to achieve better electron confinement [52-54]. Quantum well is the 

structure that a thin InGaN (< 5 nm) is embedded by GaN barrier (~ 10 nm). The active 

layer is embedded by a top layer of Mg-doped p-type GaN and a bottom layer of Si-doped 

n-type GaN. The undoped GaN grain layer is introduced before the epitaxy was grown on 

a c-plane sapphire substrate to reduce the strain and defects. The epitaxy of a typical blue 

InGaN LED is illustrated in fig. 1.6, with a 12 stack of InGaN/GaN MQWs as the active layer. 

DC sputtered Ni and RF sputtered ITO is typically used as the p contact layer or the current 

spreading layer. However, new materials, such as carbon nanotube, graphene, and hybrid 

cellulose nanopaper have been explored as the transparent conductive electrode as well 
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[55, 56]. A post-deposition RTP process proved to enhance the transparency of the ITO 

layer and reduce the resistance [57]. 

 

Figure 1.5 Schematic epitaxial structure of an InGaN/GaN LED wafer [64]. 

1.4.2 Edge-Emitting Semiconductor Laser 

GaN-based lasers play a significant role in today’s world due to their essential applications 

in SSL, optical data storage (e.g., Blu-ray discs), pico-projectors, heads-up displays used in 

automobiles, and other medical and military applications. The first blue-emitting InGaN 

lasers were demonstrated by Nakamura et al. in 1996. LD is defined as an electrically 

pumped semiconductor device that produces coherent radiation when current passes 

through it. For the LDs, a p–n junction is used, where the electrons are injected from the 

n-cladding layer to the active layer and the holes are injected from the p-cladding layer 

to the active layer as schematically illustrated in fig.1.7 [65]. The laser has the ability to 

produce and amplify an intense beam of a highly coherent, highly convergent, and 

monochromatic beam of electromagnetic radiation that has a wide range of wavelengths 

from ultraviolet to infrared [66]. Traditionally, edge-emitting laser diodes (LDs) are widely 

adopted in optical systems that require very compact transmitters, small emission spots, 

and high modulation rates [65, 67-71]. Due to their high pure spectral and high efficiency, 

lasers are considered to be good competitors for light sources in large TVs and projectors, 

in addition to the compact pico-projectors; hence, it is expected that the pico-projector 

market is around $1.1 billion by 2014 [3].  
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Figure 1.6 Schematic of a typical epitaxial structure for a GaN-based ridge waveguide edge-emitting LD[3] 

Recent work in GaN LD-VLC showed significant progress for SSL applications owing to the 

advantages, including a higher power conversion efficiency and higher modulation 

bandwidth than LED. The higher modulation bandwidth of LD could be contributing to the 

longer photon lifetime of LD, which is in order of pico-seconds than the one nano-second 

photon lifetime of LED [72]. Another advantage of LD over LED is the relatively high output 

power of LD at high injection currents, which results in a reduced effect from the limited 

phosphor response than LED-based VLC as seen in fig. 1.8. Figure 1.8 shows the 

comparison of the modulation bandwidth of commercial blue LED and LDs with and 

without phosphor conversion. 
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Figure 1.7 Comparison of the modulation bandwidth of commercial blue LEDs and blue LDs with and 

without phosphor conversion [29]. 

In this regard, a 1 GHz VLC system based on a 450 nm LD has been demonstrated for the 

concept of RGB free space transmission [10]. A high-speed VLC using blue-violet (422 nm) 

LD has been reported with a 1.4 GHz of modulation bandwidth and 2.5 Gbps of error-free 

transmission with an output power of 21 mW at 145 mA [73]. Additionally, a 442 nm LD 

combined YAG:Ce phosphor materials and produced a white light with a luminous efficacy 

of 76 lm/W, 57 of CRI, and 4400 K of CCT [74]. Recently, bandwidths of 2.6 GHz and 4 

Gbps of data transmission rates were achieved by the NRZ modulation scheme for the 

VLC system based on a 450 nm GaN ridge laser diode [72]. From the same group, 

remarkable modulation bandwidth of 5 GHz and transmission speed of 5 Gbps using OOK 

modulation scheme were reported [75]. Alternatively, Shen et al. designed the first 

integrated waveguide modulator-laser diode (IWM-LD) to externally encode the LD at 

448 nm at 1 GHz [76]. Therefore, for the abovementioned features of  LDs, they are good 

candidates in LiFi networks, UWOC, and plastic optical fiber (POF) communications [32]. 

Despite that GaN-based light-emitting diode (LED) and laser diode (LD) have become 

increasingly appealing in solid-state lighting replacing conventional light sources, there 

are still few limitations on various applications. For instance, optical coherence 
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tomography (OCT) [77] and fiber-optic gyroscopes (FOG) [78] requires light-emitter 

devices with high brightness and broader spectrum characteristics for enhanced axial 

resolution [79]. 

Moreover, the narrow bandwidth of the LD in the range of 2-3 nm may exhibit poor CRI 

of the white light characteristic and may possess potential health hazards [80]. Also, due 

to the monochromatic, the high spatial coherence properties of LD, coherent artifacts 

such as speckles are commonly observed [81]. In contrast to LEDs and LDs, 

superluminescent diode (SLDs) can efficiently resolve the issues of LEDs and LDs of which 

will be discussed in detail in the following section. 

1.5 Thesis Outlines 

Following the introduction of solid-state lighting and visible light communication, the rest of 

the thesis will be organized as follows. 

 

The fabrication process of SLDs that have been utilized in this thesis will be discussed in 

chapter 2. Furthermore, suppression of the lasing mode using a focused ion beam 

technique to tilt the facet-angle will be presented.  

 

Chapter 3 covers the optical and electrical characterization of SLD, emphasizing on the 

achieved high optical power and providing a comparison of recent SLD devices properties. 

Additionally, it shows speckle-free SLD characteristics compared to LD emission. 

 

Chapter 4 focuses on SLD-based methods for generating white light using different 

approaches; such as YAG:Ce phosphor, red and green phosphor plate, and perovskite 

nanocrystals. High-quality white light was obtained with high CRI and CCT for solid-state 

white lighting applications. 

 

Chapter 5 discusses SLD-based transmitter for visible light communication by studying the 

performance of VLC systems, and investigation of the system performance using various 
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modulation techniques, i.e., OOK and DMT is presented. Furthermore, it highlights the 

competitive advantages of GaN-based SLDs in conjunction with the spectral-efficient 

QAM-DMT scheme for high-speed white light communication. 

 

In chapter 6, a single- and dual-wavelength tunable blue laser source using an InGaN SLD 

under different EC configurations is demonstrated. Adding or removing the mirrors of the 

EC-SLD can reconfigure the device operation to work in the stimulated emission or the 

ASE regimes, giving an unparalleled capability to a single chip. 

 

Lastly, Chapter 7 summarizes the scientific contributions of the presented work with 

future recommendations.  
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CHAPTER  2:  

Fabrication of Superluminescent Diodes 

In this chapter, the fabrication method of waveguide configuration of GaN-based 

superluminescent diode by focused ion beam (FIB) induced sputtering and iodine-assisted 

etching is discussed. The FIB fabrication process was an essential step towards the 

realization of SLD with tilted-facet configuration for high optical power and optimized 

electrical and optical characterization. In addition, it introduces the subject of SLD and its 

working principle with an overview of the SLD merit properties in SSL-VLC applications.  

2.1 Focused Ion Beam 

When focused ion beam (FIB) technology was introduced at the end of the 1970s, a 

growing research was immediately considered, specifically for high-resolution fabrication 

of semiconductor optoelectronic devices. The unique adaptability of FIB to allow direct 

resist-free and 3D controlled patterns for local manipulation of materials and devices 

makes it possible to adjust the electrical and optical characteristics of optoelectronic 

devices, including light-emitting diodes (LEDs), superluminescent diodes (SLDs) and laser 

diodes (LDs) [82]. The primordial advantage of FIB milling, etching and deposition 

technologies is the control of key parameters of the working ion beam such as beam size, 

shape, current and energy to adapt a required amount of material at a precise location in 

a controllable process.  
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Figure 2.1 Image of the Helios NanoLab 400 (FIB/SEM)  

Today most of the micro- or nanophotonic structures are fabricated by a combination of 

optical lithography, dry and wet etching processes, and layer deposition or growth. These 

are mass-production processes that enable the fabrication of many devices in parallel, 

aiming to lower the cost and minimizes resources. However, theses process usually 

involved expensive masks which leads to costly and slow fabrication process. Therefore, 

easy prototyping technologies that enable rapid and flexible fabrication of nanophotonic 

components are needed. The best example is FIB, which offers a relatively simple solution 

without the need to photoresist or any additional etching processes. Also, it easies the 

post-processing of device fabrication with a more complex topography structure, such as 

the modification of the ridge waveguides [83].  As FIB is a serial technique it is not likely 

to be used for mass fabrication of large-area devices. However, it is a suitable technique 

for post-development to make small modifications to structures that were fabricated by 

using other techniques such as optical lithography. Figure 2.5 shows a photograph of the 

FIB systems Helios NanoLab 400 (FIB/SEM) that was used during the experimental work 

of this thesis.  
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2.2 Overview of Superluminescent Diodes 

The main subject of this dissertation is superluminescent diode (SLD) which is considered 

as a new class of III-nitride light-emitters that works in amplified spontaneous emission 

(ASE) regime. SLDs operating principle is based on the single-pass gain of light generated 

inside a semiconductor chip where an inversion of population is achieved through enough 

pumping current injection. SLDs epitaxial structure is typically analogues to the Fabry-

Pérot-LDs with mirrors covered by antireflection (AR) coatings. However, in SLD, 

extremely low reflective mirrors are needed to ensure that most of the light generated 

by the process of spontaneous emission are emitted outside of the device facets and do 

not exhibit any intrinsic resonant cavity. So, only small part of the light can be confined in 

the waveguide and then, undergoes stimulated amplification.  

SLD has experienced huge interest since its first demonstration in 2009 by Feltin et al. [6]. 

These SLDs were able to produce 100 mW of optical power in pulsed operation. Followed 

by another report from the same group featured CW operation of SLD with optical power 

was 35 mW and spectral bandwidth of ~5 nm [84]. In the same manner, Rosetti et al. 

proved high coupling efficiency of the SLD devices based on highly directional output light 

[84]. Also, Holc et al. studied the temperature dependence of electroluminescence in 

tilted-ridge SLDs, with a detailed study on the role of spontaneous emission in ASE [85]. 

Kafar et al. compared different cavity suppression approaches for SLD structure by tilting 

the waveguide, bent waveguide designs, and applying the passive part and they achieved 

an optical power of 125 mW with a width spectrum of 6.5 nm.  

2.3 Practical solutions for superluminescent diode fabrication 

The ASE regime occurs in waveguide edge-emitting devices when the optical feedback is 

suppressed, and therefore, the onset of lasing is inhibited. Hence, to suppress the optical 

feedback and lasing from happening, the structure is designed to limit cavity effects by 

increasing the mirror losses at the output facet.  
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Figure 2.2 Different possible SLD geometries: (a) using AR coatings, (b) facet roughening, (c) with absorber 

section, (d) obliquely etched facet, (e) tilted waveguide, and (f) bent waveguide [86] 

 

Various methods have been pursued by large scientific bodies to suppress the cavity 

feedback in SLDs. These mechanisms aim to increase waveguide and mirror losses of the 

SLD, to prevent lasing. This can be achieved by various approaches, including 

antireflection (AR) facet coating [87], facet roughening [88], utilizing a passive absorber 

[25, 89], waveguide bending [90-93], and tilted facets [6, 7, 85, 87, 94] as seen in fig.2.2 

(a-e). The simplest and straight forward method to fabricate SLD is to deposit high-quality 

antireflection coatings on front or front and rear facets of an LD. According to a study [95] 

A very-low facet reflectivity of the order of 10-5 or less is required to fabricate high-quality 

SLDs which required high-precisely deposition technique and hence increase the 

manufacturing cost. Therefore, AR coating approach cannot stand alone to fabricate SLD 

due to its complexity but might be used as an additional process to enhance facets’ 

reflectivity. The second approach for fabricating the SLD is roughening the back facet of 

the SLD by applying Potassium Hydroxide (KOH) wet etching to form highly roughened 

surface of hexagonal pyramids to reduce the facets’ reflectivity. The third approach is 

based on a passive absorber method in which an un-biased section of the ridge absorbs 

the generated light propagating towards the end of the cavity as all reflections reflected 

back to the waveguide must be eliminated. However, this approach is inefficient in in 

suppressing the lasing action besides it required long devices geometry. An effective 
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method for SLD fabrication to very low facet’s reflectivity; which was applied here, is the 

tilting process of the facet to be tilted (not be perpendicular) to the ridge waveguide. In 

this method, when the light reaches the frond facet it undergoes Fresnel reflection losses 

and propagates in a tilted path.  

The suppression of laser action at the required high pumping levels leads to a directional 

and broadband output emission due to the stimulated emission of electron and holes, 

where the broadening of the emission linewidth is governed by the gain of the SLD 

material [96].  

 

Figure 2.3 Schematic diagram of the double-pass configuration of the superluminescent diode with a high-

reflective-coated back facet and 12° tilted front facet. 

Here, a blue-emitting SLD featuring a 12° tilted-facet design on a c-plan GaN substrate, 

with a ~ 1-mm cavity length, was fabricated as illustrated in fig.2.2. The epitaxial structure 

consists of AlGaN cladding layers, InGaN/GaN multiple quantum wells as an active region, 

highly doped GaN contact layer, and an AlGaN electron blocking layer. The waveguide 

width is 15 μm. 

2.4 SLD Fabrication Process 

Figure 2.3a shows the fabrication structure of the blue-SLD structure with a waveguide 

and a quantum-well active region to provide a high concentration of carriers and photons. 

The SLD structure was fabricated on a c-plane GaN substrate with a standard and an 

optimized epitaxial structure of LD. The epitaxial structure consists of the following layers: 

AlGaN p- and n-type cladding layers, InGaN active region with multiple quantum wells 
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(QWs), a p-AlGaN electron blocking layer (EBL), highly Mg-doped p-GaN contact layer and 

GaN-waveguides. The blue-emitting InGaN SLD was fabricated on a commercially-

available laser structure via etching the laser’s front facet by 12° by FIB process to lower 

the facets reflectivity. 

 

Figure 2.4 (a) fabrication structure of the blue-SLD. (b) Scanning electron microscope image of the SLD 

showing the 12° tilted facet configuration with respect to the wave-guide SLD structure 

The SLD’s gain region exists within an uncoated tilted-facet at the output front and a 

highly reflective (HR) mirror coating with >90% reflectivity on the back facet. The 12° 

angle of the front facet is optimized to avoid reflecting light back into the SLD’s internal 

cavity, which consequently prevents the lasing action. The modal reflectivity at different 

facet angles are found to be below 10-5 with tilting angles greater than 6° in GaN-based 

devices [97-99]. This characteristic allows us to use the fabricated SLD without the need 

of adding an AR coating onto the tilted front facet nor designing a curved waveguide. A 

device length of ~ 1 mm and a ridge-width of ~ 15 µm define the injection area of the 

SLD, reaching current densities as high as 6.7 kA/cm2 (1000 mA). 
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Figure 2.5 (a) Microscopic image for the SLD device before the FIB fabrication process. (b) SEM image for 

the SLD after the FIB fabrication process 

Figure 2.4 shows the microscopic image and SEM image for the SLD device before (3.4a) 

and after (3.4b) the FIB fabrication process, respectively. The device was processed 

carefully to achieve low front facet reflectivity by tilting the facet by 12 degree by FIB 

milling technique without any damage to the SLD rear facet or waveguide structure.  

2.5 Milling of the tilted-facet waveguide 

Figure 2.6 shows the formation of the milling of tilted facet with 12-degree configuration 

is illustrated. The dimensions of GaN-based SLD are 15-µm-wide ridge with a ~ 1 mm long 

waveguide.  

 

Figure 2.6 FIB fabrication process for the tilting facet configuration 
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Perfectly vertical sidewalls are, in principle, required for photonic crystal applications to 

guarantee low-loss propagation. However, several scientific and technical issues still need 

to be resolved, such as the redeposition effects.  

 

Figure 2.7 SEM images for (a) redeposition of sputtering process by FIB on the sidewall of tilted-facet and 

(b) gas-assistant etching cleaning process for enhanced sidewall. 

The redeposition of sputtered materials caused from ion milling is dramatically reduced 

by enhanced etch with Iodine (I2) gas. This is a very important issue to form smooth 

vertical sidewalls for SLD facets. Figure 2.7 shows the sidewall of the tilted facet of the 

SLD after cleaning process by gas-assistant etching technique. 
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CHAPTER  3:  Optical and Electrical Characterizations of SLD 

In this chapter, the design of a high-power blue-emitting superluminescent diode to 

optimize the emission spectra by reducing the reflectivity of the front facet and its 

corresponding electro-optical properties are discussed. The electroluminescence (EL) 

spectra of the SLD at different injection currents and light-current-voltage (L-I-V) 

characteristics are measured and discussed. A comparison of the performances of 

reported GaN SLDs is presented for the first time, with a focus on the output power and 

optical.  

3.1 Electroluminescence Spectra 

The electroluminescence (EL) spectra of the SLD at different injection currents were 

performed using a Yokogawa AQ6373B optical spectrum analyzer, resulting in peak 

emissions at ~ 442 nm and are shown in Fig. 3.1a. It depicts the EL of the SLD at different 

CW injection currents. The lasing suppression mechanism led to a broader emission of a 

full-width at half-maximum (FWHM) of 6.5 nm. Furthermore, EL spectra in CW mode 

confirms the superluminescent characteristic of our SLD as evident in the decreasing 

FWHM (from 20 nm at 100 mA to 6.5 nm at 1A) as high gain increased, but without any 

sign of lasing modes (as seen in Fig. 3.1b). 
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Figure 3.1 (a) Electroluminescence (EL) spectra of the SLD at different injection currents. (b) FWHM and 

peak position 

 

In fig. 3.1a, EL peak wavelengths are blue-shifted due to the band-filling effect induced by 

high current densities, and then they are red-shifted due to device heating effect. The SLD 

emission exhibits a relatively large peak of a full-width at half-maximum (FWHM) of 6.5 

nm at a high injection current of 1000 mA. Such a large FWHM, i.e., a larger optical 

bandwidth, makes the SLD suitable for lighting, projection, and spectroscopy applications. 

3.2 High-Power Blue SLD 

The output power (optical) under CW and pulsed condition reached maximum values of 

105 mW and 474 mW, respectively, as seen in figs.3.2a and 3.2b. The lower output power 

under CW injection is attributed to the self-heating effect caused by high injection 

current, increasing the non-radiative recombinations and carrier escape from the 

heterostructure [85, 100]. The L–I plots prove an exponential dependency of output 

power at lower injection currents (<700 mA), followed by a superlinear L–I characteristic. 

The SLD was characterized using the Keithley 2520 laser diode testing system with a 

calibrated Si photodetector. These characteristics are translated into droop-free emission 

with maximum external quantum efficiencies (EQE, ηext) of 6.74% and 16.91% for CW and 

pulsed injection, respectively (Fig. 3.2c). 

 

Figure 3.2 (a) CW and (b) pulsed injection L–I–V curve of the SLD showing high peak optical power of 105 

mW and 474 mW, respectively. (c) External quantum efficiency (ηext) of the SLD, calculated from optical 
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power (Poptical), elementary charge (e), injection current (I), Planck’s constant (h), and frequency of emitted 

light (υ). 

For a single-pass SLD, the optical power can be defined as, 

 
𝑃≈𝑃𝑠𝑝 𝐺𝑠(𝑗,𝐿), (1) 

where 𝑃𝑠𝑝 is the spontaneous emission power, and 𝐺𝑠 is the single-pass optical gain. 𝐺𝑠 is 

a function of the current density (𝑗) and cavity length (𝐿), and is given by: 

 
𝐺𝑠(𝑗, 𝐿) = 𝑒𝑥𝑝 [(Γ𝑔0 𝜂

𝑗

𝑑
− 𝛼) 𝐿], (2) 

where Γ is the confinement factor, 𝑔𝑜 is the gain coefficient, 𝜂 is the internal quantum 

efficiency, 𝑑 is the active layer thickness, and 𝛼 is the absorption coefficient [101]. 

In a single-pass SLD, the reflectivity of the front and back facets should be as small as 

possible, which can be achieved by AR coating. However, in this case, the device requires 

a significantly large single-pass gain (𝐺𝑠) to achieve high-power output, which calls for a 

high injection current density (𝑗), and a long cavity length (𝐿) [101]. A higher injection 

inadvertently leads to joule heating, and a device with a long cavity length may not be 

efficient. A preferred device design for achieving high-power SLD is based on a double-

pass configuration, in which a high-reflective (HR) mirror (𝑅2>0.9) is coated at the back 

facet [92]. In a double-pass SLD, the output power is proportional to the square of the 

gain, as 

 
.2𝑠𝐺 2𝑅 𝑠𝑝𝑃≈𝑃 (3) 

For a given 𝑅2>0.9, the front facet reflectivity (𝑅1) should be kept as small as possible to 

minimize the generation of spectral modulation, which is undesirable for SLDs due to its 

impact on the coherence properties of SLD [101]. This challenge can be solved by tilting 

the waveguide or facet beyond a certain angle. A modal reflectivity below 10-6
 can be 

achieved in SLDs with facet angles greater than 6° [79, 102]. Our SLD features a 12° tilted 

facet, in conjunction with an HR-coated back facet mirror 
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It is vital to ponder the emission wavelength and the crystal plane of growth in light-

emitting devices. It is well known that increasing the indium (In) composition of the active 

region of InGaN-based emitters decreases the quantum efficiency significantly [103]; 

therefore, longer emission wavelengths represent a higher challenge for device 

operation. Also, it has been shown that piezoelectric effects found in c-plane GaN affect 

the performance of the light emitters [104] [46] and semipolar/non-polar GaN substrates 

can be a solution, however, the high cost and low availability of these substrates, as 

compared to c-plane GaN, delay their implementation.  

3.3 Comparative review of electro-optical properties of GaN-based SLDs 

Many parameters are relevant to the electro-optical properties of SLDs, including the 

optical power (mW), optical bandwidth (nm), peak wavelength (nm), injection current 

(mA), and current density (kA/cm2). Because enhancing the power-bandwidth product 

(PBP) of SLD devices is of prime importance, here we evaluate the PBPs from SLDs with 

different designs and configurations.  

Table tablet1 Electro-optical properties of III-nitride SLDs 

λ 

(nm) 

P 

(mW) 

FWHM 

(nm) 

PBP 

(mW·nm) 

J 

(kA/cm2) 

Pulsed 

/ CW 
Year Ref 

392 70 2.1 147 10.9 CW 2013 [91] 

405 200 3 600 / CW 2011 [97] 

405 350 / / / CW 2016 [90] 

405 125 2.5 312.5 16.7 CW 2012 [86] 

405 20 9 180 16.9 CW 2016 [94] 

405 0.65 5.23 3.4 19 Pulsed 2010 [85] 

407-

416 
3 15.5 46.5 8.3 CW 2017 [137] 

408 230 2.5 575 / CW 2013 [105] 

409 200 / / 15 CW 2015 [79] 

409 170 2.5 425 13.3 CW 2015 [79] 

412 55 / / 17.5 Pulsed 2010 [84] 
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412 39 4.5 175.5 12.5 CW 2010 [84] 

417 14 5.1 71.4 36 Pulsed 2015 [151] 

420 100 / / 39.4 Pulsed 2009 [157] 

420 2.8 4.6 13 15.6 CW 2009 [157] 

422 2 5 10 16.7 CW 2016 [33] 

426 12 10 120 8.9 Pulsed 2017 [106] 

429 70 10 700 15 Pulsed 2017 [156] 

439 5 9 45 15.8 Pulsed 2009 [88] 

440 150 4 600 / CW 2018 [107] 

442 474 / / 6.7 Pulsed 2018 [162] 

442 105 6.5 682.5 6.7 CW 2018 [162] 

443 105 5.1 536 6.7 CW 2019 [108] 

444 105 2.6 273 15.4 CW 2013 [92] 

446 121 7.7 931.7 9.5 CW 2017 [109] 

447 250 2.2 550 9.3 CW 2016 [163] 

447 123 6.3 775 8 CW 2016 [163] 

500 20 10 200 / Pulsed 2018 [110] 

500 4.3 4.4 17.6 18.8 CW 2012 [93] 

505 1 10 10 / Pulsed 2018 [109] 

526 1.06 26 27.6 / CW 2019 [112] 

 

Table 1 The electro-optical characteristics of the reported GaN-based superluminescent 

diodes in terms of the optical-power, optical-bandwidth, PBP, current-density, and 

pulsed/CW operation mode. 
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Figure 3.3 Plots of (a) Power-bandwidth product values for reported GaN-based SLDs at different current 

density in GaN-based SLDs. Numbers represent reference reports from which data are collected. The 

pulsed and CW operation mode are labeled separately, and results from KAUST Photonics Laboratory 

have been highlighted. 

We compared the peak PBP and the injection current density for different GaN-based 

SLDs , as shown in Fig. 3.4. The results for which the SLD was working under pulsed or CW 

operation mode are labeled differently. Among  all the reported devices we had reviewed, 

the highest PBP is 931.7 mW·nm, with an optical power of 121 mW and a peak FWHM of 

7.7 nm at 9.5 kA/ cm2, for an SLD grown on a semipolar GaN substrate with a passive 

absorber design operating in CW mode reported in 2017 [25, 110]. Other SLDs showing a 

PBP of > 650 mW·nm include a 447-nm-emitting semipolar SLD, with a PBP of 775 mW·nm 

at 8 kA/ cm2 [25]; a 429-nm-emitting SLD, with a PBP of 700 mW·nm at 15 kA/ cm2 [5]; 

and a 442-nm-emitting SLD, with a PBP of 682.5 mW·nm at 6.7 kA/ cm2 [7]. A higher PBP 
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is partially attributed to a higher optical power, where an SLD with a higher material gain 

is favored.  

 

Figure 3.4 Plot of power-bandwidth product at different current density vs. wavelength for previous GaN-

based SLDs. Numbers represent reference reports from which data are collected. The results from SLDs 

operating in pulsed and CW mode have been labeled separately, and KAUST Photonics Laboratory works 

have been highlighted. 

Also, we plotted the ratio of the PBP to the current density ((mW·nm)/(kA/cm2))  in order 

to measure how efficiently electrical charges are converted into optical power along a 

determined optical bandwidth. Fig. 3.5 depicted the PBP at different current densities vs. 

the emission wavelength for the reported devices. The highest PBP to current density 

value reported is 101.87 (mW·nm)/(kA/ cm2), for a blue SLD which utilized a tilted facet 

design on a c-GaN substrate [7]. We measured a high quantum efficiency of the SLD due 

to the high-quality active region in the epitaxial layers structure. Our previously presented 
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semipolar SLDs also exhibit high values in terms of the PBP to current density value, such 

as ~ 98 (mW·nm)/(kA/ cm2) in [110] and 59 ~ 97 (mW·nm)/(kA/ cm2) in [25], which opens 

opportunities for high-brightness light emitters. 

 

Figure 3.5 Plots optical power vs. wavelength in GaN-based SLDs reported in prior work. Numbers 

represent reference reports from which data are collected. The results from SLDs operating in pulsed and 

CW mode have been labeled separately, and the KAUST Photonics Laboratory works have been 

highlighted. 

Fig. 3.6 shows the reported optical powers with different wavelengths for multiple SLDs. 

Most of the SLDs we developed are blue-emitting devices, which makes them 

protentional candidates for SSL, pico-projection, and VLC applications. The highest optical 

power reported for III-nitride SLDs operating in CW mode is 350 mW, in a 405-nm-

emitting “j-shape” curved waveguide SLD on a c-GaN substrate [114]. A blue SLD with a 

recorded optical power of 474 mW in pulse mode was reported in [88]. There have been 
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significant efforts to develop high-power SLDs in violet (~ 405 nm) and blue (~ 450 nm), 

with reported optical powers exceeding 200 mW. However, GaN-based SLDs in the cyan-

green color regime still exhibit low optical powers, which is known as the “green-gap” 

valley. Currently, the optical powers for reported SLDs with emission wavelengths over 

460 nm are 4.3 mW in CW mode [117] and 20 mW in pulse mode [111]. Intense efforts 

are required to further improve the optical power of cyan-green SLDs. 

 

3.4 Speckles-free SLD 

Spatial coherence is one of the optical characteristics of emitting-devices emission. High 

spatial coherence focuses electromagnetic energy to a small point in the space or 

described as collimation of an optical beam over a long-distance. However, spatial 

coherence can also introduce notable coherent artifacts, such as speckles, because any 

uncontrolled scattering in the imaging system can cause multipath interference. To 

suppress speckles, low temporal coherence devices, such as SLD are preferred as seen in 

fig.3.3. 
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Figure 3.6 The emitting light comparison between a laser diode and a superluminescent diode: (a) Laser 

diode output light. (b) Superluminescent diode output beam. Insets are the far-field projections of the 

laser diode and superluminescent diode output light patterns, respectively. 

The performance of the SLD in generating white light was evaluated based on the speckle 

density and high-CRI value. In Fig. 3.3, a comparison between the emission path and far-

field projection of the SLD against a blue LD from the same epitaxial structure and 

dimensions. The emission path of LD and SLD are shown in Fig. 3.3a and 3.3b, respectively, 

where the insets in each of the figures illustrate the far-field projection of the devices. 

Owing mainly to the incoherence nature of ASE and the broader emission (6.5 nm) as 

compared to the LD (<2 nm), the speckles in the case of LD are denser than those in SLD, 

which makes SLD promising for the generation of high-power speckle-free white light. 

3.5 Summary 

In this chapter, I examined the basic properties and characteristics of the nitride-based 

SLDs. The optical power vs. current curves show an exponential dependence of output 

power at lower injection currents which prove the concept of superluminescence 

behavior of SLD devices. 

VLC and SSL combined functionality visible-light devices based on a c-plane GaN substrate 

were demonstrated. The SLD emits at 442 nm of wavelength with a broad FWHM of 6.5 

nm and a high-power output of 105 mW at 1 A of CW injection current. SLD-based warm 

white light with CCT of 3392 K and CRI of 85.1 were demonstrated. Moreover, a record 

peak power of 474 mW was achieved under pulsed injection (2% duty cycle, 9.8 kHz). 

These results underscore the practicality of c-plane SLDs in realizing high-power, high data 

rate, speckle-free, and droop-free SSL-VLC apparatus. 
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CHAPTER  4:  

SLD-Based White Lighting 

The GaN-based SLD has become a potential candidate for a high-performance light 

source, mainly owing to its high power and broader emission bandwidth. The rapid 

expansion of solid-state lighting at the present time is an essential driving force for the 

research and development of GaN-based blue SLDs [24, 25]. In this chapter, fundamental 

aspects for the characterization of perceived vision by human eyes are discussed. 

Ddifferent approaches to generate white light, such as YAG:Ce phosphor, red and green 

phosphor plate, and perovskite nanocrystals are summarized. 

4.1 Fundamental Aspects of Illumination 

Human eye is the most important recipient of visible light spectrum. As shown in Fig. 4.1, 

the human eye is clad by a light-sensitive part called retina which consists of cone and rod 

cells [64]. Rod cells, which are the majority compared to cone cells, contain a single 

photopigment and therefore they are sensitive over the entire visible light spectrum and 

mediate vision in low lighting conditions. On the other hand, Cone cells contain three 

different photopigments in which each of these photopigments is sensitive in either of 

the red, green or blue spectral range and are active at higher light levels [64]. 

  

Figure 4.1 shows a schematic diagram of the human eye and relation between scotopic and photopic 

vision based on cone and rod light receptors cells [64] 
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Perceiving colors by the human eye are driven by the type of stimulated cells at specific 

levels of ambient light. At bright light a photopic vision stimulated by cones is precepted, 

while scotopic vision associates to human vision at low light levels are stimulated by rods. 

The spectral sensitivity curves for human eye in both the photopic and scotopic regime 

are presented in Fig.4.1. For vision in bright light the peak for photopic vision occurs at 

555 nm while for scotopic vision, the sensitivity maximum is shifted toward longer 

wavelength of about 505 nm. With the characterization of perceived vision by human 

eyes being discussed, this section discusses different photometric and radiometric 

parameters (such as brightness, color etc.) required to characterize the illumination and 

emission properties of SLD-based VLC system [64]. 

 

4.1.1 Luminous flux 

The luminous flux combines luminosity function and spectral power distribution scaled 

according to the fluctuating sensitivity of the human eye to different wavelengths (SI unit: 

lumen [lm]) [22]. 

The luminous flux 𝐿 can be defined as [22] 

 
𝐿 = 683 (𝑙𝑢𝑚𝑒𝑛𝑠/𝑤𝑎𝑡𝑡) ∫ 𝑉(𝜆)

∞

0

𝑃(𝜆)𝑑𝜆 (4) 

Where 𝑉(𝜆) is the human eye sensitivity function, 𝑃(𝜆) is the radiant spectral power 

density as depicted in Fig.4.1. For photopic vision, 1Wof radiant power corresponds to a 

luminous flux of 683 lm (at 555 nm). On the other hand, for scotopic vision, the sensitivity 

is higher corresponding to a luminous flux of 1745 lm (at 506 nm). 

4.2 SLD-Based White Lighting with YAG:Ce Phosphor 

White light can be generated using violet-blue light emitters exciting one or multiple 

phosphors as color converters [112]. A comparison of the spectra, chromatic properties, 
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and emission patterns in white light generated using LEDs, SLDs, and LDs in this 

configuration was provided in [121].  

 

Combining a blue LED or LD with YAG:Ce phosphor for white lighting has been widely 

demonstrated [4, 29, 113]. For example, employing a blue LD exciting a YAG:Ce phosphor 

crystal results in a white light with a color-rendering index (CRI) of 58 and color 

temperature (CCT) of 4740 K [42]. Similarly, using a blue SLD-exciting yellow phosphor, a 

white light with a CRI of 68.9 and CCT of 4340 K was obtained [58]. The improvement in 

the CRI results from the larger optical bandwidth of blue SLDs compared to blue LDs. 

Hence, SLDs with larger PBPs are advantageous for SSL applications.  

Here, a commercially available phosphor (ChromaLit Linear Intematix) was integrated 

with one of the blue SLDs that we fabricated to generate white light obtaining an 

illuminance of 1550 lux measured directly at the source under 1 A CW injection (Fig. 4.1). 

Thus generated white light presented a CRI of 85.1, a CCT of 3392 K, and corresponding 

Commission Internationale de l'Eclairage (CIE 1931) chromaticity coordinates at (0.3991, 

0.3625) as seen in Fig.4.1d. These values were consistent at different SLD injection current 

ranging from 700 mA to 1 A. In the search for warmer SSL-based white light due to health 

concerns [114, 115],  the CCT of 3392 K obtained represents one step further on 

integrating blue emitters into indoor lighting solutions offering warm illumination with a 

competent CRI (>85). 
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Figure 4.2 The Superluminescent diode -based solid-state lighting systems: (a) Photograph of 

superluminescent diode excites a phosphor plate to generate a white light. (b) Illuminance characteristics 

of the generated white light while varying injection currents. (c) The color rendering index (CRI) 

characteristics of 85.1 for the generated white light. (d) CIE chromaticity coordinates of the generated 

white light. 

To further discuss the CRI for high-quality white lighting, a phosphor plate combining 

green and red phosphors can be employed in place of the yellow phosphor. By utilizing a 

blue SLD exciting the phosphor plate, a white light with a high CRI of 88.2 was obtained, 

as shown in Fig. 4.2. The CCT is 3522 K, which represents a warm white light. The 

corresponding CIE 1931 chromaticity coordinates at (0.38, 0.35) have been measured 

using a GL Spectis 5.0 Touch spectrometer and are plotted in Fig. 4.2. 
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Figure 4.3 Chromaticity coordinates of the white light at (0.38, 0.35) on CIE 1931 color space. Inset: 

photograph of the generated white light when SLD excites phosphor plate. 

These results confirm that GaN-based SLDs can be integrated into indoor lighting systems, 

offering a desirable CRI. A higher CRI can be achieved by further engineering the phosphor 

mixture, such as adding more color conversion elements in the green, cyan, and red color 

regime. 

4.3 SLD-Based White Lighting with Perovskite Nanocrystals 

Recently cesium lead halide perovskites (CsPbX3), where X = Cl, Br, and I or mixed halide 

systems Cl/Br and Br/I, nanocrystals (NCs) have shown great potential for optoelectronic 

applications due its properties of high PL quantum yields (more than 90% quantum yield 

in photoluminescence) [116] with a tunable bandgap, long carrier diffusion, and an 

inexpensive fabrication process [117]. Up to now, the VLC based on a white light system 

combining an SLD and perovskite NCs has not yet been achieved. Henceforth, a high-

quality daylight white color of 89.2 of CRI and 7277 K of CCT at 1A of injection current in 

conjunction with CsPbBr3 perovskite NCs and hybrid phosphor materials was achieved as 
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seen in fig.4.3. With these results, it portrays the potential of the SLD in SSL-VLC 

overcoming intrinsic limitations of LED and laser. 

 

Figure 4.4 Spectrum of the SLD-based white light. Inset: CIE chromaticity diagram showing the coordinates 

(x=0.3068, y=0.3045) of the generated white light 

4.4 Summary 

These results from different SLD-based approaches to generate white-light confirm that 

GaN-based SLDs can be integrated into indoor lighting systems, offering a desirable CRI. 

A higher CRI can be achieved by further engineering the phosphor mixture, such as adding 

more color conversion elements in the green, cyan, and red color regime. They open 

routes toward more development of group-III-nitride optoelectronic into many important 

applications, SSL, full-color display, optical data storage, projection, and medical diagnosis 

and energy-efficient white lighting technology could not be realized without the invention 

and development of GaN-based light emitters. 
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CHAPTER  5:  

SLD-Based Transmitter for VLC 

In this chapter, a study of the performance of VLC systems based on blue SLD transmitters, 

and an investigation of the system performance using various modulation techniques, i.e., 

OOK and DMT is presented. The results reported here unequivocally point to the 

significant performance and versatility that GaN-based SLDs could offer for beyond-5G 

implementation, where white lighting and high spectral efficiency VLC systems can be 

simultaneously implemented. 

5.1 Non-Return-to-Zero OOK (NRZ-OOK) Modulation 

Non-return-to-zero OOK (NRZ-OOK) modulation has been widely employed in VLC 

systems, owing to its low complexity. To study the data transmission capability of an SLD-

based VLC system, a pseudorandom binary sequence (PRBS) 210 -1 data stream generated 

by the Agilent N4903B J-BERT pattern generator was employed. A data transmission 

experiment is conducted by measuring the bit error rates (BERs) and eye diagrams at 

different data rates. The modulation bandwidth capability of the SLD was explored in this 

section. 

 

By increasing the current density (J), it is expected that the active region carrier 

concentration (N) increases, leading to a decrease in the differential carrier lifetime (τ) 

[118, 119]. This differential lifetime is inversely proportional to the frequency modulation 

bandwidth (f3dB), given by: 

 
𝑓3𝑑𝐵 = ( 

√3

2𝜋𝜏𝑒
) (5) 

leading to incremental modulation bandwidths at higher injection currents [120, 121]. 

The 3-dB modulation bandwidth of our device was measured to be 376 MHz, 398 MHz, 

and 404 MHz, at 800 mA, 900 mA, and 1A respectively. As shown in Fig. 5.1a, the natural 

frequency response of the SLD shows a continuous flat response without the need for 
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equalization techniques [53]. This flat bandwidth response is desired when using 

modulation schemes for high-density data such as orthogonal frequency division 

multiplexing (OFDM) [122, 123]. Moreover, the absence of the relaxation resonance 

frequency peak (ωr), which is characteristic of LD cavities [124] is one more evidence of 

the existence of ASE and the suppression of the resonance cavity. 

 

Figure 5.1 Stand-alone SLD modulation bandwidth and data rate: (a) Modulation bandwidth response at 

different injection currents. (b) and (c) show the eye diagram for the data rate of 1 Gbps and 1.45 Gbps, 

respectively. 

Furthermore, the VLC data rate using the NRZ-OOK modulation scheme was measured. A 

data rates up to 1.45 Gbps with a corresponding bit error rate (BER) of 1.8 × 10-3, which is 

below the forward error correction (FEC) limit of 3.8 × 10-3
 was achieved. The distance 

between the emitter and the receiver was ~ 25 cm. The eye diagrams showing clear open 

eyes are presented in Fig. 5.1b and 5.1c for two different data rates 1 Gbps and 1.45 Gbps, 

respectively.  
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Figure 5.2 (a) Plot of BER vs. data rate for the SLD-based VLC system using the NRZ-OOK modulation 

technique. (b) Eye diagram of the VLC system at 700 Mbps. (c) Eye diagram of the VLC system at 1.2 Gbps. 

The setup also involves a PSPL5866 linear amplifier, PSPL5580 bias tee, and 1-GHz APD210 

Si avalanche photodetector as the receiver. The eye diagrams are collected using a DCA-

86100C digital communication analyzer and are depicted in Figs. 5.2b and 5.2c. A data 

rate of 1.2 Gbps was achieved with a BER of 1.8 × 10-3, which is below the forward error 

correction (FEC) limit of 3.8 × 10-3. The corresponding eye diagram (Fig. 5.2c) shows open 

eyes at 1.2 Gbps, demonstrating that GaN-based SLDs can be utilized as high-speed 

transmitters in VLC systems. 

5.2 DMT Modulation 

To achieve a higher data rate, high spectral efficiency (SE) modulation formats, such as 

orthogonal frequency division multiplexing (OFDM) and discrete multi-tone (DMT), have 
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been demonstrated for optical wireless communications [125-127]. In addition, high-

speed VLC links based on DMT utilizing a phosphorescent white LED as a transmitter have 

been demonstrated [128, 129]. Advanced modulation formats such as carrier-less 

amplitude and phase (CAP) and OFDM can also help to improve the system performance 

in an LED-based VLC system [126, 130]. Moreover, QAM and wavelength division 

multiplexing (WDM) might enable a high-speed VLC system based on RGB LEDs [131].  

 

In this study, the 16-QAM-DMT modulation scheme was employed to evaluate the system 

performance of an SLD-based VLC system for the first time. In this DMT modulation 

technique, the discrete-time domain signal was denoted by (𝑛) and discrete frequency 

domain signal by (𝑘). Then, the discrete-time domain symbol of DMT can be expressed 

as [132] 

 
𝑠(𝑛) =

1

𝑁
∑ 𝑆(𝑘)

𝑁−1

𝑘=0

𝐹𝑁
−𝑘𝑛, 𝑛 = 0,1, . . . , 𝑁 − 1 (6) 

 

 Where 𝐹𝑁
−𝑘𝑛=exp(-j

2𝜋

𝑁
kn)，N is the total number of DFT or IDFT points. The discrete 

frequency domain signal can be written as: 

 
𝑆(𝑘) = 𝑆𝑟(𝑘) + 𝑆𝑖(𝑘) ⋅ 𝑗 (7) 

Where 𝑆𝑟(𝑘) is the real part of 𝑆(𝑘), and 𝑆𝑖(𝑘) is the imaginary part of 𝑆(𝑘). Then the (5) 

can be written as: 

 

𝑠(𝑛) =
1

𝑁
∑(𝑆𝑟(𝑘) + 𝑆𝑖(𝑘) ⋅ 𝑗

𝑁−1

𝑘=0

) ⋅ (𝑐𝑜𝑠( −
2𝜋

𝑁
𝑘𝑛) + 𝑗 ⋅ 

𝑠𝑖𝑛( −
2𝜋

𝑁
𝑘𝑛)) =

1

𝑁
∑(𝑆𝑟(𝑘)

𝑁−1

𝑘=0

⋅ 𝑐𝑜𝑠( −
2𝜋

𝑁
𝑘𝑛) − 𝑆𝑖(𝑘) ⋅ 

𝑠𝑖𝑛( −
2𝜋

𝑁
𝑘𝑛)) +

1

𝑁
∑ (𝑆𝑖(𝑘) ⋅ 𝑐𝑜𝑠( −

2𝜋

𝑁
𝑘𝑛) +

𝑁−1

𝑘=0

𝑆𝑟(𝑘) ⋅ 

(8) 
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𝑠𝑖𝑛( −
2𝜋

𝑁
𝑘𝑛)) ⋅ 𝑗 = 𝑠𝑟(𝑛) + 𝑠𝑖(𝑛) ⋅ 𝑗 

 

In the majority cases, N is an even number. So 𝑠𝑖(𝑛) can be written as: 

 

𝑠𝑖(𝑛) =
1

𝑁
( ∑ ((𝑆𝑖(𝑘) ⋅ 𝑐𝑜𝑠( −

2𝜋

𝑁
𝑘𝑛) + 𝑆𝑟(𝑘) ⋅  𝑠𝑖𝑛( −

2𝜋

𝑁
𝑘𝑛)) ⋅ 𝑗

𝑁/2−1

𝑘=0

+ ∑ ((𝑆𝑖(𝑘) ⋅ 𝑐𝑜𝑠( −
2𝜋

𝑁
𝑘𝑛) + 𝑆𝑟(𝑘) ⋅ 𝑠𝑖𝑛(

𝑁−1

𝑘=𝑁/2+1

−
2𝜋

𝑁
𝑘𝑛)) ⋅ 𝑗) +

1

𝑁
(−𝑆𝑖(

𝑁

2
)) ⋅ 𝑗

=
1

𝑁
(𝑆𝑖(0) − 𝑆𝑖(

𝑁

2
)) ⋅ 𝑗

+
1

𝑁
∑ (𝑆𝑟(𝑘) − 𝑆𝑟(𝑁 − 1 − 𝑘)) ⋅ 𝑠𝑖𝑛( −

2𝜋

𝑁
𝑘𝑛)

𝑁/2−1

𝑘=1

⋅ 𝑗

+
1

𝑁
∑ (𝑆𝑖(𝑘) + 𝑆𝑖(𝑁 − 1 − 𝑘))

𝑁/2−1

𝑘=1

⋅ 𝑐𝑜𝑠( −
2𝜋

𝑁
𝑘𝑛) ⋅ 𝑗 

(9) 

 

From (8), it is concluded that to obtain real value time-domain signal by IDFT, the complex 

signal of the frequency domain in a specific period N should satisfy the following 

relationship: 

 𝑆(𝑘) = 𝑄(𝑘)    𝑘 = 1,2, . . . , 𝑁/2 − 1 

𝑆(𝑘) = 𝑄′(𝑁 − 𝑘) 𝑘 = 𝑁/2 + 1, . . . , 𝑁 − 1, (10) 

 

where 𝑄(𝑘) is the kth complex symbol of 16-QAM, 𝑄′(𝑘) is the conjugated complex data 

of 𝑄(𝑘). Additionally, 𝑆(0) = 𝑆(
𝑁

2
) = 0. In practice, the 0 to (N/2-1)th subcarriers are 

placed on the positive frequency carriers, while the (N/2) to (N-1)th subcarriers are placed 

on the corresponding negative frequency carriers. If the QAM symbols satisfy the 
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relationship depicted in (9), the real value time-domain signal will be obtained by IDFT, 

which can be directly modulated on the blue SLD and received by the Si APD. 

 

Figure 5.3 Schematic structure of the SLD-based VLC system setup using the DMT modulation technique. 

Fig. 5.3 illustrates the system structure. At the transmitting side, the decimal random data 

stream from 0-15 was mapped into 16-QAM symbols. The five lowest frequency 

subcarriers will be filled with zeros due to the low SNR presented in those subcarriers. In 

order to transform the complex data into real value time domain data, we will conjugate 

the origin of complex symbols and assemble them. Up-sampling can suppress the 

frequency spectrum and broaden the time domain signal, which will improve the 

performance of the system. Then after IDFT, the real value time domain signal is 

generated. Cycle Prefix (CP) was used to mitigate the multi-path effect. A Tektronix 

AWG7122C arbitrary waveform generator (AWG) was used in the experiment. 

 

At the receiving end, the received signal was synchronized and aligned with the 

transmitted signal. The CP was first removed, and after applying the DFT, the signal was 

transformed into complex symbols in the frequency domain. Channel estimation 

equalizes the receiving complex symbols, which improves system performance. Finally, 

the received 16-QAM complex symbols are demodulated, and the overall BER value was 

obtained. The BERs and corresponding constellation diagrams at 3 Gbps and 3.4 Gbps at 

different data rates are presented in Fig. 5.4. 
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Figure 5.4 Plot of the BER vs. data rate for an SLD-based VLC system using the 16-QAM-DMT modulation 

technique. Insets: corresponding constellations of the received signal at 3 Gbps and 3.4 Gbps. 

At 3.4 Gbps, the SLD-based VLC system has a BER of 3.7 × 10-3, which satisfies the FEC 

criteria of 3.8 × 10-3. To the best of our knowledge, this is the first reported SLD-based VLC 

system with a data rate higher than 3 Gbps using the DMT modulation technique. 

Compared with LED-based VLC systems, such as a 513-Mbps VLC link based on DMT-

modulation of a white LED [131], our system using SLD as the transmitter exhibits an 

attractive transmission data rate. A higher data rate of 1.6 Gbps has been achieved in an 

LED-based VLC system with a cascaded pre-equalization circuit [130]. Despite the fact that 

no hardware equalizers were utilized, the presented SLD-based VLC system enables a 

high-speed data link, owing to the high modulation bandwidth in the GaN-based SLDs. A 

higher data rate might be achieved by incorporating further improvements in the 

modulation technique. Bit-loading is one potential technique [133] for enhancing the 

performance of the SLD-based VLC link. The bit-loading capability of this SLD at various 

frequencies has been estimated using a DMT signal, where all subcarriers were 

modulated by binary phase-shift keying (BPSK) with an equal power. The achieved QAM 

order against the frequency is illustrated in Fig. 4.5.  
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Figure 5.5 Estimated QAM orders for each subcarrier for bit-loading scheme. 

The first five subcarriers at the low-frequency end were intentionally set to zero. It should 

be noted that a number of subcarriers are capable of supporting 32-QAM DMT, with few 

of them supporting 64-QAM. Therefore, it is possible to achieve a higher system 

performance using SLD as the transmitter with bit- and power-loading DMT modulation 

techniques. 

 

It is also worth mentioning that new types of group-III-nitride light emitters have also 

been developed recently, showing potential in high-speed modulation, such as mini-LEDs, 

micro-LEDs, and semipolar/nonpolar light emitters. For example, micro-LEDs show a 

maximum 3-dB bandwidth and optical powers of ~ 500 MHz and ~ 2 mW in [94], ~ 800 

MHz and < 3 mW in [58], and ~ 1 GHz and ~ 1.7 mW in [134], respectively. Reported 

semipolar/nonpolar light emitters show a bandwidth and power of ~ 1 GHz and ~ 1.5 

mW in [58], ~ 1.5 GHz and ~ 1.3 mW in [135], and ~ 2.5 GHz and ~ 2 mW in [136], 

respectively. Although many reports show relatively large modulation bandwidth, their 

low optical powers, which are way below ten mW, limit the practical application in white-

lighting and long-range VLC systems [137]. Although most of the devices mentioned 

above are unpackaged devices, it may need further researches in improving the light 
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extraction efficiency and utilizing arrayed micro-LEDs to enhance the output power for 

VLC applications. 

5.3 Summary 

Emerging VLC and simultaneous lighting applications require high-brightness and high-

speed group-III-nitride light emitters. GaN-based superluminescent diodes offer 

considerable competitive advantages over LEDs and LDs. In this study, the design and 

electro-optical properties of GaN-based SLDs were discussed for the abovementioned 

purpose. A blue SLD with > 100 mW optical power operating in CW has been presented, 

exhibiting a large PBP of 536 mW·nm. The demonstrated device offers a benchmark 

towards the development of Watt-level violet-blue SLDs for matching the optical power 

reported in high-power LDs [138]. The SLD-based VLC system offers a high data rate of 

1.45 Gbps and 1.2 Gbps using the OOK technique, and an extended data rate of 3.4 Gbps 

using the DMT technique. This work highlights the competitive advantages of GaN-based 

SLDs in conjunction with the spectral-efficient QAM-DMT scheme for high-speed white-

light communication beyond 5G. 
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CHAPTER  6:   

Superluminescent Diodes as a Single-port Gain-Chip for Wavelength- 

and Power- Reconfigurable Laser Photonics 

6.1 Introduction 

Tunable laser sources are ideal elements for several applications, including Raman and 

fluorescent spectroscopy, optical sensing, optical communication, and holographic 

technology [139-141]. For visible light generation, designs of commercially-available 

tunable laser sources are mainly based on either optical parametric oscillation or fiber-

based supercontinuum techniques [142, 143]. In recent efforts to simplify these systems 

towards niche applications, several investigations have taken place for using laser diodes 

with various external cavity (EC) configurations [144]. By adding external optical 

components to a laser diode, one can control the laser’s wavelength and linewidth [144, 

145]. Direct modulation of such tunable laser diodes is essential for many critical 

applications such as dense wavelength-division multiplexing (DWDM) optical 

communication [146], and future highly dynamic displays [147, 148].  

 

Though EC-laser diodes have attracted significant attention due to their availability, their 

study is typically complicated, and their operation is relatively unstable [149]. This is 

because the internal diode’s cavity and the external one interacts simultaneously as two 

resonators forming an active laser cavity. This behavior leads to some drawbacks, such as 

mode hopping and interference based on the feedback-optical power provided within 

each cavity [149]. In this sense, high-precision anti-reflective (AR) coatings have been 

developed to suppress the formation of the internal diode cavity and improve the control 

over the EC-laser [149, 150]. A simpler alternative to AR coatings is the use of a tilted facet 

or a tilted waveguide within the internal cavity such as those found in SLDs, leading to a 

modal reflectivity below 10-5 via a single etching step [98, 151]. Previously, infrared SLDs 

have been combined with EC configurations to develop tunable lasers [152-155]. In such 
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EC-SLD, the laser wavelength tunability is inherently controlled via the external cavity, 

which provides more stability to the effective laser system. Despite this fact, the recently 

developed visible SLDs have been rarely combined with EC configurations. Some 

investigations have used InGaN-based SLD or its closely-related semiconductor optical 

amplifier (SOA) inside an EC to generate mode-locked pico-second lasing pulses [156, 

157], and narrow-linewidth laser emission for atomic spectroscopy [150]. Nevertheless, 

combining InGaN-based SLDs with EC configurations has not been further explored. 

Moreover, related research on InGaN-based SLDs has continued steadily with particular 

interests in lighting, displays, and biomedical instrumentation [98, 158-160]. These 

interests have been inspired because SLD is emitting light in the amplified spontaneous 

emission (ASE) regime, showing droop-free performance, low temporal coherence, high-

power density, and low etendue [98, 159, 161-166]. These unique optical properties when 

included with an EC configuration allow to envision the development of a reconfigurable 

single-chip light source capable of emitting both incoherent light from the SLD and 

coherent laser light from the EC-SLD, whenever needed, appealing to a wide range of 

applications. As a result, there is a strong motivation to design a stable and reliable visible 

light EC-laser using InGaN-based SLDs.  

 

Here, is a report on combining a blue-emitting InGaN-based SLD with EC configurations 

where the SLD’s gain chip can generate either ASE or tunable laser light. The continuous 

control over the laser wavelengths ranging from 436 nm to 443 nm was illustrated. By 

using various EC configurations, our reported SLD-based design can provide single- and 

dual-mode tunability, such that each mode can be tuned independently. Moreover, the 

SLD can serve as an amplification medium for the feedback signal provided within the EC. 

The designed reconfigurable blue-emitting SLD would find a myriad of significant 

applications, including free-space and underwater optical communication [166], hybrid 

coherent-incoherent light-based medical diagnosis [167], and terahertz-wave beat signal 

generation by dual-wavelength photo-mixing [168].     
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6.2 Optical and Electrical Characterizations of SLD  

A blue-emitting InGaN SLD is fabricated on a commercially-available laser structure via 

etching the laser’s front facet by 12°, as described in Ref. [7, 160]. The SLD’s gain region 

exists within an uncoated tilted-facet at the output front and a highly reflective (HR) 

mirror coating with >90% reflectivity on the back facet.  

 

Figure 6.1 (a) Light-output–current–voltage (L–I–V), differential resistance (dV/dI), and EQE of the SLD. (b) 

Optical spectra of the SLD at the different injection current values. 

The electro-optical characteristics of the designed SLD are shown in Fig. 6.1a and 1b when 

using a pulsed injection current (1-kHz repetition rate, 15% duty-cycle). A pulsed laser 

diode test system (Keithley, 2520) and a silicon photodiode in an integrating sphere were 

used to capture the data of Fig. 6.1a. The SLD is mounted onto an active thermoelectric 

cooler (TEC, SaNoor, SN-LDM-T) to keep the case temperature of the device constant to 

20 °C. The instantaneous light-output–current–voltage (L–I–V) characteristics show a 

turn-on voltage of ~ 3.2 V [Fig. 6.1a, black circles], and a maximum peak output power of 

35.4 mW [Fig. 5.1a, blue circles]. The L–I curve of the device is described in terms of linear 

spontaneous emission from 1 mA to ~ 200 mA, followed by an exponential increase in 

the output power dominated by the ASE regime from ~ 200 mA to ~ 800 mA, and a super-

linear regime from ~ 800 mA to 1000 mA [Fig. 6.1a, blue circles]. The differential 

resistance (dV/dI) shows working values below 2 Ω after the onset of the ASE [Fig. 6.1b, 

orange squares], while the external quantum efficiency (EQE) [Fig. 5.1a, blue squares] 

shows the droop-free operation of the device. 
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For further characterization of the SLD, Fig. 6.1b shows the emission spectra of the SLD 

when increasing the injection current, as measured with an optical spectrum analyzer 

(OSA, Yokowaga, AQ6373B). The results of Fig. 6.1b were recorded when the SLD is biased 

at a pulsed injection current (1-kHz repetition rate, 15% duty-cycle) and at a 20-°C 

temperature with a benchtop laser current controller (Thorlabs, ITC4005). The peak 

emission wavelength shows a blue shift from 445 nm to 437 nm. This blue-shift behavior 

can be attributed to the contributions of both the screening of the quantum-confined 

Stark effect [169] and the band-filling effect [170, 171].  

 

The SLD’s optical bandwidth, measured as the full width at half maximum (FWHM) of the 

emission spectra, shows a reduction from ~ 16.7 nm (50 mA) down to ~ 5.1 nm (1000 

mA). The FWHM in the ASE-dominated range of 200 mA to 800 mA decreases from ~ 9 

nm to 5.9 nm. These characteristics of the FWHM, together with the L–I curve and the 

EQE, show a clear signature of SLD operation. 
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Figure 6.2 (a) Experimental setup of the tunable single-wavelength SLD-based laser designed using a 

moving external mirror. Optical spectra of the free-running (b), locked using a fixed EC (c), and locked 

using a tunable EC (d) blue SLD. 

6.3 Tunable Single-Wavelength Laser Using an External Mirror 

In this section, the first technique of combining the blue-light SLD with an EC configuration 

to design a continuously tunable single-wavelength laser is detailed. The used 

experimental setup is shown schematically in Fig. 6.2a where the SLD’s blue light was 

firstly collimated with an aspheric lens (L1) of a 6.24-mm focal length and a 0.4 numerical 

aperture (NA). The collimated light was directed towards a beam splitter (BS) of 92% (8%) 

transmissivity (reflectivity). The transmitted light through the BS is back-reflected via a 

movable mirror (M1) such that the SLD’s flat back facet and the M1 form an EC. The other 

reflected beam by the BS was forwarded in the direction of a collimating lens (L2) of a 35-

mm focal length, which injects the blue light into a multimode fiber (MMF) of a 350-μm 

core diameter. The output end of the MMF is connected to the OSA to characterize the 
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optical spectrum of the SLD’s light. During this experiment, the SLD is driven by a pulsed 

injection current (385 mA, 1 kHz repetition rate, 15% duty-cycle) at a 20-°C temperature 

using the benchtop laser current controller. 

 

Fig. 6.2b shows the spectral profile of the free-running blue SLD; without including the 

M1 in the experimental setup. As expected, this profile exhibits a broad spectrum 

centered at a ~ 438-nm wavelength with a 6.7-nm FWHM. In Fig. 6.2c, it shows a 

representative example when the SLD is locked using the external mirror M1 to generate 

a single spectral mode. It is obvious that the broad optical spectrum of the free-running 

SLD was diminished because the SLD lases at a single mode of 0.13-nm FWHM. 

Consequently, when adding the M1 into the system, one can reconfigure the SLD’s 

operation to work in the lasing mode instead of the ASE regime, reducing the FWHM by 

a factor of ~ 51.5. Changing the external cavity’s length can continuously tune the lasing 

wavelength. In particular, a 7-nm tuning spectral range starting from 436 nm to 443 nm 

was measured [Fig. 6.2d]. Since there is no internal cavity within the SLD, the mode 

spacing (Δλ) between two subsequent lasing wavelengths is only governed by the length 

(Lext) of the EC as follows [172]: 

 
𝛥𝜆 ≅

𝜆𝑐
2

2𝑛𝐿𝑒𝑥𝑡
, (11) 

 where λc is the center wavelength of the SLD’s blue light, and n is the refractive index of 

the EC medium. In this experiment, λc   438 nm, Lext   0.25 m, and n = 1 which result in 

having a ~ 0.25-pm mode spacing, using Eq. (1). By changing the length of the EC, it is 

possible to sweep along the wavelengths of the possibly locked modes [Fig. 6.2d]. This is 

a major advantage for the EC-SLD design over the corresponding EC-laser diode ones. In 

typical EC-laser diode systems, the lengths of the external and internal cavities have to 

simultaneously satisfy the Fabry-Perot’s constructive interference condition in order to 

lock a spectral mode, including those operating with various locking stages [173]. As a 

result, EC-laser diode systems typically require complicated and expensive setups to 

precisely control Lext. Additionally, compared with the EC-SLD designs, Δλ of the EC-laser 
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diodes is relatively coarse (in the nanometer range) because the internal cavity’s length 

of a laser diode is typically hundreds of micrometers [174]. Nonetheless, in both laser 

diode-based and SLD-based EC systems, tunable lasers require strict mechanical stability 

to avoid temporal hopping between the locked spectral modes resulted from changing 

Lext. This condition will be relaxed in the following experimental design. 

 

Figure 6.3 (a) Experimental setup of a tunable single-wavelength SLD-based laser using a mirror and a 

prism. (b) Optical spectra of the SLD as the mirror M1 rotates.   

6.4 Tunable Single-Wavelength Laser Using a Prism and an External Mirror    

Here, the experimental setup shown in Fig. 6.2a was modified to include a dispersing 

equilateral prism placed in between the BS and M1 [Fig. 6.3a]. The main purpose of using 

the prism is to spatially resolve the spectral components of the SLD’s blue light 

transmitted through the BS. Mirror M1 here was fixed onto a kinematic mount with fine 

adjustment screws. By rotating M1, as shown in Fig. 6.3a, it is possible to tune the 

wavelength of the light reflected back towards the SLD. The SLD’s flat back facet and the 

M1 again create the EC such that the SLD is locked to lase at the spectral mode reflected 

by M1. Fig. 6.5b shows the spectral intensity profiles of the SLD, as the mirror M1 rotates. 

One can smoothly sweep the locked modes along a ~7-nm range, which is limited by the 

SLD’s free-running spectral gain profile. Since the SLD is always locked at the wavelength 

provided by the mirror, this experimental setup significantly mitigates the spectral mode-
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hopping. This SLD-based tunable laser configuration is more stable, cost-effective, and 

simpler, as compared with the tunable EC-laser diode systems. 

6.5 Tunable Dual-Wavelength SLD-Based Laser  

Here, the experimental setup was modified to design a tunable dual-wavelength SLD-

based laser, which would find many critical applications, including terahertz (THz) wave 

generation by photomixing, sensing, biomedical imaging, among others [168, 175, 176]. 

In this design, each wavelength can be independently tuned across the entire spectral 

gain profile of the free-running SLD. The modified experimental setup is shown 

schematically in Fig. 6.4a where the collimated light from the SLD was directed towards a 

BS of 50:50 split ratio. The transmitted light through the BS is spectrally resolved with the 

dispersing equilateral prism, while the rotating mirror M1 forms the first EC (EC1) with 

the SLD’s flat back facet. 

 

On the other hand, the reflected light from the BS was guided towards a partially 

reflecting mirror M2 of a 70% reflectivity, which was mounted into a linear translational 

stage. This M2 mirror creates a second independent EC (EC2) with the flat back facet of 

the SLD. The transmitted light through the M2 was injected using the lens (L2) into the 

MMF to be spectrally analyzed with the OSA. As aforementioned, creating an EC using the 

combined prism and mirror offers a more stable SLD-based tunable laser, compared with 

the case when only using the external mirror. For the EC2, however, the M2 was used 

without a prism. This is because the transmitted SLD’s light through the M2 can be 

straightforwardly injected into the MMF, using L2, to be characterized with the OSA. In 

contrast, in case of adding a prism within the EC2, it is experimentally difficult to couple 

the SLD’s spatially resolved light into the MMF. In other words, the purpose of using only 

the M2 in EC2 is just to prove the concept of the ability to design a tunable dual-

wavelength SLD-based laser. 
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Firstly mirror M2 was fixed at an arbitrary position and keep rotating the other mirror M1. 

As shown in Fig. 6.4b, the SLD is locked to two spectral modes; a fixed mode of the EC2 

(black line, at 436.35 nm) and another tunable one of the EC1. In Fig. 6.4b, a 

representative example for a possible spectral separation (4.72 THz) between the fixed 

and a tunable mode was shown. Similarly, without rotating the M1 mirror and linearly 

move the other mirror M2. Again, as shown example in Fig. 6.4c, the SLD achieves 

stimulated emission at a constant mode of the EC1 (black line, at 440.9 nm) and a tunable 

mode of the EC2. An example of a probable spectral separation (3.39 THz) was illustrated 

in Fig. 6.4c. The simultaneous tuning of the two external cavities is clearly doable. To the 

best of our knowledge, this is the first reported tunable dual-wavelength SLD-based laser 

in the visible range.  

 

This SLD-based double EC configuration can be utilized as a laser source with a tunable 

THz frequency difference, which can be used as a light source in THz devices [168, 177]. 

The THz spectral difference of the dual-wavelength can be further extended via using a 

free-running SLD with a broader FWHM [178]. In future work, the investigation on 

characterizing the THz generation using the reported configuration will be promising.   

 

Figure 6.4 (a) Experimental setup of the tunable dual-wavelength SLD-based laser. Optical spectra of the 

SLD when M1 is rotating, and M2 is fixed (b), and when M1 is fixed while M2 is moving (c). 
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6.6 Power Amplification Using the Mode-Locked SLD   

In this section, a comparison of the optical powers emitted by the SLD during the free-

running and mode-locked states at different injection current values is discussed. The 

used experimental setup for this purpose is shown schematically in Fig. 6.5a, where the 

collimated light from the SLD was directed towards a partially reflecting mirror of 70% 

reflectivity. This mirror and the flat back facet of the SLD together form the EC. The 

transmitted light through the partially reflecting mirror is focused using the lens L2 onto 

an optical power meter. 

 

For the free-running SLD case, the partially reflecting mirror was intentionally slightly 

tilted such that the reflected light from the mirror is not directed towards the SLD’s gain 

medium. On the other hand, for the spectrally locked SLD, the mirror is correctly adjusted 

to feedback the blue light to the active region. For both of the free-running and locked 

SLD cases, the transmitted light through the partially reflecting mirror is recorded similarly 

with the optical power meter.      

 

At different injection currents, the estimated output power of the free-running SLD 

defined as its measured power by the power meter divided by 0.3 was shown [Fig. 6.5b, 

Black circles]. This is to compensate for the 70% reflection of the partially reflecting 

mirror. Meanwhile, the directly measured power of the locked SLD without compensation 

since the mirror is a part of the laser system was plotted [Fig. 6.5b, blue circles]. At 

injection currents higher than 340 mA, where the locked SLD can achieve stimulated 

emission, a significant amplification of the locked SLD’s optical power is observed, 

compared with the free-running case. For instance, at 500 mA injection current, the 

measured optical power of the locked SLD is ~ 4.46-fold the estimated output power of 

the free-running SLD. This observed optical amplification is a promising step towards 

designing a chip-based optical amplifier for the visible light.  
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Figure 6.5 (a) Experimental setup for measuring the SLD’s optical power during the free-running and 

mode-locked operation. (b) Optical output power versus injected current (L-I) characteristics of both free-

running and locked SLD operations. 

6.7 Summary 

In summary, a single- and dual-wavelength tunable blue laser source using an InGaN SLD 

under different EC configurations was designed. Adding or removing the mirrors of the 

EC-SLD can reconfigure the device operation to work in the stimulated emission or the 

ASE regimes, giving an unparalleled capability to a single chip. For the dual-wavelength 

operation, each spectral mode can be tuned independently, a feature of great interest for 

wave-mixing applications. The spectral tuning range of the reported laser sources extends 

from 436 nm to 443 nm, which is limited by the optical gain profile of the free-running 

SLD, with wider tuning range expected from engineered InGaN gain media. Additionally, 

the SLD can offer light amplification to the power of the optical signal within the EC. 

Hence, our results provide a pathway for the development of next-generation single-chip 

reconfigurable platforms suitable for a wide range of applications, including biomedical 

applications, optical communication, and high-resolution spectroscopy. 
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CHAPTER  7:  

Conclusion and Outlook 

SLDs have recently received significant attention owing to their unique features, which 

combine the advantages of both LEDs and LDs. The short wavelength SLDs have a broad 

spectral emission attributed to the coexistence of spontaneous and stimulated emission, 

known as amplified spontaneous emission (ASE) making them promising alternatives for 

SSL-emitters, full-color display, optical data storage, projection, and medical diagnosis. In 

parallel, a highly directional beam (limited etendue) with high power, low speckle noise 

and droop-free can be achieved. With high-speed white light communication, SLDs 

unequivocally point to the significant performance and versatility that GaN-based SLDs 

could offer for beyond-5G implementation, where white lighting and high spectral 

efficiency VLC systems can be simultaneously implemented.  

 

In this dissertation, the design, fabrication, and characterization of the GaN-based 

superluminescent diode (SLD) were discussed. In chapter 1, I have introduced and discussed 

a number of the applications of GaN-based solid-state lighting (SSL), such as cellular 

phones, traffic signals, automotive interior and exterior signaling, general lighting, and 

display full colors was discussed. Furthermore, three common approaches to generate 

GaN-based white light which are phosphor-converted, red- and green-emitting phosphor, 

and RGB-LEDs were discussed. In addition, I have showed that while being considered as 

“green” communication technology, visible light communication (VLC) advantages over 

radio-frequency were introduced. Owing to these advantages of VLC, it was used for 

several applications, such as LiFi, underwater wireless optical communication, and 

intelligent traffic system.  

 

The fabrication process of tilted-facet configuration of the SLD by focused ion beam (FIB) 

induced sputtering and iodine-assisted etching was discussed in chapter 2. The SLD 

geometry is typically similar to the one used in Fabry-Pérot-type LDs, with a vertical 
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waveguide being formed by epitaxial layers. The ability of FIB to adjust the electrical and 

optical characteristics of optoelectronic devices was presented. Additionally, milling 

challenges during the fabrication process, such as re-deposition of residuals were 

addressed. Chapter 3 discussed the design of the high-power blue-emitting SLD that is 

fabricated on c-plan GaN substrate and its corresponding electro-optical properties. A 

record high out power of 474 mW at 442 nm and a large spectral bandwidth of 6.5 nm at 

an optical power of 105 mW has been achieved. The electroluminescence spectra of the 

SLD at different injection currents and light-current-voltage (L-I-V) characteristics were 

measured and discussed.  

 

Three different approaches to generate white-light based on my GaN SLD using YAG:Ce 

phosphor, red and green phosphor plate, and perovskite nanocrystals were discussed in 

chapter 4. I showed that SLDs are potential candidate for a high-performance light source 

and it offers a unique combination of optical characteristics including high power, droop-

free, speckle-free, low-spatial coherence, broader emission, high-optical power, and 

directional beam. High-quality white light of CRI of 85.1 and CCT of 3392 K was measured 

when SLD blue emission excites YAG:Ce phosphor. Followed by another experiment 

where SLD excites a phosphor plate combining green and red phosphors and a white light 

color of 88.2 of CRI and 3522 K of CCT was obtained. The third approach to generate the 

white light was based on SLD in a combination of cesium lead halide perovskites (CsPbX3) 

nanocrystals and it yielded a white light color of 89.2 of CRI and 7277 K of CCT. 

 

Chapter 5 discussed a study of the performance of VLC systems based on blue SLD 

transmitters. I investigated the system performance using various modulation 

techniques, i.e., non-return-to-zero on-off keying (NRZ-OOK) modulation and the 

spectral-efficient quadrature- amplitude-modulation (QAM) discrete-multitone (DMT) 

technique. The SLD-based VLC system offers a high data rate of 1.45 Gbps and 1.2 Gbps 

using the OOK technique, and an extended data rate of 3.4 Gbps using the DMT 

technique. My achievements highlight the competitive advantages of GaN-based SLDs in 
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conjunction with the spectral-efficient QAM-DMT scheme for high-speed white-light 

communication beyond 5G. 

 

Chapter 6 discussed a blue-emitting InGaN-based SLD with external cavity configurations 

where the SLD’s gain chip can generate either ASE or tunable laser light. The continuous 

control over the laser wavelengths ranging from 436 nm to 443 nm was illustrated. By 

using various EC configurations, the SLD-based design can provide single- and dual-mode 

tunability, such that each mode can be tuned independently. Moreover, the SLD can serve 

as an amplification medium for the feedback signal provided within the external cavity. 

The designed reconfigurable blue-emitting SLD would find a myriad of significant 

applications, including free-space and underwater optical communication, hybrid 

coherent-incoherent light-based medical diagnosis, and terahertz-wave beat signal 

generation by dual-wavelength photo-mixing. 

 

In short, this dissertation presents significant advances in the fabrication of good quality GaN-

based SLD with promising results to be implemented in solid-state lighting and visible light 

communication. The dissertation features the following significant results and advances:  

• A fabrication method based on focused ion beam to suppress the lasing mode of SLD 

is detailed. 

• A speckles-and droop-free blue SLD on c-plane GaN-substrate was demonstrated 

for the first time for SSL, and high-speed VLC. 

• The SLD exhibited the highest reported peak optical power of 474 mW. 

• The SLD showed a relatively large 3-dB modulation bandwidth of >400 MHz, while 

a record-high data rate of 1.45 Gigabit-per-second (Gbps) link has been achieved 

by utilizing the on-off keying scheme. 

• The SLD, when used in conjunction with a compound phosphor, offers SLD-based 

warm-white light at a correlated color temperature (CCT) of 3392 K with the 

highest reported color rendering index (CRI) of 85 
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• The SLD showed a high data rate of 3.4 Gbps by applying the 16-quadrature-

amplitude-modulation (16-QAM) discrete multitone modulation scheme 

• A single- and dual-wavelength tunable blue laser source using an InGaN SLD under 

different EC configurations was designed. 

 

The discussion on GaN-SLD can be extended to a number of future studies towards next 

generation high-brightness smart lighting and high-speed visible-light communications. 

Moving forward towards the multi-functionality integration at the visible wavelength, there 

are few research and development opportunities to be further investigated: 

• New types of III-Nitride SLDs based on longer wavelengths are less explored for 

high-power RGB-SLDs which will be suitable platforms for picprojection 

applications. 

• Intense efforts are required to further improve miscibility of indium in the InGaN 

active layers of cyan-green SLDs. Thus, the design of an epi structure with high 

modal gain and the avoidance of substrate modes is a demanding task. 

• Improving the stability of perovskite nanocrystal would results in a robust and 

resilient method to generate white light. 
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