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Abstract 
 

In recent years, there has been an increasing push to develop single 

frequency laser diodes (LDs) operating in the visible region of the 

electromagnetic spectrum, arising from the various potential applications, 

most notably in atomic cooling, visible light communication (VLC), medical 

diagnostics, and spectroscopy. This thesis investigates Gallium Nitride (GaN) 

based laterally coupled distributed feedback (LC-DFB) LDs, and their 

properties. The design, fabrication, and experimental characterisation of 

GaN LC-DFBs is discussed, and several parameters important in quantifying 

device quality, including spectral characteristics, dynamic response, and 

spectral linewidth, are measured. The results for DFBs are directly compared 

to commercially-available Fabry-Pérot (FP) LDs, with DFBs demonstrating 

improved modulation characteristics and spectral precision compared to 

FPs, while emitting light at similar optical powers. Recent fabrication 

improvements has also improved threshold conditions of GaN DFBs, 

exhibiting similar threshold currents to commercially-available FPs.  

Additionally, research was conducted into one potential commercial 

application for GaN LC-DFBs, that being filtered optical communications. 

Through the implementation of optical filters, it is demonstrated that solar 

rejection can be achieved, and multi-gigabit data transmission is reported 

with an interfered signal. These results suggest the strong potential for 

terrestrial free-space communication using GaN DFBs in a wavelength 

division multiplexing (WDM) system, which can greatly increase data 

transmission rates in a communication system, as well as an underwater 

system with assets communicating using GaN-based DFBs.  

This thesis presents the highest modulation bandwidth and data transmission 

rates achieved in a directly modulated GaN DFB system, as well as the lowest 

threshold currents reported. The results here highlight the potential of GaN 

DFBs for several applications, and the need for further development of this 

technology in order to realise commercially viable systems using GaN DFBs. 
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Chapter 1 

Introduction 
 
The first chapter of this PhD thesis will firstly introduce the core concepts 

of laser diodes, starting with a brief historical background of semiconductor 

laser technology, as well as the physical principles of LD operation. Following 

this, GaN-based laser structures will be outlined, including their crystalline 

properties and band structures. Finally, the methods of achieving single-

mode operation with LDs will be described, along with the potential 

applications of these devices in the GaN material basis.  

Having given a general introduction to this thesis in Chapter 1, Chapter 2 

will explore the literature behind various methods of achieving distributed 

feedback (DFB) operation, the method of creating single-mode devices that 

was chosen for this project, as well as the theoretical background of using 

LDs in optical communications applications. Following on from this directly, 

the design and fabrication methods used to create single-mode GaN devices 

will be described in Chapter 3, with modelling parameters and results 

outlined. Chapter 4 will investigate the experimental techniques used to 

characterise the fabricated GaN DFBs, comparing the experimental results 

for a standard DFB geometry to that of a higher-order mode device, as well 

as a commercial Fabry-Pérot (FP) LDs. Chapter 5 then describes an analytical 

method of attaining intrinsic device parameters including carrier and photon 

lifetime, modulation efficiency and differential gain, and providing results 

and comparisons between a DFB device and commercial FPs. After this, 

Chapter 6 outlines the potential of GaN DFBs for optical communications, 

most notably in a filtered communications system for potential applications 

including underwater systems such as unmanned remote vehicles. Chapter 7 

then provides a conclusion to the thesis, investigating the outcomes of the 

work, and presenting some ideas of future work in the field, which would 

complement the research undertaken within this thesis. 
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1.1 Laser Diodes 
 
The first postulation of the theoretical principles of laser operation was by 

Einstein in his paper ‘On the Quantum Theory of Radiation’ in 1917 [1], 

however it wasn’t until 1960 that a device was constructed, when Theodore 

H Maiman made the first functioning laser using a synthetic ruby crystal 

cavity, with silver-coated reflective facets and flashlamps to create 

stimulated emission, with red light emitting from the cavity [2]. Two years 

later, the first semiconductor laser was demonstrated by Robert N Hall, 

which was fabricated in the gallium arsenide (GaAs) material base, emitting 

in the near infrared range of the electromagnetic spectrum, albeit in pulsed 

operation while cooled by liquid nitrogen [3]. The first continuous wave (CW) 

operation of a laser diode at room temperature was not until 1970, where 

Bell Telephone Laboratories reported on CW GaAs lasers at 311 K [4]. While 

IR and red lasers were prevalent in the following years with GaAs and indium 

phosphide (InP)-based LDs dominating research and industrial interests, 

there was significant motivation for semiconductor lasers operating at 

wavelengths in other sections of the EM spectrum, in order to create white 

light through red, green, and blue lasers. One of the main candidates for 

laser diodes emitting in these regions was zinc selenide (ZnSe) [5], however 

issues including reliability and short lifetimes were problematic for advances 

using the material. Finally, in 1993, Shuji Nakamura et al developed light-

emitting diodes (LEDs) producing light at blue and UV wavelengths using 

gallium nitride (GaN)-based technology [5]. Through fine-tuning of their 

devices, they created the first GaN laser diode in 1996 [6], thus paving the 

way for efficient devices for white light sources. Such was the impact of 

their work that Nakamura, along with Isamu Akasaki and Hiroshi Amano, 

were awarded with the Nobel Prize for Physics in 2014 for their work with 

GaN-based devices [7]. The first section of this chapter will outline the 

physical processes that underline laser diode operation, from the 

recombination mechanisms that govern semiconductor devices, gain and loss 

methods, and doping.  
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1.1.1  Principles of Laser Diode Operation 
 
All semiconductor materials contain energy bands to which all electrons are 

confined within the structure. In an intrinsic semiconductor, i.e. one with 

no doping present, the highest energy band totally filled with electrons, 

similar to a ground state in an atom, is called a valence band (𝐸!), while the 

first band to be either empty or partially filled with electrons, corresponding 

to an atomic excited state, is called the conduction band (𝐸"). Through 

thermal or current injection providing phonons or photons with sufficient 

energy, electrons can raise energy levels from the valence to the conduction 

band. The required energy for this is called the band-gap energy (𝐸#), 

corresponding to the difference between both bands. Between these bands, 

a number of possible transitions can occur, in a similar vein to that originally 

postulated by Einstein in [1]. These are (a) absorption, where an electron in 

the valence band is excited by an incoming photon with energy 𝐸 ≥ 𝐸# =

𝐸" − 𝐸! =
$"
%!

, with 𝜆# being the bandgap wavelength, and raises its level to 

the conduction band; (b) spontaneous emission, where an electron in the 

conduction band randomly returns to the valence band, emitting a photon 

of energy 𝐸# in a random direction; or (c) stimulated emission, where an 

incoming photon interacts with an electron in the conduction band, forcing 

it to drop to the valence band, emitting a second photon, which transmits in 

phase and in the same direction as the incident wave, with the same energy. 

Figure 1.1.1 shows each of the three described transitions in a semiconductor 

in the same order as presented.  

Figure 1.1.1: Diagrams demonstrating (a) absorption, (b) spontaneous 
emission, and (c) stimulated emission in a semiconductor.  



Introduction 
 

 22 

There are associated probabilities for each transition to occur, which are the 

Einstein 𝐵!" coefficient representing the probability of absorption, the 𝐴 

coefficient for spontaneous emission, and the 𝐵"! coefficient for stimulated 

emission. The corresponding transition rates are as follows: 

𝑅&'() = 𝑁"𝐴;	𝑅*+& = 𝑁!𝐵!"𝜌(𝑓);	𝑅&,-. = 𝑁"𝐵"!𝜌(𝑓)  (1.1) 

where 𝑁!," are the population densities of the valence and conduction bands, 

respectively, and 𝜌(𝑓) is the energy density of the photons incident on the 

material. When the cavity is in thermal equilibrium, the population densities 

of the bands must obey Boltzmann statistics [8], therefore 

0"
0#
= exp 9− (𝐸" − 𝐸!) 𝑘+𝑇< = = exp 9−ℎ𝑓 𝑘+𝑇? =   (1.2)  

where 𝑘+ is Boltzmann’s constant and T is the temperature of the material. 

When a laser device is in steady state, the number of transitions from the 

conduction band down to the valence band is equal to those transitioning 

from the valence to the conduction band, and thus 

𝑁!𝐵!"𝜌(𝑓) = 𝑁"𝐴 + 𝑁"𝐵"!𝜌(𝑓)    (1.3) 

Combining equations (1.1) and (1.2) yields an expression for the energy 

density:  

𝜌(𝑓) =
1
2"#3

42#" 2"#3 567'4$8 9$:3 5;<
    (1.4) 

In addition to this, at thermal equilibrium the energy density must also 

represent blackbody radiation, as per Planck’s law of radiation [9]: 

𝜌22(𝑓) =
=$8%

>"%
<

67'4$8 9$:3 5;<
     (1.5) 

And thus, by comparing both equations (1.4) and (1.5), the following 

relations are found: 

𝐵!" = 𝐵"!	and 𝐴 = 	 A2ℎ𝑓
?

𝜋𝑐?? D𝐵"!      (1.6) 

Finally, a ratio between stimulated and spontaneous emission can be 

derived, and it is found as  

𝑅&,-.
𝑅&'()< = <

67'4$8 9$:3 5;<
             (1.7) 

As a result of this, for GaN LDs, where ℎ𝑓 ≈ 3.4	𝑒𝑉, at room temperature 

(corresponding to 𝑘+𝑇 ≈ 25	meV), spontaneous emission dominates in steady 

state. For a semiconductor laser to lase, stimulated emission should be the 
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dominant transition occurring. To achieve this, a condition called population 

inversion needs to be met. This is a vital component of laser operation. In 

order to observe population inversion in a semiconductor laser, a process 

called electrical pumping is undertaken, where the material is heavily 

injected with electrons, such that there is a larger number of occupied 

excited states within the conduction band than ground states within the 

valence band in the structure. With sufficient population inversion, one 

reaches a lasing threshold where the device exhibits more stimulated 

emission than spontaneous emission, and is self-sustaining in its light 

amplification. This is called the threshold gain of the laser, and will be 

explored in Section 1.1.2. The specific conditions that lead to population 

inversion in laser diodes will also be outlined in Section 1.1.4. 

1.1.2  Laser Gain 
 

In order to show how gain is achieved in a laser cavity, let us consider a 

cavity of length L, with facets of reflectivities 𝑅< and 𝑅=. The intensity of 

light is denoted by 𝐼(𝑥), with 𝐼@ the initial intensity at the first facet. Figure 

1.1.2 shows the theoretical arrangement postulated.  

As light propagates through the medium, the intensity follows an exponential 

distribution: 

𝐼(𝑥) = 	 𝐼@𝑒𝑥𝑝(−𝛼𝑥)       (1.8) 

Figure 1.1.2: Theoretical arrangement of a lasing medium. 
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where 𝛼 is the absorption coefficient of the medium. After a full round trip 

through the cavity, the intensity then becomes: 

𝐼=A = 𝐼@𝑅<𝑅=𝑒𝑥𝑝((𝑔 − 𝛼)2𝐿)        (1.9) 

where 𝑔 is the gain coefficient of the medium. In order to achieve net gain 

through the medium, the intensity must at least achieve  𝐼@ = 𝐼(2𝐿) after a 

round trip through the cavity. Thus, the threshold gain must equate: 

𝑔,$ = 	𝛼 − <
=A
𝑙𝑛(𝑅<𝑅=)       (1.10) 

from steady-state boundary conditions. This is the minimum value for gain 

to occur in a laser. For example, a laser with a cavity length of 500	µm, facet 

reflectivities of 95% and 10%, and an absorption coefficient of 20	cm-1, would 

lead to a threshold gain value of 43.5	cm-1. 

1.1.3  Semiconductor Band Structures 
 

In the broadest sense, there are two types of semiconductor: those with 

direct bandgaps, where the peak of the valence band coincides with the 

trough of the conduction band in k-space; and indirect bandgap 

semiconductors, where the peak and trough do not align. Most III-V 

semiconductor materials, i.e. those containing materials from group 3, such 

as gallium, aluminium or indium, are combined with materials from group 5, 

including phosphorous, arsenic, and nitrogen, form materials with direct 

bandgaps, as well as II-VI semiconductors such as zinc selenide. The most 

notable indirect bandgap semiconductor is unstrained silicon, alongside 

germanium. One issue that arises from the misalignment is that as a result, 

the carriers within the material are then misaligned, as the electrons all 

relax to the lowest possible energy level of the conduction band, and holes 

(characterised as the ‘absence’ of electrons where one can exist) tend to 

raise to the highest possible energy state in the valence band. Therefore, 

additional energy, in the form of phonons, or thermal energy, is required for 

electrons and holes to recombine, increasing the recombination lifetimes 

and decreasing its probability, meaning indirect bandgap materials are less 

efficient in radiative recombinations that their direct bandgap counterparts. 
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Figure 1.1.3 shows (a) direct and (b) indirect bandgap semiconductors, 

respectively. 

Through bandgap energy level analysis, it has been observed that much of 

the EM spectrum is covered by semiconductor materials, with larger bandgap 

energies corresponding to shorter wavelengths. For example, indium 

phosphide, with 𝐸# = 1.3	eV, emits light at ~1	µm, while gallium nitride, 

Figure 1.1.3: (a) A direct bandgap semiconductor’s energy levels in k-
space, and the associated transition. (b) The energy bands of an indirect 
bandgap semiconductor showing the additional phonon energy required 

for recombination. 

Figure 1.1.4: Plot of semiconductor bandgaps against their 
corresponding lattice constants [11]. 
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with a wider bandgap of 𝐸# = 3.4	eV, has an emission wavelength of 

~400	nm. Figure 1.1.4 shows the bandgap of semiconductor materials 

against their lattice constants.   

One thing of note from Figure 1.1.4 is that III-Nitride materials cover from 

~6.5	nm for intrinsic AlN to ~0.5	µm for InN, corresponding to emission 

wavelengths of ~200 nm and ~2 µm, respectively. Therefore, in theory it is 

possible to fabricate laser diodes emitting light from mid-UV wavelengths all 

the way to IR, however in practice it is difficult to achieve III-Nitride devices 

at longer wavelengths, due to the indium’s tendency to re-evaporate during 

growth at high concentrations.   

1.1.4  Doping 
 

Generally, intrinsic semiconductors, i.e. those with no impurities, have a net 

charge of zero, as every electron in the valence band has a corresponding 

hole in the conduction band, although free carriers can be created through 

e.g. thermal excitations. To alter a semiconductor material’s conductivity, 

impurities are introduced to the substance during growth. This controls the 

concentration of electrons and holes within the material, thus increasing the 

number of charge carriers. This process is called doping. As a simple 

example, silicon, a group IV element, can be doped with a group V element 

such as phosphorous, which has an additional electron compared to Si, in 

order to introduce free electrons, called donors, which can move around the 

Figure 1.1.5: Intrinsic, n-type, and p-type Si lattice structures [12]. 
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lattice structure and therefore carry current. Semiconductors which are 

doped in this manner are called n-type. In contrast, if a group III element 

such as Ga is introduced, the concentration of holes is much higher than 

electrons, called acceptors, which can also carry current. In this case, the 

material is p-type. Figure 1.1.5 shows the lattice structure of Si when n- and 

p-doped.  

Through the introduction of impurities, the probability of electrons existing 

in the conduction band, or conversely, holes in the valence band, changes. 

The intrinsic probability is given by a Fermi-Dirac distribution, which is [13]: 

𝑓)(𝐸) = U1 + 𝑒𝑥𝑝 9B;B&
9':

=V
;<

   (1.11) 

where 𝐸C is the Fermi energy, the highest energy level that electrons can 

occupy at absolute zero. At 𝑇 = 0𝐾, this results in a step function, however 

the distribution smears as temperature increases. In an intrinsic 

semiconductor, the Fermi energy tends to be close to the centre of the 

bandgap. As donors or acceptors are introduced to the material, this Fermi 

level shifts, getting closer to (a) the conduction band in the case of n-type 

materials, as the additional electrons start to occupy the higher energy 

levels; and (b) the valence band in p-type materials, with holes appearing at 

lower energies. These shifted energies are called quasi-Fermi levels, and 

Figure 1.1.6 shows these Fermi levels for (a) intrinsic, (b) n-doped, and (c) 

p-doped semiconductors.  

Figure 1.1.6: (a) Intrinsic, (b) n-type, and (c) p-type energy bands, 
showing the Fermi levels. 
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The general principle of a laser diode, in its most basic form, implements a 

p-n junction. This structure occurs where a p-type material is grown directly 

adjacent to an n-type material, with the quasi-Fermi levels typically 

coinciding in a depletion region, where electrons and holes coincide, at zero 

bias. In a laser diode, a technique called degenerate doping is utilised, 

where the level of doping is sufficiently high that the Fermi level penetrates 

the (a) valence band of p-type semiconductors, and (b) conduction band of 

n-type semiconductors, resulting in the concentration of majority charge 

carriers (i.e. holes in p-type material or electrons in n-type material) within 

the doped material far exceeding the density of states within the energy 

band. When forward bias is subsequently applied, the depletion region 

reduces drastically, causing a separation between quasi-Fermi levels. This 

separation is dependent on the bias voltage applied to the semiconductor, 

with the separation energy equal to 𝑒𝑉, where e is the electron charge. This 

is then used in order to achieve population inversion, the condition necessary 

such that stimulated emission is the dominant transition. To do so, the 

separation in Fermi levels must be larger than the band gap energy, i.e. 

𝐸8) − 𝐸8' > 𝐸#, suggesting that there are more energy levels filled with 

electrons in the conduction band than the valence band. The applied voltage 

allows for electrons to recombine within the depletion region, with the 

electrons closest to the depletion region within the conduction band 

recombining with holes within the valence band, emitting a photon. Figure 

Figure 1.1.7: (a) A degenerately doped p-n junction under zero bias. (b) 
A degenerately doped p-n junction with forward bias applied.  
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1.1.7 shows a degenerate p-n junction under (a) zero bias, and (b) forward 

bias.  

1.1.5  Quantum Wells 
 

A p-n junction represents a homojunction laser structure, which was the 

method that initial laser diodes were biased. However, these required 

significant cooling as the confinement of light to the active region was very 

difficult.  This design was refined through the development of a double 

heterostructure, where p-type and n-type materials, for example GaN, are 

separated by an intrinsic semiconductor material with a narrower bandgap, 

in this case InGaN. This confines the recombinations to the intrinsic material 

with narrower bandgap, and ensures that the laser structure operates more 

efficiently. Figure 1.1.8 shows a double heterostructure laser system’s band 

profile. 

In a double heterostructure laser system, charge carriers can move in three 

dimensions, leading to a distribution of energy levels of photons. By 

narrowing the width of the intrinsic region such that it is comparable to the 

de Broglie wavelength, of the order of a few nanometres, carriers are 

confined in one dimension, resulting in a set of discrete energy levels that 

the carriers can occupy, determined by the width of the region. This 

structure is known as a quantum well (QW). The density of states of (a) a 

bulk heterostructure and (b) a quantum well is shown in Figure 1.1.9. 

Figure 1.1.8: A simplified double heterostructure energy band structure 
for a GaN-based device. 



Introduction 
 

 30 

The optical confinement of a structure can be further improved by growing 

multiple quantum well (MQW) laser structures. The spacing between wells is 

chosen such that wavefunctions do not overlap between them, with quantum 

barriers (QB) grown within the structure such that dopants do not permeate 

the QWs. Figure 1.1.10 shows a typical band structure of MQW lasers. 

1.1.6  Loss Mechanisms 
 
When considering the output of a laser diode, the methods of radiative and 

non-radiative recombinations, and the rates at which they happen, 

contribute to the efficiency of devices. One way of interpreting this is 

through a simple ABC model, used almost universally for semiconductor 

Figure 1.1.9: Density of states for (a) bulk double heterostructure 
materials, and (b) quantum well structures [14]. 

Figure 1.1.10: Energy bands of an MQW laser structure. 
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devices [15]. This model is a third-order rate equation, with terms arising 

from (a) Shockley-Read-Hall recombinations, where electrons transitioning 

between bands recombine non-radiatively with holes at an energy state 

created within the semiconductor bandgap by defects in the crystal lattice, 

emitting phonons; (b) radiative recombinations as previously described; and 

(c) Auger recombinations, where the energy released by a radiative 

recombination is transferred into another charge carrier, which is 

subsequently excited to a higher energy level. Figure 1.1.11 shows each of 

these recombination methods. The total recombination rate is:  

𝑅:(, = 𝐴𝑁 + 𝐵𝑁= + 𝐶𝑁?       (1.12) 

where A is the Shockley-Read-Hall coefficient, B is the radiative 

recombination coefficient, C is the Auger recombination coefficient, and N 

is the carrier density within the quantum wells. The A term is dependent 

only on N, as only one carrier participates in the transition. Two carriers are 

present in radiative recombination; therefore, the B term is dependent on 

N2. Finally, as three carriers are present in Auger recombination, the C term 

is dependent on N3. 

The total internal quantum efficiency, 𝜂DEB, of a laser diode, which is the 

efficiency of a laser in converting electron-hole pairs into photons, can be 

calculated as: 

Figure 1.1.11: (a) Shockley-Read-Hall recombinations, where an 
electron in the conduction band recombines non-radiatively with defects 

within the crystal lattice, generating phonons; (b) radiative 
recombinations; and (c) Auger recombinations, where the photon 

released by radiative recombination is transferred into another carrier, 
and thus excited to a higher energy level. 
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𝜂DEB =
20(

F)*+
         (1.13) 

Notably from this, at high carrier concentrations, Auger recombinations 

begin to dominate, which can lead to a so-called ‘droop’ in efficiency at high 

drive currents. Additionally, from the recombination model the carrier 

lifetime can be calculated as: 

𝜏 = 9GF)*+
G0

=
;<
= (𝐴 + 2𝐵𝑁 + 3𝐶𝑁=);<   (1.14) 

Therefore, the recombination methods described here are vital in laser 

operation, and while they will not be inspected in detail in this PhD thesis, 

chapter 5 does investigate carrier lifetimes of GaN laser diodes.  

 

1.1.7  Typical Laser Diode Structures 
 
A typical commercial laser diode is fabricated as a Fabry-Pérot (FP) 

resonator, where reflective mirrors on each facet of the laser diode creates 

optical feedback within the cavity. One high-reflective mirror and one low-

reflective mirror are used, such that photons both reflect back into the 

cavity and transmit out of the lower reflective facet. A ridge waveguide is 

typically etched into the device, such that optical modes are confined to the 

width of the ridge, limiting the number of transverse modes that can be 

transmitted. Figure 1.1.12 shows a typical ridge waveguide laser structure. 

Figure 1.1.12: A simplified ridge waveguide Fabry-Pérot laser structure. 
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Through a FP resonator, there are only a limited amount of longitudinal 

modes able to be transmitted through the device, corresponding to the 

number that exist within the optical gain linewidth, ∆𝜆, of the resonator. 

The separation between modes, 𝛿𝜆, can be calculated by initially realising 

that all optical modes must be standing waves within the cavity, which would 

have a corresponding wavelength of  

𝜆 = =)A
.

        (1.15) 

where m is the optical mode number and n is the refractive index of the 

cavity. The mode separation can then be found, as 𝛿𝜆 = 𝜆. − 𝜆.H<. 

Therefore: 

𝛿𝜆 = =)A
.
− =)A

.H<
≈ =)A

.(      (1.16) 

and by combining equations 1.15 and 1.16: 

𝛿𝜆 ≈ %,(

=)A
          (1.17) 

where 𝜆@ is the laser cavity’s resonant wavelength. The number of active 

longitudinal modes is then found by  

𝑚:(, =
∆%
J%

          (1.18) 

where 𝑚:(, is the total number of allowed modes. 

1.2 GaN-Based Laser Diodes 
 
While section 1.1 gave a general overview of laser diode operation, section 

1.2 will outline specific properties of GaN as a material. The crystalline 

structure will be defined, followed by the energy band structure. Finally, 

the laser diode structure of a GaN-based device will be described. 

Figure 1.2.1: (a) Wurtzite GaN structure; and (b) Zinc blende GaN 
structure [17]. 
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1.2.1 Crystalline Structure 
 
In growth, GaN can crystallise in two different orientations: wurtzite 

structures, where GaN atoms form bonds in a hexagonal structure, and zinc 

blende, which is a cubic structure [16]. Figure 1.2.1 shows (a) wurtzite GaN; 

and (b) zincblende GaN.  

While the structures themselves are very different, there are some 

similarities in their physical properties. Their elastic properties have been 

proven to be comparable to each other [18], as are some electrical 

properties, with similar bandgaps and dielectric coefficients [19].  Zinc 

blende GaN is found to have better optical gain than its wurtzite counterpart 

as well, due to the reduced total effective mass [16]. Even so, wurtzite GaN 

is the most popular choice for growing laser materials. This comes down to 

two main factors; firstly the thermodynamic stability of wurtzite GaN is 

higher [16], and secondly that GaN, for research purposes, is mainly grown 

on sapphire, which has a hexagonal lattice structure and therefore aligns 

with wurtzite GaN better than zinc blende. Indeed, the GaN material used 

in this project is c-plane wurtzite GaN. As a result of this, only wurtzite 

GaN’s band structure will be outlined in Section 1.2.2. 

Figure 1.2.2: Band structure of wurtzite GaN, highlighting the splitting in 
the valence band [20]. 
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1.2.2 Band Structure 
 
While the bandgap of wurtzite GaN is typically around 3.4	𝑒𝑉,  the uppermost 

region of the valence band of the material is split into three sub-bands, 

dependent on both the electric field generated by the non-cubic nature of 

the crystalline structure, and the spin-orbit interaction, which is a product 

of a particle’s spin and its motion within the band structure. These bands 

give rise to various states of holes corresponding to the energy of the sub-

band populated. Figure 1.2.2 shows the energy bands of wurtzite GaN around 

the 𝑘 = 0 point in the band diagram, known as the Γ-point. 

The splitting in the valence band affects properties such as the stimulated 

emission rate of the material, and the offset parameters of the valence band 

are as follows [16]: 

𝐸(ΓK!) =
<
=
(Δ&( + Δ"L)     (1.19) 

𝐸`ΓM
!,<a = <

=
b(Δ&( + Δ"L)= −

N
?
(Δ&(Δ"L)c

<
=3
         (1.20) 

𝐸`ΓM
!,=a = − <

=
b(Δ&( + Δ"L)= −

N
?
(Δ&(Δ"L)c

<
=3
  (1.21) 

Figure 1.2.3: Typical FP LD structure of a GaN device. 
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where Δ&( and Δ"L are the splittings due to the spin-orbit interaction and 

the crystal structure, respectively. 

1.2.3 Laser Diode Structure 
 
As previously mentioned in Section 1.1.5, MQW structures are typically 

implemented for efficient LD operation. A ridge waveguide is also used, as 

outlined in Section 1.1.7. TopGaN typically grow GaN laser material on a c-

plane GaN substrate, with upper and lower cladding layers grown as AlGaN. 

A current injection layer of GaN is typically close to the active region, with 

the quantum wells grown to be InGaN. Silicon is used to n-dope the lower 

cladding layers and inject electrons, while magnesium is used to p-dope the 

upper layers. Figure 1.2.3 shows a typical GaN FP structure grown and 

fabricated by TopGaN.  

Following the discussion of GaN-based laser diodes and their physical 

properties, the next section will discuss various methods of achieving single-

mode operation with laser diodes. 

1.3 Single-Mode Operation of Laser Diodes 
 
Having described the general operation of laser diodes, as well as GaN-

specific physical properties, the various methods of achieving single-mode 

operation for LDs will now be described, as this is the main focus of this 

thesis. Five different geometries will be outlined in this section, beginning 

with the chosen method for GaN devices fabricated. 

1.3.1 Distributed Feedback Laser Diodes 
 
Initially postulated in 1972 by Shank and Kogelnik in Bell Laboratories 

[21,22], the basic premise of a DFB is to introduce a periodic structure into 

the LD device, either through (a) overgrowth steps which creates a grating 

in the index profile in the cavity; or (b) a physical grating etched either into 

the ridge waveguide or the surface of the p-contact. Figure 1.3.1 shows the 

various methods of fabricating a DFB. 
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In practical terms, the grating etched into the structure provides optical 

feedback along the full cavity length of the device, with a stop band created 

by the structure, which is a range of wavelengths in which light is totally 

reflected within the cavity. This limits the DFB to lase in one of two modes, 

symmetrically located on either side of the stop band, as these are the two 

modes with the lowest threshold gain values, identical in each case.  

This method of creating single-mode LDs is the one chosen for the work in 

this thesis. Chapter 2 will further investigate the physics behind DFB devices 

in depth, for each type of DFB laser, and outline the specific DFB structures 

typically used in GaN materials.  

 
1.3.2 Distributed Bragg Reflector Laser Diodes 
 
Similar to DFB lasers, distributed Bragg reflector (DBR) lasers were 

developed in the early 1970s by Bell laboratories [23]. They also incorporate 

a grating into the laser structure. However, instead of a grating along the 

full cavity, the grating is outside of the pumping region of the device, 

generally close to the facets of the LD. While DFB gratings generally have 

low reflectivities, DBR gratings tend to exhibit high reflectivity to ensure 

Figure 1.3.1: (a) An overgrown DFB structure. (b) A laterally coupled 
DFB structure. (c) A surface grating DFB structure. 

Figure 1.3.2: A typical DBR structure. 
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high output powers and efficiencies. Figure 1.3.2 shows a typical DBR 

geometry.  

While this is a simple method of achieving single-mode operation, there are 

some difficulties in the GaN material basis for realising an efficient DBR. Due 

to the strong internal polarisation fields exhibited by InGaN-based materials 

[24], absorption can occur in the non-biased grating region of a DBR device. 

As a result, DBR LDs are not considered viable for GaN-based devices.  

1.3.3 External Cavity Diode Lasers 
 

While DFBs and DBRs introduced a grating into a laser device, an external 

cavity diode laser (ECDL) takes a basic LD structure and introduces a 

collimator to couple the output, and an external grating to control the lasing 

mode. There are two specific configurations which are often-used: the 

Littrow configuration, and Littman-Metcalf configuration. Both are shown in 

Figure 1.3.3.  

In the Littrow configuration, the grating is angled at the so-called Littrow 

angle, such that first-order reflected beam couples back into the LD to 

provide feedback to the device, with a zeroth-order reflection from the 

grating providing the output lasing mode. This is highly tuneable, with the 

angle of the grating tuning the output mode. In the Littman-Metcalf 

configuration, the grating is held at a fixed angle, while the first-order 

reflections are incident on a tuning mirror, which allows for the tuning of 

the optical mode by providing feedback from the mirror into the LD. The 

zeroth-order reflections will be the output of the system. This system allows 

for the direction of the output beam to be constant as the zeroth-order 

Figure 1.3.3: (a) A  Littrow configuration ECDL. (b) A Littman-Metcalf 
configuration ECDL [25]. 
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mode’s angle does not change, only the angle of the tuning mirror, while 

reducing the typical output powers due to the extra reflections experienced 

by the system.  

While this system is an effective method of achieving single-mode operation, 

the DFB system is preferred in this thesis, due to its compact nature 

compared to an ECDL.  

1.3.4  Coupled Cavity Laser Diodes 
 
Another method of achieving single-mode operation uses two different LD 

structures of different lengths aligned with each other. In this case, lasing 

modes occur when resonances from both cavities align with each other, as 

only selected modes will lase due to the fact that lasing modes must be a 

standing wave at each section, so differing cavity lengths will result in 

varying longitudinal resonances in each. Figure 1.3.4 demonstrates coupled 

cavity LD operation, showing the method this system becomes single-mode.  

While conceptually, this is a promising method, in practice the coupled 

cavity laser essentially contains multiple lasing cavities. This makes it 

extremely unstable as temperatures and drive currents can both misalign 

lasing modes, resulting in extreme fine-tuning required to achieve single-

mode operation. As a result, this geometry is impractical for real-world GaN-

based single mode devices. 

 

Figure 1.3.4: (a) A typical coupled cavity LD geometry. (b) How coupled 
cavity LDs achieve single-mode operation. 
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1.3.5  Vertical Cavity Surface Emitting Laser Diodes 
 
Vertical cavity surface emitting lasers (VCSELs) are, in essence, a type of 

DBR, however emitting light through its top surface, as opposed to the edge-

emitting structures outlined in each other method. The technology was 

invented in 1977 by Kenichi Iga, and realised two years later [26]. Instead of 

gratings along the cavity structure as in DFB and DBR structures, a periodic 

layer structure both above and below the active region creates a p-type and 

n-type mirror, providing feedback to the laser diode. VCSELs tend to be much 

smaller than their edge-emitting LD counterparts, which is advantageous for 

many technologies, including inside Apple smartphones for facial 

recognition. Figure 1.3.5 shows a typical VCSEL structure. 

While VCSELs have been developed to become extremely efficient in InP and 

GaAs devices, their GaN counterparts have encountered issues [27]. The 

lattice mismatch between AlN and GaN presents one major problem, with 

electron leakage and self-heating among other limitations found for GaN-

based VCSELs [29].  

With a method of achieving single-mode operation in GaN devices chosen, 

the applications of this technology will now be outlined in Section 1.4. 

 

 

Figure 1.3.5: A typical VCSEL device structure [28]. 
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1.4 Applications of Single-Mode GaN Laser Diodes 
 
Up until now, this chapter has discussed the basic principles of GaN-based 

single-mode laser diodes. However, the motivation behind fabricating these 

devices has not yet been mentioned. This section will briefly describe the 

potential commercial applications for single-mode lasers operating in the 

blue and green regions of the EM spectrum. These include quantum timing, 

optical communications, medical diagnostics, spectroscopy, and master 

oscillator power amplifier (MOPA) systems.  

1.4.1 Atomic Cooling 
 

One of the main reasons for the development of GaN-based single-mode 

devices is for quantum applications, including atomic clocks [30]. By cooling 

an atom to sufficiently low temperatures, Doppler broadening of the atomic 

levels is subsequently suppressed. Such a particle is deemed trapped, and 

through precise spectroscopy, atomic transitions can be probed and 

measured indefinitely whilst the atom is held within the optical trap. By 

measuring the clock transition, the energy levels behave as a resonator, 

providing timing accurate to 1 part in 1017 in the current state of the art with 

tabletop atomic clocks [32]. Within the system, there are several lasers 

Figure 1.4.1: Energy levels of a strontium ion, with annotated transitions 
probed in an atomic clock  [31]. 
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used: one to target a specific cooling transition, reducing the atom’s 

momentum to zero, and a repumping laser to prevent decay from the level 

to which the laser is cooled to a more stable state. Figure 1.4.1 shows a 

typical atomic clock energy level system with transitions for a strontium ion 

clock.  

In recent years, there has been significant motivation for portable atomic 

clock systems, with single-mode laser diodes being a cost-effective and 

reliable solution compared to expensive tabletop laser systems. A narrow-

linewidth and tuneable LD emitting in the visible range is vital for many of 

the atoms probed, including [33]:  

• Strontium ion cooling transition (5s2
 S1/2 – 5p2P1/2) at 422 nm 

• Strontium lattice cooling (5s2
 
1S0 – 5p1P1) at 461 nm 

• Rubidium ion cooling (5s2
 S1/2 – 6p2 P3/2) at 420 nm 

Each of these transitions have strict laser linewidth requirements, needing 

to be narrower than the atomic transition linewidth in order to accurately 

probe to them. This is in the order of MHz, and therefore the linewidths of 

the LDs should be suitably narrow. 

1.4.2 Optical Communications 
 
In general, GaN-based LEDs and LDs have been implemented in a number of 

visible light communications (VLC) applications, including smart lighting 

within rooms through LiFi technologies [34], car headlights light sources [35], 

and most notably underwater communications [36]. This is of particular 

Figure 1.4.2: Attenuation of water with increasing wavelength [37]. 
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interest, as within the visible spectrum, particularly at blue and green 

wavelengths, the attenuation of light through water is at a minimum. Figure 

1.4.2 demonstrates this. 

With this so-called ‘blue-green window’, GaN-based devices are increasingly 

attractive for industries such as oil, gas, security and defence, where subsea 

unmanned vehicles require consistent communication with (a) each other; 

and (b) on-land equipment to efficiently operate. Implementing setups with 

relatively inexpensive LD technologies compared to the current acoustic or 

fibre optic state of the art could increase modulation bandwidth over shorter 

distances, and aid in effective data transmission between assets. Single-

mode devices in particular are of commercial interest for a number of 

reasons. In standard terrestrial communications, VLC systems are 

particularly affected by solar radiation, and by introducing a tight optical 

filter to a communications system this background radiation can be 

minimised. In order for a sufficiently narrow filter to be used such that the 

transmission signals can be filtered, single-mode topologies, particularly in 

GaN, are implemented to enable efficient data transmission. This robust 

solar rejection is one of the principal focuses of narrow-linewidth single-

mode GaN devices, with ocean floor end-to-end connectivity another leading 

push within current research for blue wavelength devices. Figure 1.4.3 

Figure 1.4.3: Typical commercial setup of ocean-floor end-to-end 
connectivity between underwater vehicles and assets at sea level [38].  
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demonstrates such an application, where unmanned vehicles are 

communicating both with one another and with ground-level operators.  

Not only are subsea communications a potential application for single-mode 

GaN devices, namely in ocean floor end-to-end connectivity between 

remotely operated underwater vehicles and operators at ground level. 

Additionally, a system involving wavelength division multiplexing (WDM) is 

one with interest, in order to increase data transmission rates within a VLC 

system. In a WDM system, several optical sources at varying wavelengths are 

incident on a target. In telecommunications applications, all signals are 

typically transmitted through a single optical fibre, multiplexed at the 

transmission side and demultiplexed at the receiver in order to differentiate 

signals. Using several sources allow for a large increase in data transmission 

rate, and with the narrow optical emission linewidth of single-mode LDs, 

optical sources could theoretically emit light at separations of as little as 

1 nm, with sufficient filtering. VLC systems implementing WDM are typically 

found in LED smart lighting, using RGB light to transmit data through free 

space [40]. GaN LD technology could potentially use several transmitters, 

narrowly separated, in order to achieve large data transmission rates 

comparable to that exhibited by telecommunications systems. Figure 1.4.4 

demonstrates WDM operation.  

Chapter 2 will discuss the theoretical principles of optical communications 

in greater detail, while Chapter 6 outlines an experimental arrangement 

Figure 1.4.4: Principle of wavelength division multiplexing operation 
[39]. 
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where GaN-based DFBs are probed for their filtered communications 

capabilities. 

1.4.3 Medical Diagnostics 
 
Fluorescence spectroscopy is a tool often used in medical diagnostics 

especially in the case of cancers [41], where laser light is incident on an area 

of the body, causing the molecules within the region to fluoresce, which 

then allows for tissue cells to be analysed and characterised. GaN-based 

devices are especially useful in the diagnosis of oral cancers, through a real-

time photonic cancer detector (PCD) system. A range of sources lasing at 

varying wavelengths are utilised, such that characteristic autofluorescence 

of the cells in question can be analysed and deemed either benign or 

malignant. Figure 1.4.5 demonstrates a typical cancer detection system 

using fluorescence spectroscopy. 

The laser sources involved in the PCD system have stringent wavelength 

requirements, and as such devices which can be accurately and robustly 

tuned and held at a specific wavelength are required. Single-mode GaN 

technologies are particularly desirable in this regard, as their spectral output 

can be controlled through temperature and bias currents with precision. 

 

 

Figure 1.4.5: Malignant tissue detection (circled) using standard white-
light endoscopy (left), and fluorescence spectroscopy (right) [41]. 
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1.4.4 Spectroscopy 
 
Spectroscopic applications reach further than medical diagnostics. One 

example of this is Raman spectroscopy [42], where molecules can be 

identified by their Raman scattering wavelengths, which occurs when 

vibrational modes of a molecule shifts an incident photon’s wavelength, 

reducing its energy. Higher-energy light emission, particularly in UV or violet 

regions [43], tend to be useful, yielding increased resolutions and reduced 

interference from fluoresced light. As a result, single-mode GaN LDs are an 

extremely viable option, due to narrow linewidths and excellent tunability 

required for Raman spectroscopy, however high-power output is necessary 

to fully realise the technological capabilities of GaN LDs for these 

applications.  

1.4.5 Master Oscillator Power Amplifiers 
 
The final example of potential applications for single-mode GaN LDs are 

master oscillator power amplifiers (MOPAs) [44]. In essence, a laser is 

combined with a semiconductor optical amplifier (SOA) in order to increase 

the output power from a LD. The power efficiency is maintained in such a 

system, with short pulses utilised to optimise the optical power output. This 

system can be used, for example, in atomic cooling systems as outlined in 

section 1.4.1, or in spectroscopic systems, as described in sections 1.4.3 and 

1.4.4. 

1.5 Summary  
 
This chapter provided some of the basic theoretical principles for the devices 

used in this thesis. The physics behind laser diode operation was initially 

described, before outlining GaN devices specifically. The methods of 

achieving single-mode operation were then presented, as well as the several 

potential applications for GaN-based single-mode LDs. 

Chapter 2 will firstly outline the operation of GaN-based distributed 

feedback laser diodes, from the varying methods of achieving such a 

geometry to a review of the current state-of-the-art within the field. 
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Additionally, the theoretical basis of optical communications will be 

described, providing a strong basis for the work completed in Chapter 6.   
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Chapter 2 

Background 
 

Following Chapter 1’s introduction into laser diode operation and the 

outlining of various methods of achieving single-mode devices, this chapter 

will go into detail about the main principles of distributed feedback (DFB) 

operation, which is the approach used in this thesis. The chosen fabrication 

geometry will be ultimately described, highlighting the advantages of its use 

with GaN-based devices. Finally, a review into the theoretical basis of one 

main application of single-mode GaN devices, optical communications, will 

be described, with an emphasis on filtered communications including 

wavelength division multiplexing (WDM) and underwater systems.  

 

2.1 Distributed Feedback Operation 
 
The first section of this chapter outlines the theory behind the operation of 

DFB devices. Several methods, as described in chapter 1, of achieving DFB 

operation will be presented. The pros and cons of each will be outlined for 

GaN devices, with the proposed method of laterally-coupled DFBs (LC-DFBs) 

justified. 

 

2.1.1 Theoretical Background 

DFB systems have been researched since the early 1970s, when Shank and 

Kogelnik used a dye laser and spatially modulated the gain and refractive 

index of the pumped beam inside a dye solution [1]. The result was a 

tuneable system, with the ability to vary the wavelength acquired through 

interference manipulation, a high peak output power, and a narrow 

linewidth. For a laser diode, this is realised through a Bragg grating, where 

the refractive index is varied periodically, through a variety of potential 

methods, creating a feedback resonator in order to select a single 

longitudinal mode to be output from the laser [2]. One of the first to 
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implement a DFB LD was Nakamura et al. [3], developed for IR wavelengths 

and generally used for optical fibre systems including passive optical 

networks (PONs) [4]. Figure 2.1.1 shows the physical processes that an 

optical beam undergoes through a DFB grating.  

Considering the arrangement in Figure 2.1.1, a waveguide of infinite length 

with an index grating of a finite length is used as an example. Here, the 

effective index will vary with the periodicity. Imagining a wave incident from 

the left side, at the boundary of each ridge of the grating a proportion of 

the incident wave will be reflected, and will partially return to the 𝑧 = 0 

point of the waveguide, as part of the reflected wave will itself be reflected. 

At the origin point of the waveguide, the total reflected waves will 

superpose with each other, either through constructive or destructive 

interference. When the wavelength of the light is equal to the Bragg 

wavelength, a net constructive interference reflection will be observed, as 

the light will experience a 𝜋-phase shift, while all other wavelengths will 

experience phase shifts between 0 and 𝜋, leading to a vastly reduced 

reflection coefficient. Therefore, the dominant wavelength reflecting back 

through the device will be at the so-called Bragg wavelength (𝜆2) of the 

grating [5,6]:  

Figure 2.1.1: How Bragg reflection creates a DFB Laser [5]. 
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𝑚𝜆2 = 2𝑛688Λ        (2.1) 

where m is the order of the grating, 𝑛688 is the effective modal index of the 

device and Λ is the grating periodicity. Due to the fact that the feedback 

provided at the Bragg wavelength is in antiphase as it traverses through the 

grating, instead of a transmission band being formed, a stop band is created, 

and all wavelengths within the stop band are reflected. The device can then 

lase in one of the two modes symmetrically located on either side of the stop 

band, with the lowest threshold gain values, identical in both cases. 

Practically speaking, an antireflection (AR) coating  can be used on one 

facet, with a high reflecting (HR) coating on the other generally utilised such 

that device efficiency is improved. Figure 2.1.2 demonstrates a stopband, 

where the x-axis is represented by: 

𝛿 = =>
%
− =>

%'
      (2.2) 

 

The strength of the coupling of the lasing mode to the device is dictated by 

the so-called coupling coefficient, which for a DFB LD is [7]: 

𝜅 = =()(;)-)
%,

QRS(.>T)
.

      (2.3) 

Where 𝑛=,< are the refractive indices of the higher and lower regions 

respectively, and 𝛾 is the duty cycle of the grating. Important to note from 

equation (2.3) is that the strength of the coupling coefficient is mainly 

governed by both the duty cycle and the difference in refractive index 

Figure 2.1.2: Operation of a stop band. 
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between the grating regions. It is therefore imperative to implement 

fabrication techniques that optimise this coupling coefficient such that 

single-mode emission is maximised.  

One parameter strongly affected by the coupling coefficient is the device 

spectral linewidth [8]. Coupled wave theory dictates that the product of 

coupling coefficient and device length is related to the spectral linewidth as 

Δ𝜈 ∝ 1 (𝜅𝐿)=𝐿?  when 𝜅𝐿 ≫ 1. Therefore, to ensure the linewidth is 

sufficiently narrow, increasing the cavity length while keeping the value of 

𝜅𝐿 constant is required. This suggests a value of 𝜅𝐿 between 1 and 2 is 

optimal, with a long resonating cavity for optimal spectral purity in a single-

mode device.  

Another parameter of interest for controlling Δ𝜈 is the linewidth 

enhancement factor, or Henry factor (𝛼) [9]. Henry deduced that the 

intrinsic linewidth is broadened by the coupling between the amplitude and 

phase of emitted light through an LD. The relation is as follows [10]: 

Δ𝜈 ∝ #+.
( )/0U<HV(W

X
       (2.4) 

where 𝑔,$ is the threshold gain, 𝑛&' is the spontaneous emission factor, and 

𝑃 is the output power of the device. Notably, this suggests an inverse 

relation between linewidth and the power emitted by a LD. 𝛼 indeed varies 

too, and is dependent on a number of factors, including the differential gain 

of the device, output power, and gain compression. Depending on the sign 

of the differential gain term (which can be positive or negative from which 

side of the stop band the lasing mode is found), 𝛼 can be a larger factor in 

determining Δ𝜈 than the output power. 

Next, several methods of achieving DFB operation will be described in 

section 2.1.2. 

2.1.2 Fabrication Methods 
 
Following the basic operating principles being described in the previous 

section, the various methods of achieving distributed feedback operation 

will now be outlined. These include buried heterostructure geometries, 

surface gratings, and lateral gratings. 
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2.1.2.1 Buried Heterostructure 
 
The principal and most popular method of fabricating a DFB device is the 

buried heterostructure (BH) geometry. A BH DFB implements a grating 

through refractive index modulation between two semiconductor layers, 

overgrown onto each other. A typical BH DFB structure is shown in Figure 

2.1.3.   

Unique to the BH geometry, the grating itself is surrounded by semiconductor 

materials, with the active region required to be narrower than that of a ridge 

waveguide laser diode in order to confine the optical mode, as a result of 

the low index contrast. Control of the coupling coefficient is then dictated 

by the composition of the waveguide, and therefore control of both 𝜅 and 

the wavelength emitted by the device is straightforward. These types of 

device are popular for InGaAsP/InP-type structures [11,12,13], and have 

been well-researched for IR wavelength devices. For GaN-based LDs, 

however, this is an unattractive option. The complex overgrowth steps 

required to achieve this structure can introduce epitaxial defects, which 

drastically reduces device performance [14]. A consistent and 

straightforward method of achieving DFB operation is preferred, and such a 

method will be discussed in the later sections.  

 

 

Figure 2.1.3: A Buried Heterostructure DFB. 
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2.1.2.2 Surface Gratings 
 
A second method of achieving DFB operation is through etching a grating into 

the top surface of the waveguide. The main advantages to this geometry are 

twofold: firstly in the simpler fabrication process compared to BH DFBs; and 

secondly that surface gratings exhibit a high index contrast between the 

semiconductor waveguide and the surrounding p-type contact on the top 

surface, leading to a high coupling coefficient for the grating. Figure 2.1.4 

shows a typical surface grating DFB. 

This type of structure has been reported by Kang et al. and Deng et al. 

recently, implementing 10th- and 20th-order gratings, respectively, the latter 

directly comparing surface and sidewall gratings in GaN DFBs [15-18]. Both 

groups demonstrated excellent single-mode operation, with tens of mW 

output power and good side-mode suppression ratio (SMSR). However, Deng 

et al. concluded that sidewall, or lateral, gratings, exhibit superior 

performance with an easier fabrication route and lower costs. In particular, 

the p-contact can be damaged in the process of etching a surface grating, 

potentially resulting in increased optical losses through regions where 

electrical pumping does not occur [19]. As a result of these several 

downsides to surface gratings for GaN DFBs, the lateral grating, with a Bragg 

grating etched into the sidewall of the waveguide, is the proposed method 

chosen for DFB operation. The next section will describe how this is achieved 

Figure 2.1.4: A Surface Grating DFB. 



Background 
 

 57 

for both low-order gratings, in the case of GaN 3rd-order, and higher order 

gratings. 

 

2.1.2.3 Lateral Gratings  
 
The chosen method of achieving DFB operation in this thesis is through 

lateral gratings etched into the sidewalls of the ridge waveguide, so-called 

laterally coupled (LC) DFBs. This is the simplest route to fabrication to 

achieve this type of single-mode operation, and can lead to efficient, high-

quality devices. Firstly, the specific principles of operation of low-order 

grating LC-DFBs will be explained, before describing how devices with 

higher-order gratings operate. Both exploit a similar fabrication technique, 

however the method each system uses to achieve single-mode operation 

differs.  

2.1.2.3.1 Low-Order Gratings 
 
Similar to both buried and surface gratings, lower-order lateral grating DFBs 

implement a stop band to ensure DFB operation. A lateral grating is etched 

into the waveguide close to the active region, with the proximity to the 

lasing mode enhancing the coupling coefficient. Figure 2.1.5 shows a typical 

lateral grating DFB geometry. 

This technique was initially proposed for DFB devices operating at IR 

wavelengths [20], however has recently been adapted for the GaN material 

system [21,22]. The main issue in development arises from the limitations of 

Figure 2.1.5: A Lateral Grating DFB. 
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etching technologies. For a GaN device operating at ~400 nm, a first-order 

grating would require features as small as 40 nm. Current e-beam 

lithography does not allow for such feature sizes without risking damaging 

the grating structure, therefore 3rd-order gratings were the chosen 

approach, leading to features of around 120 nm. 2nd-order gratings would 

have been chosen, however it has been experimentally proven that even 

order gratings cause DFB devices to emit light through the top surface, unlike 

odd order gratings which are edge emitters [23]. Additionally, due to the 

effective modal index increasing with the duty cycle of the grating in lateral 

grating technology, which also increases the coupling coefficient, a duty 

cycle of around 80% is chosen [24].  

This method is an attractive option for single-mode GaN devices, and the 

next section will show another method of achieving single-mode operation 

through higher-order gratings, which uses a slightly different theoretical 

basis to ensure a device that operates in single-mode. 

2.1.2.3.2 High-Order Gratings 
 
A high-order grating DFB device’s operating principles differ to that of the 

other devices mentioned. While the geometry is the same as outlined in 

Figure 2.1.5, the feature sizes are much larger, with 39th-order gratings 

implemented in the case of GaN DFBs. As outlined in [25,26], an FP device 

is provided with weak optical feedback by the higher order grating, along a 

section of the device. This selects either a single longitudinal FP mode, or 

an extremely narrow cluster of modes, namely those closest to the Bragg 

wavelength of the grating. Single-mode operation is achieved by ensuring 

the grating has a reflection bandwidth of the same order as the FSR (Δ𝜆) of 

the laser cavity, denoted by [27]: 

Δ𝜆 = %(

=)!G
     (2.5) 

where 𝑛# is the group refractive index and 𝑑 is the distance between slot 

features. High-order geometry devices have previously been demonstrated 

to exhibit narrower intrinsic linewidths compared to standard DFBs in 

materials such as InP and GaAs [28]. One of the major challenges in achieving 

single-mode operation in GaN using higher-order gratings is that the FSR is 
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an order of magnitude smaller than those found in, for example, an InP 

device. This leads to a much narrower reflection bandwidth being required 

for single-mode blue lasers. A lower reflectivity of each notch pair leads to 

a reduced reflection bandwidth, but for the total reflectivity to be 

maintained, several notch pairs are needed. In designing the 39th-order 

devices, it is important that the FSR is wider than the gain spectrum of the 

laser diode, such that the device does not hop between the 39th and its 

nearest optical modes, namely the 38th- and 40th-order modes, and that the 

devices maintains single-wavelength operation. 

Following this, the background of optical communications using laser diodes 

will be outlined in section 2.2. 

2.2 Laser Diodes for Communications 
 
Following the description of the LC-DFB geometry for GaN single-mode 

devices, the ideas behind one of the main industrial applications, which is 

optical communications, will be described. Narrow linewidth devices are 

especially useful in applications where filters are applied, namely in 

wavelength division multiplexing and underwater communications systems. 

These uses will be presented in this section, preceded by the theoretical 

background of optical communications.  

2.2.1 Background 
 
In recent years, GaN-based FP devices have been consistently investigated 

for applications pertaining to visible light communications, from smart 

lighting to underwater systems. Direct modulation through free space has 

yielded data rates up to 4 Gbps [29], while 64-quadrature amplitude 

modulation (OAM) and 32-subcarrier orthogonal frequency division 

multiplexing (OFDM) provided 9 Gbps over 5 m [30]. For underwater systems, 

a commercial GaN-based FP exhibited 12.4 Gbps over 1.7 m using 16-QAM 

OFDM [31]. Through plastic optical fibre (POF), 5.3 Gbps transmission has 

been observed [32], and when POF is combined with water, data rates of 2.5 

Gbps have been exhibited [33]. These figures are especially encouraging for 

the main driving forces of research in this area, those being the security and 

defence sector and oil and gas industry, as discussed in Chapter 1. This 
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section will discuss the theoretical principles of optical communications, and 

the main methods used in investigating a device’s modulative properties.  

When modulating a laser diode, the associated properties can be described 

by several rate equations. Firstly, the current under modulation varies as 

[34]: 

𝐼(𝑡) = 𝐼YZ + 𝐼.(𝑡)       (2.6) 

with 𝐼YZ representing the DC bias current, and 𝐼.(𝑡) the modulation current. 

If the noise figure is ignored, the following rate equations can be used to 

analyse any LD’s modulative characteristics: 
GX
G,
= (𝐺 − 𝛾)𝑃 + 𝑅&'     (2.7) 

G0
G,
= 𝐼 𝑒? − 𝛾6𝑁 − 𝐺𝑃     (2.8) 

G[
G,
= −(𝜔@ − 𝜔,$) +

<
=
𝛽"(𝐺 − 𝛾)    (2.9) 

Here, 𝑃 is the number of photons, 𝑁 is the number of carriers, 𝜙 is the 

optical field phase,  𝐺 = Γ𝑣#𝑔 is the net rate of stimulated emission, and 𝛾 =

𝜏';< is the photon decay rate, where 𝜏' is the photon lifetime, 𝛾6 is the 

reciprocal of the carrier lifetime 𝜏, and 𝛽" is the ratio of the real and 

imaginary parts of the complex susceptibility of the medium. From these 

equations, a number of conclusions can be deduced. Firstly, the rate of 

photon emission is directly related to the stimulated and spontaneous 

emission rates, as expected from Chapter 1. Next, the number of carriers is 

firstly related to the current passed through the device, 𝐼 = 𝑤𝐿𝐽 [34], where 

w is the stripe width of the waveguide, L is the device length, and J is the 

current density, all divided by the electron charge, followed by terms 

related to photon emission rates through spontaneous and stimulated 

emission, again arising from the recombination processes outlined in Chapter 

1. From equation 2.9, it is clear that it is closely connected to equation 2.7, 

suggesting that with increased gain and photon emission, the phase will be 

altered. When a device is in steady state, the left hand sides of equations 

2.7 to 2.9 become zero. However, when modulation is applied to the current, 

at a frequency of 𝜔. the small-signal modulations can be analysed when the 

modulation depth	𝑚 < 1, where: 

𝑚 = (JX)123
X

= (D1(,))123
D45;D+.

      (2.10) 
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Using this condition, at small modulation signals, equations 2.7 to 2.9 

become: 

𝛿 9GX
G,
= = −ΓX𝛿𝑃 + (𝐺0𝑃)𝛿𝑁           (2.11) 

𝛿 9G0
G,
= = −Γ0𝛿𝑁 − 𝐺𝛿𝑃 +

𝐼.(𝑡) 𝑒?            (2.12) 

𝛿 9G[
G,
= = <

=
𝛽"𝐺0𝛿𝑁          (2.13) 

where ΓX,0 are the photon and carrier population decay rates, and 𝐺0 is the 

carrier derivative of the gain. Through Fourier transform analysis, these 

equations can be solved as: 

𝛿𝑃v(𝜔) = \6X
D1](^)

63

(_7H^;-`7)(_7;^H-`7)
          (2.14) 

𝛿𝑁w(𝜔) =
(`8H-^)a

D1](^)
63 b

(_7H^;-`7)(_7;^H-`7)
           (2.15) 

𝛿𝜙v(𝜔) = c"
=-^

9𝐺0𝛿𝑁w(𝜔)=        (2.16) 

where 𝐼.x(𝜔) = ∫ 𝐼.(𝑡) exp(−𝑖𝜔𝑡) 𝑑𝑡
d
;d  is the Fourier transform of the 

modulation current. From these three equations, it becomes clear that the 

current, when modulated, affects the carrier and photon populations within 

the lasing medium, and by extension the optical field phase. The modulation 

characteristics of GaN-based LDs and DFBs will be investigated in Chapters 5 

and 6, with resonance frequencies and damping rates leading to several 

parameters being calculated in the former and filtered communications 

systems investigated in the latter. 

Next, one of the main methods of utilising a DFB device for communications, 

namely multiplexed systems, will be discussed. 
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2.2.2  Multiplexing Techniques for GaN-Based DFBs 
 
One of the most attractive properties of single-mode LDs from a commercial 

standpoint is the narrow linewidths offered, leading to devices with high 

wavelength selectability, tunability, and precision. To take advantage of this 

for optical communications, a system can be developed with several devices 

multiplexed together, allowing for increased data transfer rates. 

Multiplexing can be achieved through several different methods, all of which 

through exploiting the five physical dimensions (space, time, frequency, 

polarisation, and quadrature) available for laser light [35]. Generally, time 

division multiplexing (TDM), where multiple sources are transmitted at 

different times, is used in fibre-optic communications. Several signals are 

combined into a single composite signal, where a pulse signal is modulated 

to differentiate the sources, and then demultiplexed at the receiver end. 

Figure 2.2.1 shows a simple TDM system.  

As previously mentioned, OFDM for frequency multiplexing, combined with 

QAM, is an extremely popular method of multiplexing LEDs and FP devices, 

and is implemented in IEEE 8012.11 a/g wireless local area networks (WLAN) 

and ITU G.992.1 asymmetric digital subscriber line (ASDL) transmission 

standards, as well as long-term evolution (LTE) [37]. For DFB devices, 

however, the main multiplexing method of interest is wavelength division 

multiplexing (WDM). This technique utilises several LDs operating at 

different wavelengths to increase the data transmission rate of a system. 

Figure 2.2.1: A time division multiplexing (TDM) system [36]. 
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WDM has been used in systems where narrow linewidths are not required, 

such as RGB white light data comms for applications such as smart lighting 

and underwater optical communications (UWOC), which will be further 

explored in section 2.2.3.  Typically these systems comprise of LEDs or FP 

LDs, and have yielded data rates up to 9.5 Gbps in UWOC systems [38]. In 

other systems, such as those used in telecommunications, the wavelength 

requirements are much more stringent. In one commercial example, 40 Gbps 

communications uses four sources, with each’s central wavelength separated 

by ~10-25 nm [39], requiring precision and single-mode operation to achieve, 

either around the erbium-doped fibre amplifier (EDFA) pass band (1550 nm) 

[40], matching the OH- Rayleigh scatter transmission peak, or 1310 nm, a 

cost-effective alternative with similar properties in the Rayleigh scatter 

spectrum [41]. A typical WDM system is shown in Figure 2.2.2. Essentially, 

with a number N of sources, each transmitting data at the same rate, the 

total transmission rate will increase by a factor of N.  

Previously, typical systems implemented optical fibres to transmit data to 

the receiver. However, recent work has also identified free-space optics 

(FSO) as a viable option for WDM techniques [43,44], with drawbacks such as 

adverse weather, background noise and beam wandering the main 

challenges, with mitigation techniques being investigated. GaN-based DFB 

devices are viable options for both fibre- and FSO-based WDM systems, with 

LED devices currently being implemented for RGB white-light commercial 

applications [45]. A WDM system based purely in the blue wavelength region 

of the EM spectrum would enable high data rates in VLC systems, which 

Figure 2.2.2: A basic wavelength division multiplexing (WDM) system [42]. 
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would be of special interest for optical communications, both for terrestrial 

communications, where tight optical filtering could allow for solar rejection 

enabling high data rate error-free transmission, or for underwater systems, 

which will be described in the next section. 

2.2.3 Underwater Communications 
 
Subsea communications for LDs operating in the visible range is quickly 

becoming an area of significant research interest, arising from the 

applications in the oil and gas as well as security and defence industries 

previously mentioned. Over short distances, multi-gigabit data transmission 

has been exhibited with standard laser diodes. As mentioned in Chapter 1, 

GaN-based DFB LDs are an attractive option for underwater optical 

communications due to the blue-green window in light transmission through 

water [46]. UWOC using GaN-based DFBs are particularly of interest for 

ocean floor end-to-end connectivity between remotely operated underwater 

vehicles and operators at ground level. These topologies are prime 

candidates to be realised by VLC systems, and through the addition of WDM 

systems, high data rates at long distances can potentially be achieved. One 

of the main issues needing attention in the development of such a system is 

the varying properties of water depending on factors including location, time 

of day, turbulence, and pollution. When considering time of day, sunlight 

will affect the total attenuation experienced by a VLC system, and optical 

filters can be used to mitigate this. Methods of achieving solar rejection will 

be discussed in Chapter 6. For location-based factors, there are several types 

of water which are to be considered [47]: those being pure seawater, clear 

ocean water, coastal ocean water, and turbid harbour water. Generally, 

pure seawater scatters light the least among these, allowing for light to 

propagate straight through the medium, with a drawback of increased 

absorption losses. Both clear and coastal ocean waters exhibit similar 

properties, with increased scattering occurring due to particles dissolved 

within the water. In addition, the phytoplankton in coastal ocean water 

increases the absorption coefficient [48]. Finally, harbour waters tend to 

scatter the light the most, with pollutants and debris causing large amounts 

of scatter and absorption, resulting in a high attenuation coefficient. As a 
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result, longer-distance communications with LDs is thus limited to the first 

three water types. The scattering within the water is determined by the 

sizes of the particles within it: Rayleigh scattering occurs where particles 

smaller than the wavelength of the incident light interfere with the 

transmitted signal, while Mie scattering is dominant when larger particles 

are present. Generally, Mie scattering has a larger effect on laser light, 

which means that the harbour water, with larger particles, attenuates more 

light compared to pure seawater and clear and coastal ocean water.  

2.3 Summary 
 
This chapter presented background both on the development of DFB laser 

diodes in Section 2.1 and optical communications in Section 2.2. The 

theoretical bases of this thesis have been laid out in Chapters 1 and 2, 

providing contextual details on the type of DFB geometry chosen, as well as 

motivation for optical communications research. Chapter 3 will describe the 

design and fabrication details of a GaN-based DFB LD, laying the foundations 

for the experiments undertaken in Chapters 4, 5, and 6.  
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Chapter 3 

GaN Distributed Feedback Laser Diode Design 
 
This chapter will describe some of the choices made when devising GaN-

based DFB devices. The first part of the chapter discusses the computational 

modelling undertaken through RSoft’s LaserMOD CAD-based software 

package, accurately replicating a real device. Spectral characteristics of 

GaN DFB devices will be outlined, and the physical properties found will be 

investigated. Following that, the fabrication process for GaN-based DFB 

devices will be presented, including the method implemented to achieve 

single-mode operation. The fabrication of the initial devices was carried out 

at TopGaN Lasers in Warsaw, Poland, while the grating writing was 

completed at Compound Semiconductor Technologies Global in Blantyre, 

Glasgow. 

 

3.1 Design 
 
This section will outline the modelling undertaken through RSoft’s LaserMOD 

CAD-based tool. Optical mode modelling was completed, as well as LVI 

analysis, and band structure calculation. The operation of LaserMOD will be 

discussed, and then the results from the modelled device will be analysed. 

Finally, the processes in LaserMOD that lead to device fabrication will be 

outlined.  

3.1.1 Modelling Using LaserMOD 
 
LaserMOD is a powerful modelling tool, mainly used to ascertain laser diode 

parameters and mimic real-life devices. Various characteristics that pertain 

to LD operation can be extracted and obtained through the software, 

including effective modal indices, optical spectra, and LVI operation. 

Through this, a GaN-based FP, and in turn a DFB, can be modelled accurately 

and effectively. Firstly, a device layer structure of a GaN device must be 
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created, based on real devices fabricated at TopGaN lasers [1]. The AlInGaN 

structure is as follows: 

1) 210 nm GaN:Mg subcontact layer. 

2) 550 nm Al0.05GaN:Mg cladding layer. 

3) 100 nm AlGaN:Mg Graded Index (GRIN) cladding layer (Al content varying from 

5%-0% from top to bottom). 

4) 2 nm GaN separate confinement heterostructure layer. 

5) 65 nm In0.02GaN waveguiding layer. 

6) 3 nm GaN quantum barrier (QB) 

7) 1.9 nm In0.14GaN and 1.2 nm In0.09GaN step QW  

8) 4.8 nm GaN QB 

9) 2.1 nm In0.15GaN and 1.5 nm In0.09GaN QW 

10) 4 nm GaN QB 

11) 55 nm In0.02GaN:Si waveguiding layer. 

12) 10 nm GaN:Si separate confinement heterostructure layer. 

13) 350 nm AlGaN:Si GRIN cladding layer (Al content varying from 0%-7.5% from top 

to bottom). 

14) 800 nm Al0.075GaN:Si cladding layer. 

15) 2 µm Al0.025GaN substrate layer. 

This structure was designed initially as a ridge waveguide FP device in 

LaserMOD, in order to correctly ascertain a number of parameters before 

transitioning to single-mode devices. Figure 3.1.1 shows the device structure 

as seen in LaserMOD in full. 

From the structure, a number of varying parameters can be obtained through 

modelling, with several variables controlling different device 

characteristics. By modifying global properties such as device length, facet 

reflectivity, and waveguide losses, a real GaN device can be accurately 

simulated. In the model presented in this chapter, a device with a length of 

500 µm, facet coatings of 95% and 10%, and standard GaN waveguide losses 

of 20 cm-1 was simulated. For material refractive indices, the values used 

for GaN, AlN and InN were all from the literature [2-4]. Finally, doping 
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profiles were added to each layer, doped to 3 × 10<Ncm-3 for both p- and n-

type layers, apart for the current injection guiding layers, which were doped 

to 5 × 10<N cm-3. Figure 3.1.2 shows the global parameters chosen for the 

GaN device. 

By using this full optical model, certain laser properties can be ascertained. 

Section 3.1.2 will investigate optical mode analysis and demonstrate optimal 

ridge widths, before moving onto LVI characteristics and single-mode 

operation modelling.  

 

Figure 3.1.1: The device layer structure in LaserMOD. 

Figure 3.1.2: The device parameters used in simulation. 
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3.1.2 Optical Characteristics 
 
Following the creation of the simulated device, analysis into device 

behaviour was undertaken, starting with optical mode characteristics. By 

investigating how light propagates through the device, one can select an 

appropriate ridge width for device fabrication such that the device 

propagates light most strongly through the natural TE00 mode. Additionally, 

the confinement factor of the mode, i.e. the percentage of the light 

confined to the active region of the device, is calculated by the model. This 

is a useful parameter for calculating characteristics such as differential gain, 

which will be investigated in Chapter 5. Figure 3.1.3 shows the (a) TE00, (b) 

TE10, (c) TE20, and (d) TE30 modes as calculated in LaserMOD. The modes 

were all calculated through the beam propagation method (BPM), which 

gives a solution to the Helmholtz equation for each mode [5].  

From the software, the effective modal indices can be calculated for each 

optical mode. In order to ascertain an ideal ridge width, the effective indices 

of the first four TE and TM modes were calculated with increasing stripe 

width, and shown in Figure 3.1.4.  

Figure 3.1.3: The TE modes for the GaN FP model. 
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As observed in Figure 3.1.4, the TE00 mode has the highest effective index 

all other modes up to a ridge width of 2.5	𝜇𝑚, with the TE01 being the next 

highest, with Δ𝑛 = 0.006 between the two at this stripe width. This would 

correspond to a 1	𝑛𝑚 difference in wavelength between the two modes. LD 

emission is generally TE-polarised over TM polarisation, due to TE waves 

experiencing lower losses at the laser facets [6]. From Figure 3.1.4, an 

optimal ridge width of 2.5	𝜇𝑚 was selected, as the highest possible ridge 

width should be chosen such that lateral coupling of DFB modes is as strong 

as it can be. At this stripe width, the optical confinement factor was found 

to be 2.68% for the TE00 mode, while the confinement factor was 2.65% for 

Figure 3.1.4: Plot of Effective Index vs Ridge width for TE and TM 
modes. 

Figure 3.1.5: Simulated LVI for a GaN FP device.  
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the TE01 mode and 1.82% for the TM00 mode. While the values are similar, 

in fact the TE00 mode is the dominant mode of the waveguide. This arises 

due to reduced threshold gain for the natural TE mode compared to each 

other mode [7] 

Following modal analysis, a simulated LVI can be acquired. Figure 3.1.5 

shows this. A threshold current of 31 mA, with a corresponding threshold 

voltage of 4.2 V was found, and a differential series resistance of 16.04 Ω. 

Optical powers of 18.77 mW at 100% of threshold were found, and a slope 

efficiency of 0.37 W/A. Chapter 4 will investigate the LVI characteristics of 

real devices, and comparisons can be drawn between the real and simulated 

LDs.  

The next section will discuss the methods of using LaserMOD to obtain 

information about single-mode devices, and which epitaxial choices can be 

made to optimise a DFB device. 

3.1.3 Single-Mode Operation 
 
Having analysed a standard FP device, the transposition into a DFB geometry 

can be investigated. The only possible DFB system in LaserMOD is the buried 

grating method. As discussed previously, the complex overgrowth steps 

required in the fabrication process of this structure in GaN is undesirable, 

and a LC-DFB system was the chosen fabrication method for realising a 

single-mode device. While this is impossible in LaserMOD, a number of 

techniques can be used from the software package in the optimisation of LC-

DFB devices. Firstly, from modal analysis, an optimal ridge width for both 

the narrow and wide sections can be chosen for an ideal coupling coefficient 

(𝜅), outlined in equation (2.3) from chapter 2. Figures 3.1.6 and 3.1.7 show 

example optical modes at 1.5	µm and 2.5	µm, respectively. 
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Using the effective modal index at each width, a modal difference of Δ𝑛 =

0.0028 was obtained. For a 3rd-order grating, this yields 𝜅 = 40.62	cm-1, 

which with an ideal 𝜅𝐿 value being around 1.5 − 2 [8], would lead to an 

optimised device cavity length of 350 − 500	µm. Too high a value of 𝜅𝐿 

results in spatial hole burning, where the optical field becomes 

inhomogeneous along the cavity, due to standing waves within the optical 

Figure 3.1.6: The TE00 mode for the GaN FP model at a ridge width of 
1.5	µm. 

Figure 3.1.7: The TE00 mode for the GaN FP model at a ridge width of 
2.5	µm. 
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cavity. This reduces the gain of the desired mode against side modes. 

Conversely, the distributed feedback exhibited by the grating is not 

sufficient if 𝜅𝐿 is too low. If a longer device is desired, for example a 

1000	𝜇𝑚 cavity, 𝜅 ≈ 15 − 20	cm-1 would be required, corresponding to wide 

and narrow grating region widths of 2.5 µm and 2 µm.  

In terms of LVI performance, a DFB buried grating model cannot be used, as 

the methods in which single-mode operation is achieved is different in both, 

and as a result the mechanisms of an LC-DFB cannot be replicated. 

Generally, the performance of an LC-DFB is comparable to an FP device with 

additional optical losses from sidewall leakage, due to an increased surface 

area of ~2	µm per period of the grating. The increased losses can be 

significant for threshold and optical power conditions. Figure 3.1.8 shows LVI 

data with an increase in waveguide losses of (a) 10	cm-1, (b) 15	cm-1, (c) 

20	cm-1, and (d) 25 cm-1. 

Using the LVI data from Figure 3.1.8, the variation of optical power and 

threshold conditions with waveguide loss can be obtained, as shown in Table 

3.1.  

With increased waveguide loss coefficients, it is clear that, as expected, the 

increased losses lead to higher threshold conditions and reduced optical 

power characteristics. As outlined in papers such as [9-12],the LC-DFB 

optical characteristics tend to be lowered compared to that of an FP, and 

therefore this gives an indication as to the tendencies observed through the 

Figure 3.1.8: Simulated LVI for a GaN FP device.  
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addition of a grating into the laser diode. Using the information collected 

through LaserMOD, the fabrication process for both 3rd- and 39th-order 

devices can be completed. Section 3.2 will outline how the devices are 

created.  

3.2 Fabrication 
 
Following investigation into device design on LaserMOD in Section 3.1, 

Section 3.2 will introduce the fabrication process for creating LC-DFB 

devices. The process for both creating GaN FP lasers, as well as 3rd- and 39th-

order DFB devices will be outlined and presented. The methods of 

fabrication have been extensively discussed in the literature, in [9] and [10] 

predominantly. The devices were all fabricated by TopGaN, Poland, with 

sidewall etching taking place in CST Global, Blantyre.  

3.2.1 GaN Laser Device Structure 
 
The layer structure of GaN FP laser diode devices is mentioned in Section 

3.1. The layer structure was grown by metal-organic chemical vapour 

deposition (MOCVD) on c-plane wurtzite GaN substrates, with a multi feed 

seed (MFS) method implemented in growth [13], where gallium grows in N2 

gas at around 1500ºC and 10,000 bar, which results in a number of attractive 

epitaxial properties, including low dislocation densities and high electrical 

conductivities [14]. Having grown the epitaxial structure, a ridge waveguide 

is etched, typically at a depth of 420 nm with a stripe width ranging between 

2.5 − 10	µm. From this, LC-DFB devices can be etched with lateral gratings. 

Section 3.2.2 describes the fabrication of a 3rd-order DFB, while 39th-order 

devices are outlined in section 3.2.3. 

Table 3. 2. Optical properties of the modelled laser diode with increasing 

waveguide loss. 

Added loss (cm-1) 0 cm-1 10 cm-1 15 cm-1 20 cm-1 25 cm-1 

Ith (mA) 31 41 49 58.5 72 

Vth (V) 4.2 4.4 4.5 4.7 4.8 

Rd (Ω) 16.04 15.04 15.27 15.58 9.40 

L100% th (mW) 18.77 13.65 11.63 9.57 7.67 

S.E (W/A) 0.37 0.26 0.23 0.20 0.09 
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3.2.2 DFB Structures 
 
Using a laser diode as outlined, a 3rd-order lateral grating with an 80% duty 

cycle was etched into the sidewalls of the ridge waveguide. The wide region 

of the grating is 2.5	µm, while the narrow section is chosen to be 1.5	µm, 

such that as high a coupling coefficient as possible is achieved by the grating. 

The grating pattern was written and defined using electron-beam 

lithography (Raith VB6 EBL system, with a write resolution of 1 nm). Firstly, 

the pattern was written using a ZEP 520 resist, then transferred onto a 

120 nm-thick layer of SiO2 through reactive ion etching (RIE). The resist was 

then removed, leaving the SiO2 as a suitable etch mask for inductively 

coupled plasma (ICP) etching. Through a Cl2/N2 chemistry, an ICP process 

yielded a smooth vertical etch profile, completed by an STS multiplex, with 

300 W platen and 600 W coil power. Following this, electrical contacts of 

Ni/Au were achieved. Finally, mechanical polishing thinned the sample 

substrates and then devices were cleaved into a variety of cavity lengths 

suitable for DFB operation. The gratings themselves were etched down to a 

depth of 520 nm. Figure 3.2.1 shows an SEM image (From [10]) of the 3rd-

order grating, while Figure 3.2.2 is a zoomed-in version on one of the 

notches. The latter image shows a ‘V’-shaped grating for 3rd-order devices, 

with the wide grating sections coming closer together as it gets nearer to 

Figure 3.2.1: SEM micrograph image of a 3rd-order GaN DFB grating.  
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the active region of the device. This arises from RIE lag, where the etch rate 

decreases due to the size of the opening, resulting in a depth-dependent 

etch width, and a narrower grating width as the etch gets deeper [15]. As a 

result of RIE lag, the duty cycle of the grating increases as it gets closer to 

the active region. It has been simulated in GaAs that at a sufficiently high 

duty cycle (>80%), the effective coupling coefficients of first- and third-order 

gratings are similar [16]. This would be an advantageous effect in the GaN 

material basis, as a higher duty cycle can be achieved with a wider resistance 

mask.  

The process for etching a 39th-order grating is much the same as that for a 

3rd-order grating, however instead of the grating running along the entire 

cavity length, a set number of notched pairs are chosen. The design and 

fabrication principles are outlined in [12]. The reduction in FSR leads to a 

much narrower reflection bandwidth being required for single-mode blue 

lasers compared to InP- and AlGaAs-based devices. A lower reflectivity of 

each notch pair leads to a reduced reflection bandwidth, but for the total 

reflectivity to be maintained, several notch pairs are needed. In this 

instance, 125 notch pairs were etched into the ridge waveguide, with a total 

reflection bandwidth found to be ~0.1	nm. In designing the 39th-order 

Figure 3.2.2: Zoomed in SEM micrograph image of a 3rd-order GaN DFB 
grating.  
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devices, it is important that the FSR is wider than the gain spectrum of the 

laser diode, such that the device does not hop between the 39th and its 

nearest optical modes, namely the 38th- and 40th-order modes, and that the 

devices maintains single-wavelength operation. Figure 3.2.3 shows the SEM 

image of several 39th-order notch pairs.  

 

3.3 Summary 
 
This chapter provided information on how GaN devices were modelled using 

RSoft’s LaserMOD software package, from the layer structure design to 

modal analysis and LVI simulations for an FP device. Using several modal 

analysis and increased waveguide loss techniques, a DFB model can be 

approximated. Finally, the fabrication processes for both 3rd- and 39th-order 

devices were outlined, noting the different methods both devices achieve 

single-mode operation. Following this, chapter 4 will present the 

experimental analysis of GaN DFBs, showing how devices compare to the 

simulations outlined here.  

  

Figure 3.2.3: SEM micrograph image of a 39th-order GaN DFB grating.  
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Chapter 4 

Spectral Characteristics of InGaN/GaN 
Distributed Feedback Laser Diodes 
Having discussed the design and fabrication procedures associated with GaN-

based DFBs, we can now move onto the experimental results obtained for 

real 3rd and 39th order devices, and comparing them to commercial-grade 

GaN FP devices. Firstly, the structures of each device will be described. 

Then, the methods used to bias the laser diodes will be discussed. Finally, 

the experimental characterisation of GaN devices will be presented, and 

compared with each other. Measurements undertaken at the University of 

Glasgow include light-voltage-current (LVI), optical spectra, and frequency 

response measurements. While this chapter displays the results of a select 

few devices, it should be noted that this represents a small subset of the 

devices tested. Most of the initial devices tested failed before full 

characterisation could be achieved, and subsequently the main devices 

exhibited here are from later characterisation rounds, following iterative 

improvements. 

 

4.1 Motivation 
As previously discussed, many of the applications that GaN-based DFBs are 

desired for have stringent requirements in terms of their spectral and optical 

characteristics, such as wavelength selectability, which is especially 

important in quantum timing applications [1], where a specific atomic 

transition must be precisely targeted. This chapter will discuss how well 

these conditions are met in GaN-based systems, through a number of 

experiments. The LVI will be used to determine power output first and 

foremost, and then compared to GaN FPs which are commercially available. 

Then, the optical spectra provides insight into wavelength precision and 

tunability, with how wavelength varies with both drive current and 

temperature investigated. Finally, high-speed measurements will be taken, 

so that device bandwidth can be found, which can give information on how 



Spectral Characteristics of InGaN/GaN Distributed Feedback Laser Diodes 
 

 84 

devices could work in a real life communications system, which is an area of 

extreme research interest for blue laser diodes [2-4].  

4.2 Experimental Setups 
 
This section of the chapter will outline how the experiments are set up and 

undertaken for every device investigated. Firstly, the methods of packaging 

the laser diodes will be outlined, with various ways to bias the laser diodes 

described. Following this, the experimental techniques for both static and 

high-speed measurements will be discussed.  

4.2.1 Device packaging and biasing 
 
There are several methods of packaging laser diodes, often chosen 

depending on the application for which the devices are used and 

experimental apparatus available for characterising devices. For example, 

when working with lasers transmitting through a fibre, butterfly-type 

packaging may be favourable, as generally there is an integrated heating 

element alongside a photodiode such that the LD itself can be closely 

monitored. For free-space experiments, however, such as those reported on 

in this thesis, there are various options available. In this work, transistor-

outline (TO) and chip-on-submount packages were used. Their operation will 

be covered in this section. 

4.2.1.1 Transistor outline package 
 
The TO package is an industry-standard package used widely to contain 

microelectronic components that require biasing. For laser diode 

applications, a TO can, where a cap with beam-collimating optics covers the 

header to direct the signal. Figure 4.2.1 shows an image of the TO package, 

while Figure 4.2.2 is the specific schematic of a TO can outlining its 

operation. 

 

 



Spectral Characteristics of InGaN/GaN Distributed Feedback Laser Diodes 
 

 85 

As shown in figures 4.2.1 and 4.2.2, generally there are three pins connected 

to the TO package, one of which is connected to a bond wire, and used to 

bias the device housed within it, and another to connect to the ground. A 

photodiode is also present within the package to regulate the bias power of 

the device. The cover glass directs the light out of the device while 

simultaneously protecting the LD chip from any external factors damaging 

the laser, such as dirt accumulating on the device. Generally it is compact 

and fairly robust, and a popular choice for several laser-based applications.  

To drive and characterise a device housed in a TO can, an SMA cable was 

soldered onto the correct pins of the package, and connected to a power 

source. To mount the device, a brass plate with a hole the size of the metal 

cap mechanically drilled into it was held by a XYZ stage securely bolted onto 

the optical table. As there is no thermal control within the TO can, the 

Figure 4.2.1: A TO can packaged laser diode [5]. 

Figure 4.2.2: Schematic of a TO can package [6].  
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outside of the cap was coated with heat-sinking paste and then placed in the 

mount.  

4.2.1.2 Chip-on-submount  
 
A simpler, more cost-effective method of mounting devices is the chip-on-

submount configuration. The laser chip is simply placed on a tile with several 

conducting pads. A bond wire then connects one of the pads to the LD, with 

another pad then used for grounding the system. Figure 4.2.3 shows a GaN 

laser chip on a submount.  

To drive a device on a submount, a probing system is used. A two-pronged 

high-speed probe (in this instance a Picoprobe model 10), with one prong 

carrying the signal and the other acting as the ground, are lowered onto the 

correct pads to bias the device. An SMA cable from the probe is passed into 

the power supply to generate current. A schematic of the probe is shown in 

Figure 4.2.4. Where the probe tips are connected to the probing system, 

there is a high-speed 50 ohm connector, which allows for dynamic 

measurements to be undertaken. The bandwidth of the probes exceeds 

10 GHz, which is much faster than that of the laser diodes under 

investigation, and thus accurate bandwidth measurements can be 

performed. In contrast to TO can packages, however, the laser chips are not 

Figure 4.2.3: A chip-on-submount GaN laser diode, as observed 
through a microscope.  
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protected by any housing, and damage to the devices can occur through alien 

bodies or scratching the device with the tips of the probe when being 

lowered onto the submount, therefore a degree of care is necessary when 

setting up the measurements. To place in an experimental arrangement, the 

chips are put on a temperature-controlled brass platform, held in a precision 

XYZ stage for accurate alignment. 

4.2.2 Experimental setups 
 
To complete the full characterisation of these devices, there were several 

experimental arrangements used. The devices were thermally cooled using 

a Thorlabs TED 200C temperature controller, and driven with a Aim-TTi 

EL301R power supply. The first measurement taken was the LVI, in order to 

observe parameters such as threshold conditions and device efficiency. To 

do this, a Newport 818-UV/DB optical power meter was used, which has a 

spectral range of 200-1100 nm, with all GaN-based devices comfortably 

within those boundaries. The light from each device was aligned onto the 

detector with the use of aspheric lenses such that the entire beam was 

incident onto the sensor.  

Following this, the optical spectra of each device was found by using the 

Ocean Optics USB 4000 spectrometer, with a resolution of 1.5-2.3 nm at full 

width half maximum (FWHM). Accurate peak wavelengths can therefore be 

found for the laser diodes, and was done so with increasing (a) bias, and (b) 

temperature, to ascertain how harsh environments could affect the devices.  

Finally, for high-speed measurements, an Agilent E5071B virtual network 

analyser was connected to the system through a bias-tee, and frequency 

Figure 4.2.4: Schematic of the probing system used in chip-on-
submount experiments, from [7].  
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response measurements were found. An ALPHALAS UPD-30-VSG-P 

photodetector with a bandwidth of 10 GHz was used in this case. Figure 4.2.5 

shows the experimental setup for high-speed measurements. 

 

 

4.3 Characterisation 
 
Following the outlining of how devices are packaged, driven, and set up in 

an experimental arrangement, full characterisation was completed for both 

3rd and 39th order GaN DFBs, as well as commercial FP devices (OSRAM PL450B 

and OSRAM PL520B). This section of the chapter describes the results from 

optical power and spectra measurements, with setups as previously outlined. 

Parameters including lasing threshold conditions, slope efficiency and 

differential resistance can be ascertained from LVI experiments, while 

spectral data provides information including central wavelength, and tuning 

coefficients with both current and temperature. 

 

 

Figure 4.2.5: Experimental setup for high-speed measurements. 



Spectral Characteristics of InGaN/GaN Distributed Feedback Laser Diodes 
 

 89 

4.3.1 DFB Devices 
 
For this section, two GaN-based DFB devices, both fabricated at TopGaN, 

were investigated for their LVI and spectral properties. The results are 

presented in section 4.3.1.  

4.3.1.1 3rd-order GaN DFB 
 
The LVI for a 3rd-order device was obtained using the experimental setup 

described. This is shown in Figure 4.3.1. 

From the LVI shown in Figure 4.3.1, a number of parameters can be 

ascertained. A threshold current of 75 mA was found, alongside a turn-on 

voltage of 3.4 V and a threshold voltage of 5.8 V. The corresponding 

Figure 4.3.1: LVI of a 3rd-order GaN DFB. 

Figure 4.3.2: Optical spectra of the 3rd-order DFB with increasing drive 
current. Inset is a plot of central wavelength vs bias.  
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differential series resistance is 14.5 Ω, with an optical power at 100% of 

threshold of 13.5 mW, yielding a slope efficiency of 0.18 W/A. 

Following LVI analysis, optical spectra for the 3rd-order DFB were taken using 

the arrangement in Figure 4.2.5. The spectra with increasing drive current 

at a constant temperature of 17 ℃ is shown in Figure 4.3.2, while the spectra 

with increasing temperature at a constant bias current of 100 mA is shown 

in Figure 4.3.3. Inset of both figures is the plot of central wavelength against 

(a) bias current, in the case of Figure 4.3.2, and (b) temperature, in the case 

of Figure 4.3.3.  

As expected, the central wavelength increases with current, as the bandgap 

energy reduces with increased drive current [8]. From Figure 4.3.2, it is 

apparent that double-moded behaviour is present at 110 mA, with two peaks 

near each other. However following this, the device returns to single-mode 

operation. The tuning coefficient with current from this is 0.0105 nm/mA. 

From Figure 4.3.3, the tuning coefficient with temperature was calculated 

to be 0.014 nm/K. 

 

 

 

 

 

Figure 4.3.3: Optical spectra of the 3rd-order DFB with increasing 
temperature. Inset is a plot of central wavelength vs temperature.  
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4.3.1.2 39th-order GaN DFB 
 
The LVI for a 39th-order GaN DFB is shown in Figure 4.3.4. 

From Figure 4.3.4, the same parameters as in Figure 4.3.1 can be calculated. 

A threshold current of 126 mA is found, with a turn-on voltage of 3.1 V and 

threshold voltage of 6.27 V, yielding a differential series resistance of 

14.7 Ω. An optical power at 100% of threshold of 27.7 mW was obtained, with 

a slope efficiency of 0.22 W/A,. 

Figure 4.3.4: LVI of a 39th-order GaN DFB.  

Figure 4.3.5: Optical spectra of the 39th-order DFB with increasing drive 
current. Inset is a plot of central wavelength vs bias.  



Spectral Characteristics of InGaN/GaN Distributed Feedback Laser Diodes 
 

 92 

Optical spectra for the 39th-order DFB was then obtained, and shown in 

Figure 4.3.5 for increasing bias at a constant temperature of 17℃, and Figure 

4.3.6 with increasing temperature at a constant drive current of 150 mA. 

Inset of both are the plots to acquire the tuning coefficients. Tuning 

coefficients of 0.0025 nm/mA and 0.0153 nm/K were found for the 39th-

order DFB. Comparisons with the 3rd-order DFB and other devices will be 

drawn in section 4.3.3. 

  

Figure 4.3.6: Optical spectra of the 39th-order DFB with increasing 
temperature. Inset is a plot of central wavelength vs temperature.  
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4.3.2 FP Device  
 
Following the characterisation of the DFB devices, a commercial FP device, 

namely an OSRAM PL450B device with a target emission wavelength of 

450 nm, was tested. Section 4.3.2 presents these results. Figure 4.3.7 shows 

this plot.  

From Figure 4.3.7, parameters as for the DFB devices can be derived. A 

threshold current of 17 mA is found, with a turn-on voltage of 3.14 V and a 

threshold voltage of 4.08 V. A corresponding differential series resistance of 

24.5 Ω was found. An output power at 100% threshold of 12.9 mW is also 

observed, with a maximum output power of 21.2 mW, corresponding to a 

Figure 4.3.7: LVI of an OSRAM PL450B commercial FP device.  

Figure 4.3.8: Optical spectra of the OSRAM PL450B device with 
increasing drive current. Inset is a plot of central wavelength vs bias.  
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slope efficiency of 0.64 W/A. This, as expected, is much higher than both 

DFB devices, as the lack of lateral gratings means that fewer impurities are 

present, and the device will be more efficient at converting current to 

optical power.  

Then, optical spectra for the PL450B was obtained as previously. Figure 4.3.8 

shows the wavelength with increasing bias current at a constant temperature 

of 17℃, while Figure 4.3.9 is the wavelength with varying temperature at a 

constant bias current of 50 mA. Inset each is the plot to acquire tuning 

coefficients. From the figures, tuning coefficients of 0.028 nm/mA and 

0.06 nm/K were found.  

 

  

Figure 4.3.9: Optical spectra of the OSRAM PL450B device with 
increasing temperature. Inset is a plot of central wavelength vs 

temperature.  
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4.3.3 Comparison 
 
Having completed characterisation for all of the devices, comparisons can 

be drawn between each. Table 4.1 shows the parameters found from LVI 

measurements for the GaN DFBs and commercial FP. 

Table 4. 2. Characteristic values of the three devices under investigation. 

 3rd-order DFB  39th-order DFB PL450B 

V0 (V) 3.4 3.1 3.1 

Ith (mA) 75 126 17 

Vth (V) 5.8 6.27 4.08 

S.E (W/A) 0.18 0.22 0.64  

Rd (Ω) 14.5 14.7 24.5 

 

From the table, a number of things can be deduced. In terms of optical 

performance, the DFB devices lag behind their FP counterpart, with 

increased threshold current and voltage and drastically reduced slope 

efficiency. The introduction of the lateral grating has increased effects such 

as sidewall current leakage, and the reduced slope efficiency suggests that 

nonradiative recombinations have become more prevalent within the 

devices. However, the optical power output of all the devices are 

comparable, in the tens of mW, which indicates that even though the DFB 

devices may not perform as efficiently, the DFB devices’ optical 

Figure 4.3.10: Tuning coefficient with drive current of all three 
investigated devices.  
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performances are not compromised by the increase in nonradiative 

recombinations.  

In terms of optical spectra, the tuning coefficients with both drive current 

and temperature for all devices are shown in Figures 4.3.10 and 4.3.11. From 

these plots, it is clear that the DFB devices are much less sensitive to 

environmental changes, with the wavelength of both DFBs staying relatively 

stable with both current and temperature. The selectability of the 

wavelength for the single-mode devices is demonstrated, however notably 

the 39th-order device’s tuning coefficient with current is a factor of 3 lower. 

It has been posited that the FP-like operation of the 39th-order device 

compared to the standard DFB behaviour of the 3rd-order laser can lead to 

narrower linewidths, and it has also enabled high selectability. This suggests 

that the 39th-order device could be well-suited for narrow-linewidth 

applications, most notably Sr+ atomic clocks [9]. Interestingly, both 3rd and 

39th-order devices exhibit similar tuning coefficients with temperature, both 

of which are suitably low for accurate-wavelength applications. The FP 

devices, as expected, have high tuning coefficients for both current and 

temperature, as their multi-modal operation do not allow for a narrow 

linewidth or accurate wavelength targeting. 

 

 

 

Figure 4.3.11: Tuning coefficient with temperature of all three 
investigated devices.  
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4.4 High-speed measurements 
 
Following spectral characterisation, high-speed measurements were 

undertaken for the DFB and commercial FP devices, with frequency response 

measurements providing valuable insight on parameters such as bandwidth, 

and their subsequent feasibility for applications such as optical 

communications systems, as will be more thoroughly discussed in chapter 6. 

Here, a general overview will be given for all devices.    

Firstly, a 3rd-order DFB was tested, using the experimental arrangement in 

Figure 4.2.8. Figure 4.3.15 shows the frequency response acquired, with the 

bandwidth inset.  

The maximum bandwidth found for the 3rd-order DFB demonstrated here is 

2.4 GHz at a drive current of 80 mA, the highest observed by direct 

modulation for any GaN-based device, having been previously observed up 

to 2.3 GHz [10]. While the current subsequently increases, the response 

flattens off. Generally, the -3 dB bandwidth of a laser diode should increase 

with drive current [11], however other effects including relaxation 

frequency and non-intrinsic device properties such as parasitics and system 

Figure 4.3.15: Frequency response of a 3rd-order DFB. Inset is a plot of 
bandwidth vs increasing bias current. 
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limitations can affect this. Chapter 5 will explore the intrinsic properties of 

GaN DFBs more clearly. 

Figure 4.3.16 shows the frequency response of a 39th-order DFB device, 

alongside the bandwidth with current.  

The maximum bandwidth observed here is 1.7 GHz, at a drive current of 

100 mA, which then begins to decrease, as with the 3rd-order device. The 

bandwidths exhibited by the 39th-order devices are comparable with the 3rd-

order devices, with differences between the bandwidths of the different DFB 

Figure 4.3.16: Frequency response of a 39th-order DFB. Inset is a plot 
of bandwidth vs increasing bias current. 

Figure 4.3.17: Frequency response of the OSRAM PL450B. Inset is a 
plot of bandwidth vs increasing bias current. 
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devices potentially arising from parasitic effects, either within the packaging 

or the bond wires connected to the device. 

Finally, the commercial FP device’s frequency responses were measured, 

using the experimental arrangement in Figure 4.2.8, and shown in Figure 

4.3.17.  

The maximum bandwidth observed is 1.2 GHz at a drive current of 30 mA. 

This is reasonably comparable to both DFB devices, and again any parasitics 

within the packaging may result in reduced bandwidths. To achieve high data 

rate optical communications up to 10 Gbps, the bandwidths of GaN-based 

devices clearly need to be increased. The mechanisms of how this can be 

achieved will be discussed in Chapter 5.  

 

4.5 Summary and Conclusions 
 
This chapter provided insight into the optical, spectral, and high-speed 

parameters of GaN-based DFBs, as well as commercial devices. While the 

optical characteristics of the FP devices were stronger, as expected due to 

the lack of increased impurities and loss mechanisms from additional 

sidewall surface area, the wavelength specificity and selectability of the 

DFBs were far superior, which is extremely useful for applications such as 

quantum timing and medical spectroscopy [14]. The high-speed 

measurements undertaken indicate that DFB devices could be excellent 

candidates for optical communications applications such as filtered 

underwater intervehicular communications, with bandwidths exceeding 

2 GHz, which will be investigated in more detail in Chapter 6. 
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Chapter 5 

Intrinsic device properties of Distributed 
Feedback InGaN/GaN Laser Diodes 
 
To better understand the potential of GaN-based DFBs in terms of 

performance, investigating the underlying mechanisms that dictate 

performance is important. This chapter will discuss these parameters in 

detail, and through analysis of experimental data, will calculate them for a 

variety of devices. Measurements that have been carried out at the 

University of Glasgow include LVI characterisation, as well as frequency 

response measurements. The first part of this chapter will discuss the 

experimental results for each device. Next, the analytical methods utilised 

will be outlined. Finally, the results will be presented for the 

aforementioned devices, and parameters such as the carrier and photon 

lifetimes, as well as modulation efficiency, differential gain, and parasitic 

response, will be calculated. The parameters of the DFB device will be 

compared to that of the commercial LDs to determine the feasibility of these 

devices for various commercial applications, from atomic clocks to 

communications.  

5.1 Motivation 
 
For many of the applications that single mode blue lasers are desired, a 

deeper understanding of how carriers interact with each other within these 

devices is necessary. This will allow for optimisation of the devices in various 

ways, such as using packaging so that parasitic effects are minimised, and 

making fabrication choices such that chip performance can be improved for 

the selected application. This chapter will discuss the parameter extraction 

method used, which has been well-established for both InP [1-3] and 

GaAs [4-8] devices. As GaN devices, particularly single-wavelength GaN 

lasers, are a relatively novel field of research, information on physical 

parameters within the material are not well-known. Research has been 

undertaken to calculate the differential gain and modulation efficiency of 
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GaN-based FPs [9,10], and recombination coefficients have been calculated 

for GaN LEDs [11-13]. However, due to the youth of GaN-based DFB 

technology, there  is little information on how the change to single-mode 

affects the parameters. The investigation undertaken in this chapters sheds 

light on some of these important parameters, and will aid in the design and 

fabrication of future GaN-based DFB lasers. Therefore, the work outlined in 

this chapter is extremely important in the fundamental understanding and 

development of GaN devices. 

5.2 Setup and Characterisation 
 
The following section outlines the experimental work completed to 

complement the analysis undertaken in the parts of the chapter. This 

includes LVI measurements to aid in the calculation of parasitics, and 

frequency response, as the dynamic characteristics of these devices only 

become apparent when modulated. 

5.2.1 Experimental Methods 
 
The three devices which were probed for their characteristics in this chapter 

were:  

• A TopGaN-fabricated 3rd-order DFB, designed for single-mode emission at 

422 nm (fabrication outlined in chapter 3), 

• An OSRAM PL450B commercial FP laser diode, with a central wavelength 

of 450 nm, and 

• An OSRAM PL520B commercial FP laser diode, with a central wavelength 

of 520 nm. 

The DFB was packaged in a TO56 can, while the two OSRAM devices were 

housed in TO38 packages. All devices were biased through an SMA cable 

soldered onto the pins connected to the laser diodes. For LVI measurements, 

the light emitted by every device was incident on a Newport 818-UV/DB 

optical power meter to read the output power, while current and voltage 

were both measured on an Aim-TTi EL301R power supply, which was also 

used to bias the lasers. The devices were held in a thermally-cooled bronze 
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stage, held at a constant temperature of 17°C using a ThorLabs TED200C 

Temperature Controller.  

For frequency response measurements, the DC signal from the power supply 

was modulated using an Agilent E5071B Vector Network Analyzer (VNA) 

through a bias-T into the devices, with the emitted light incident on an 

ALPHALAS UPD-30-VSG-P 10 GHz photodetector, and the signal then incident 

back onto the VNA. This setup is shown in Figure 5.1.  

Using this experimental setup, frequency response measurements are taken 

as in Chapter 4, and used to calculate the -3 dB bandwidth of the LDs, as 

well as being used for further analysis in parameter extraction for intrinsic 

device characteristics.  

5.2.2 Experimental Results 
 
Using the above experimental setups, LVI and frequency response data was 

found for the three devices. Firstly, the measurements were taken for the 

DFB device. Figure 5.2.2 shows the LVI characteristics of the device, while 

Figure 5.2.1: Experimental setup for frequency response 
measurements. 



Intrinsic device properties of Distributed Feedback InGaN/GaN Laser Diodes 
 

 104 

Figure 5.2.3 shows the frequency response, with the -3 dB optical 

bandwidths, corresponding to the -6 dB electrical bandwidth, inset.  

From Figure 5.2.2, the DFB exhibits a turn-on voltage of 3.4 V, with a 

threshold current and voltage of 32 mA and 8 V respectively. The threshold 

current measured here is the lowest reported, due to wavelength alignment 

of the gain peak and grating stopband. Compared to the DFB devices tested 

in Chapter 4, the threshold voltage and series resistance of the device is 

notably higher. This may arise due to a number of reasons, including the 

epitaxial characteristics of the device, with this DFB being from a different 

batch to those previously characterised, or increased resistances within the 

Figure 5.2.2: LVI characterisation for the DFB device.  

Figure 5.2.3: Normalised frequency response of the GaN DFB, with the 
-3 dB optical bandwidth against drive current inset. 
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packaging and bonding wires to the DFB. The device is operating in single-

mode until around 60 mA, where a kink is present, suggesting that the device 

is now multi-modal. A maximum single-mode output power of 11 mW is 

observed for the DFB, at a drive current of 55 mA. The device exhibits a 

slope efficiency of 0.48 W/A, and a differential resistance of 40 Ω. 

Figure 5.2.3 shows the dynamic frequency response of the device. One thing 

that is apparent at first glance is the rise in response starting at 1 MHz and 

leading into the roll-off in response. This is due to inductive peaking, where 

inductors within the chip/package circuit resonate with the parasitics and 

subsequently broaden the bandwidth [14]. The -3 dB bandwidth is shown 

inset on Figure 5.2.3, and was observed to have a maximum of 2.1 GHz at 

40 mA, before it starts to decrease. As the bandwidth of the photodetector 

is 10 GHz, the bandwidth is not limited by this. It is more likely that 

parasitics within the device’s circuit is responsible for this decrease.  

Next, the OSRAM PL450B blue commercial laser diode was tested. This is the 

same device as measured in Chapter 4, with Figures 5.2.4 and 5.2.5 showing 

the LVI and frequency response for this device respectively. -3 dB optical 

bandwidths  of the device are inset of Figure 5.2.5. 

From Figure 5.2.4, a turn-on voltage of 3.14 V is found for the device, 

alongside a threshold current and voltage of 17 mA and 4 V respectively. The 

lowered threshold conditions compared to the DFB is likely due to a number 

Figure 5.2.4: LVI characterisation for the OSRAM PL450B commercial 
device. 
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of factors, including reduced current sidewall leakage as the surface area is 

much lower in comparison to the DFB, as well as the reflectivities of the 

edge coatings. The slope efficiency is also found to be 0.64 W/A, with a 

maximum output power of 20 mW and a differential resistance of 14 Ω.  

Figure 5.2.5 shows the frequency response of the commercial blue laser. 

Compared to the DFB, there is no inductive peaking present here. The inset 

picture shows the -3 dB bandwidth found with increasing bias current, and 

was found to have a maximum of 1.2 GHz at 30 mA before decreasing, likely 

due to parasitics. 

Finally, the OSRAM PL520B green commercial laser diode was tested. Figures 

5.2.6 and 5.2.7 show the LVI and frequency response characteristics. The 

turn-on voltage of the green device is similar to that of the blue FP, at 3.2 V. 

However, the threshold current and voltage have increased compared to the 

OSRAM PL450B, at 52 mA and 5.5 V respectively. This is due to the material 

composition within the device targeting green light emission being much less 

efficient compared to that of blue light [15]. A maximum output power of 

13.5 mW was emitted by the device, with a slope efficiency of 0.28 W/A and 

a differential resistance of 9 Ω. 

Figure 5.2.7 shows the frequency response of the green commercial laser. 

Similar to the blue FP, no inductive peaking was present in the dynamic 

response. The inset graph shows the -3 dB bandwidth of the device with 

Figure 5.2.5: Normalised frequency response of the commercial blue 
laser, with the -3 dB optical bandwidth against drive current inset.  
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increasing bias current. A maximum bandwidth of 1.2 GHz was found for the 

green FP, which is the same as the blue device, at a drive current of 80 mA. 

As before, the bandwidth starts to decrease after this, as a result of the chip 

and package parasitics.  

The overall experimental results for each device are shown in Table 5.1. 

From this, it can be inferred that the commercial devices are more efficient 

when unmodulated, in large part due to the reduced sidewall current 

leakage compared to the DFB. However, the maximum -3 dB bandwidth is 

nearly a factor of 2 higher in the DFB. This may arise due to parasitic effects 

within the packaging, and will be investigated later.    

Figure 5.2.6: LVI characterisation for the OSRAM PL520B commercial 
device.  

Figure 5.2.7: Normalised frequency response of the commercial green 
laser, with the -3 dB optical bandwidth against drive current inset.  
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Using the experimental results from the methods outlined above, parameter 

extraction could be performed. The next section will detail how this analysis 

method works, before proceeding to implement the technique on the results 

for each device.  

Table 5.3. Characteristic values of the three devices under investigation. 

 Violet DFB Blue FP Green FP 

V0 (V) 3.4 3.2 3.2 

Ith (mA) 32 17 52 

Vth (V) 8 4 5.5 

S.E (W/A) 0.48 0.82 0.28 

Rd (Ω) 40 24.5 9 

f3dBmax (GHz) 2.1 1.2 1.2 

 

5.3 Parameter Extraction 
 
This section of the chapter will firstly outline the theory behind the 

analytical techniques behind parameter extraction. The physical processes 

involved will be described, for carrier and photon lifetimes, modulation 

efficiency and differential gain, and finally the parasitic response of laser 

diodes. Then, the results for the GaN DFB and both commercial FPs will be 

analysed, and compared to each other.  

5.3.1 Background 
 
In order to complete the small-signal response analysis, we must first find 

an expression for the frequency response of the device, which takes into 

account both the intrinsic response of the laser diode and the parasitics 

within the chip and packaging housing the device. The intrinsic modulation 

response, 𝐻-),(𝑓), formulated from the laser rate equations is found as [16]: 

𝐻-),(𝑓) =
89(

e(8(;89()(H(T8)(
     (5.1) 

Where 𝑓L is the resonance frequency of the laser, where the laser is at its 

maximum operating condition, and 𝛾 is the damping factor. The damping 

factor controls the shape and height of the resonance peak of the laser 

diode – a small damping factor will result in a large, narrow peak, while a 
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large damping factor broadens the peak while simultaneously reducing its 

size [17]. 𝐻-),(𝑓) itself is related to the ratio between the dynamic photon 

density and current density [18]. To fully model the frequency response of 

the device, 𝐴(𝑓), the modulation response must be transferred into the 

logarithmic scale, as follows: 

𝐴(𝑓) = 𝐴-),(𝑓) +	𝐴'*L(𝑓)    (5.2) 

where 

𝐴-),(𝑓) = 10𝑙𝑜𝑔<@(𝐻-),(𝑓)=) = 10𝑙𝑜𝑔<@ U
89:

U8(;89(W
(
H(T8 =>3 )(

V  (5.3) 

The parasitic response, 𝐴'*L(𝑓), is often represented as an RC low-pass 

filter, comprising of the chip and submount response [19]. Effects such as 

internal carrier transport limitations are also included in the parasitic 

response, which can reduce the modulation bandwidth further [20]. The 

parasitics are modelled as: 

𝐴'*L(𝑓) = 10𝑙𝑜𝑔<@ 9
<

<H(=>8FZ)(
= + 𝐴Z:A(𝑓)   (5.4) 

To calculate these parameters, such that the model can be completed, 

parameter extraction, as outlined in Morton et al. [21], was used. After 

subtracting a response at a low lasing bias current from higher currents, the 

data can be fit to the following analytical equation: 

𝐴fg+(𝑓) = 10𝑙𝑜𝑔<@ A
89-:

U8(;89-( W
(
H(T$-8)(

U8(;89,( W
(
H(T$,8)(

89,:
D     (5.5) 

where 𝑓L@, 𝛾+@,	𝑓L<, and 𝛾+< are the resonance frequencies and damping 

factors at lower and higher bias currents, respectively. These parameters 

can then be calculated with fitting tools in software packages such as 

MATLAB. Using the values found for resonance frequency and damping 

factors at increasing bias points, a number of dynamic parameters can be 

extracted for a laser diode. They can be related to each other through the 

following equation [22]:  

𝛾 = 𝐾𝑓L= + 1 𝜏"?     (5.6) 

where 𝐾 is the damping rate of the device, and 𝜏" is the nonradiative carrier 

recombination time, corresponding to the damping at threshold. 𝐾 can also 

be related to the radiative photon lifetime, 𝜏' and the gain compression 

factor, 𝜀, as [23]: 
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𝐾 = 4𝜋= A𝜏' + 𝜀 𝑣#𝑔′? D     (5.7) 

where 𝑣# is the group velocity of the device, and 𝑔′ is the differential gain. 

Generally, at low photon densities, 𝜀 is considered to be negligible, and 

Equation (5.7) can be approximated to a first-order equation.  

The differential gain of the device is an important parameter for a device’s 

dynamic response. It specifies how the gain increases with driving current, 

and is used to control parameters such as modulation efficiency and the 

spectral linewidth [24]. Gain compression, however, describes the nonlinear 

effects that occur to negatively affect laser performance, such as hole 

burning, both spectral [25] and spatial [26], and effects due to carrier 

heating [27]. As can be expected from Equation (5.7), an increase in 𝑔′ 

improves laser performance, while higher nonlinear gain compression limits 

the device. 

The maximum intrinsic -3 dB bandwidth can also be derived from 𝐾, which 

is the point at which the two terms in the denominator of (5.1) are balanced 

with each other, such that neither under-damping, where the response 

reaches a sharp resonance then falls off quickly, nor over-damping, where 

the operating bandwidth is limited by the damping factor, is present. This 

occurs at: 

𝑓;?	G2.*7 = =>√=
j

     (5.8) 

Additionally, the resonance frequency is dependent on photon density 𝑆@, as 

follows [16]: 

𝑓L= ≈
!!#kf,
l>(m0

      (5.9) 

Expanding on this, the photon density can also be expressed in terms of the 

drive current above threshold [30]: 

𝑆@ =
n;m0`
o6

(𝐼 − 𝐼,$)             (5.10) 

And, combining (5.8) and (5.9): 

𝑓L= = 𝐷(𝐼 − 𝐼,$)    (5.11) 

where 

𝐷 =	 n;!!`#k
l>(o6

     (5.12) 
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Here, 𝜂- is the internal quantum efficiency, Γ is the optical confinement 

factor, 𝑉 is the volume of the active region, and 𝑒 is the electron charge. D 

itself is the square of the modulation efficiency, which alongside K are two 

important figures of merit for a laser diode. For a high-speed laser, one 

would desire K to be small, such that a short photon lifetime is observed, 

while a large D would be optimal, such that smaller bias currents are 

required for high modulation bandwidths. 

 

5.3.2 Carrier and Photon Lifetimes 
 
Using the analysis techniques outlined above, parameter extraction can be 

performed on all three devices. The first values found were for the carrier 

and photon lifetimes, which can be found directly from the damping rate 

and resonant frequency for each device. Firstly, this was performed for the 

DFB device. The frequency response at 40 mA was subtracted from responses 

at higher bias points up to 55 mA, after which the device became multi-

modal. This subtracted response is then fitted to Equation (5.5), such that 

the damping factor and resonance frequency at each bias point can be 

extracted. Figure 5.3.1 shows the subtracted fits for the DFB. To analyse the 

goodness of fit, the |R|2 value was referred to, which indicates how well the 

data points are fitted to the plotted equation, such that the data can be  

Figure 5.3.1: Subtracted frequency response, with fitting, for the DFB at 
varying bias current. 
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Table 5. 4 Values of fr, γ, and |R|2 from subtraction for the DFB. 

considered accurate. Table 5.2 shows the values of fr, 𝛾, and |R|2 for the 

DFB subtraction. 

The |R|2 value at each bias point is above 95%, indicating that a good match 

between model and experimental data is found. In comparison to more 

established InP and GaAs-based devices [28], the resonance and damping 

frequencies are markedly lower. Figure 5.3.2 shows the plot of damping 

factor against the square of the resonance frequency, in order to calculate 

the damping rate from equation (5.6).  

From Figure 5.3.2, the damping rate of the DFB was calculated to be 

𝐾	 = 	0.23	ns from the gradient, while the intercept yielded 𝜏" = 0.25	ns. 

From equation (5.7), 𝜏' = 5.83	ps was found from K. This is a similar value 

to what is found for well-researched telecommunications lasers [29], and an 

order of magnitude lower compared to previous results found in GaN devices 

[8, 9]. 

Bias Current fr (GHz) γ (GHz) |R|2 (%) 

40 mA 2.06 5.2 n/a 

45 mA 2.62 5.43 99.01 

50 mA 3.08 6.18 98.14 

55 mA 3.44 6.93 96.84 

Figure 5.3.2: Damping factor against the square of the resonance 
frequency for the DFB. 
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Following analysis on the DFB, the OSRAM PL450B results were investigated. 

The reference bias used here was 25 mA, subtracted from frequency 

responses up to 100 mA. Figure 5.3.3 shows the subtracted plots for the blue 

commercial laser.  

From Figure 5.3.3, visually the spread of data points is much larger compared 

to the DFB, even though the calculated |R|2 value is similar. This suggests 

that |R|2 should be taken as an approximate goodness of fit in this case. 

Table 5.3 shows fr, 𝛾, and |R|2 for the OSRAM PL450B.  

Table 5.3 Values of fr, γ, and |R|2 from subtraction for the OSRAM PL450B 

device. 

 

 

 

 

 

 

 

 

 

 

 

Bias 

Current 
fr (GHz) γ (GHz) |R|2 (%) 

25 mA 1.15 2.04 n/a 

30 mA 1.51 3.23 98.5 

40 mA 2.01 4.55 98.76 

50 mA 2.42 5.79 99.63 

70 mA 3.05 7.95 97.41 

80 mA 3.25 9.09 98.22 

90 mA 3.35 10.37 98.28 

100 mA 3.46 11.94 95.33 

Figure 5.3.3: Subtracted frequency response, with fitting, for the blue 
FP at varying bias current. 
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As with the DFB, the goodness of fit was above 95% at each bias point, 

indicating the model was accurate. Compared to the results for the DFB, 

both parameters initially start at much lower values, and reach similar values 

to that of the DFB at around double the threshold current. Figure 5.3.4 shows 

the plot of damping factor against the square of the resonance frequency. 

From Figure 5.3.4, the damping rate was found to be 𝐾 = 0.81	ns, 

corresponding to a photon lifetime of 𝜏' = 20.4	ps, while the carrier lifetime 

is 𝜏" = 0.87	ns. Ideally, a laser diode would exhibit a low photon lifetime, 

such that the effect of damping on data communications is minimised, while 

a longer carrier lifetime is desirable such that nonradiative recombination 

and Auger recombination effects are suppressed. Therefore, the DFB device 

is found to be more effective at emitting light, even though the blue FP has 

a longer carrier lifetime. The increased 𝜏" is likely due to the increased 

impurities and surface area found in the DFB. 

Figure 5.3.4: Damping factor against the square of the resonance 
frequency for the OSRAM PL450B. 
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Finally, the OSRAM PL520B device’s results were analysed. The bias point 

used for subtraction here was 60 mA, up to a drive current of 95 mA. Figure 

5.3.5 shows the subtracted fits.  

As before, the damping factor and resonance frequency was extracted at 

increasing bias for the green FP device. Table 5.4 shows this, as well as the 

goodness of fit.  

Table 5.4 Values of fr, γ, and |R|2 from subtraction for the OSRAM PL520B 

device. 

Bias Current fr (GHz) γ (GHz) |R|2 (%) 

60 mA 0.69 3.19 n/a 

65 mA 0.81 4.02 95.51 

70 mA 1.01 4.27 98.79 

75 mA 1.15 4.47 98.57 

80 mA 1.27 5.09 97.6 

90 mA 1.43 5.56 95.01 

95 mA 1.56 6.57 94.8 

 

Figure 5.3.5: Subtracted frequency response, with fitting, for the green 
FP at varying bias current.  
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Compared to the other devices, the resonance frequency is notably lower, 

and rises at a much slower rate. This indicates that damping is much more 

prevalent in the green device, at much lower resonance frequencies. Figure 

5.3.6 shows the plot of damping factor against the square of resonance 

frequency for the green FP device. A damping rate of 𝐾 = 1.51	ns was found, 

corresponding to 𝜏' = 38	ps, while the carrier lifetime is 𝜏" = 0.37	ns. 

Therefore, radiative recombination is much slower in the green device than 

both the DFB and blue FP, while the undesirable effects due to nonradiative 

recombination and Auger recombination is comparable to that of the DFB, 

suggesting that similar levels of impurities are present in the green FP as 

there are in the DFB, which is due to the elemental composition of the 

OSRAM PL520B, as GaN-based devices emitting green wavelengths tend to be 

less efficient. Figure 5.3.7 shows all three devices’ damping factors against 

the square of resonance frequency, which clearly shows that although the 

blue FP has a lower nonradiative recombination rate, the DFB’s improved 

radiative recombination rate minimises the damping rate, and therefore less 

damping is present with increasing bias. 

Figure 5.3.6. Damping factor against the square of the resonance 
frequency for the OSRAM PL520B. 
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5.3.3 Modulation Efficiency 
 
Following analysis of carrier and photon lifetimes, results for the modulation 

efficiency of each device were found. A large modulation efficiency value 

corresponds to a device that needs less drive current for a high bandwidth, 

and therefore, increased data rate. This is particularly desirable, as coupled 

with a low threshold current, thermal degradation effects can be reduced 

drastically for a device with increased modulation efficiency, and therefore 

will increase device lifetimes, a particularly attractive commercial device 

Figure 5.3.8. The square of the resonance frequency against current 
above threshold for all three devices. 

Figure 5.3.7. The square of the resonance frequency against damping 
factor for the all three devices. 
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trait. Figure 5.3.8 shows the plot of the square of resonant frequency against 

the bias current of each device above threshold for every device, the 

gradient of which yields the modulation efficiency. 

From Figure 5.3.8, the gradient was found to be 𝐷 = 0.51	GHz=/mA for the 

DFB, 𝐷	 = 0.18	GHz=/mA for the OSRAM PL450B, and 𝐷	 = 0.06	GHz=/mA for 

the OSRAM PL520B. This corresponds to modulation efficiencies of 

0.71	GHz/√mA for the DFB, 0.42	GHz/√mA for the blue FP, and 

0.24	GHz/√mA	for the green FP. The values for the commercial devices are 

comparable to previously calculated modulation efficiencies [8, 9], while the 

value for the DFB is notably higher The increased modulation efficiency of 

the DFB could be down to a number of reasons, including a higher optical 

confinement factor which would occur due to the waveguide ridge width or 

quantum well thickness being larger in the DFB, or a reduced active region 

volume. Additionally, the differential gain of the device can play an 

important part. This can be calculated directly from Equation (5.12) with 

deep knowledge of the device structure, which was not possible for the 

OSRAM devices. However, this was calculated for the DFB device, as 

information of the layer structure was provided by TopGaN. Using this, the 

active region volume was calculated to be 𝑉 = 2.3 × 10;<<cm?, and through 

RSoft’s LaserMOD software package simulations, the optical confinement 

factor was calculated to be Γ = 2.79%, while the group velocity, through 

modal analysis, was found to be 𝑣# = 1.21 × 10<@cm	s;<. From these values 

a differential gain of 𝑔k = 7.42 × 10;<pcm=	was calculated. Compared to InP 

and GaAs-based devices, this is around an order of magnitude lower [2, 6, 

7], most likely due to a much reduced active volume in telecommunications 

lasers necessary to achieve lasing, as well as a higher IQE and modulation 

efficiency, the latter of which is likely to arise from the double-

heterostructure method used to achieve single-mode operation. This reduces 

effects such as current leakage through the sidewalls of the device, making 

the lasers much more efficient with reduced impurities. 
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5.3.4 Intrinsic and Parasitic Response 
 
While the intrinsic response of the device has been thoroughly investigated, 

to fully optimise a laser diode, parasitic effects due to the laser chip and 

mount must be minimised. These parasitics can be found for each device by 

fitting the extrinsic frequency response through equation (5.4). Figure 5.3.8  

shows this for (a) the DFB, (b) the OSRAM PL450B, and (c) the OSRAM PL520B. 

To find the parasitic capacitance, the differential series resistance was used 

from the I-V curves for each device as in Table 5.1. Through this, and by 

fitting the experimental data to the curve from Equation (5.4), the parasitic 

capacitance was found for each device. Values of 𝐶' = 7.7	pF, 29.2	pF, and 

34.8	𝑝𝐹 for the DFB, the blue FP, and the green FP respectively. To better 

put this in context, the product of differential resistance and parasitic  

capacitance can be used, seeing as the DFB’s differential resistance is 

extremely high compared to that of the commercial devices. Using this 

metric, the values found were 𝑅G𝐶' = 3.08 × 10;<@ΩF, 7.17 × 10;<@ΩF, and 

3.13 × 10;<@ΩF for the DFB, OSRAM PL450B and OSRAM PL520B devices, 

respectively. This indicates that while the parasitic response for the DFB and 

green FP are very similar, the blue FP exhibits a parasitic response a factor 

of 2 larger. This suggests that the fabrication process used for the blue FP 

induces a greater concentration of impurities, and therefore parasitics, 

compared to that of the DFB and the green FP. Additionally, the value for 

𝑅G𝐶' is around double that for established InP-based devices [6]. Ideally, the 

parasitic response for GaN-based devices should be around this range, to 

ensure that the bandwidth can be maximised. The -3 dB bandwidth of the 

parasitic response were found to be 1.2 GHz for the DFB, 0.57 GHz for the 

OSRAM PL450B, and 0.58 GHz for the OSRAM PL520B. The similar parasitic 

response for both commercial devices is expected, as they are both packaged 

in similar housing. If this parasitic bandwidth is extended, bandwidths closer 

to that of the intrinsic bandwidth could be realised, which is much higher  
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Figure 5.3.9. Intrinsic and Parasitic Responses of (a) the DFB, (b) the 
OSRAM PL450B, and (c) the OSRAM PL520B. 

(a) 

(c) 

(b) 



Intrinsic device properties of Distributed Feedback InGaN/GaN Laser Diodes 
 

 121 

than experimentally observed. Figure 5.3.9 shows the intrinsic bandwidth of  

(a) the DFB, (b) the blue FP, and (c) the green FP, against drive current. 

Maximum intrinsic bandwidths of 5.9	GHz, 5.8	GHz, and 2.5	GHz were found 

for the DFB, blue FP, and green FP, respectively. Compared to the 

experimental maximum bandwidth, the DFB and green FP’s calculated 

intrinsic bandwidth increases by a factor of 2, while a near-fivefold increase 

is observed in the blue FP’s intrinsic bandwidth. This highlights the drastic 

effect chip parasitics has on the dynamic performance of the devices, 

suggesting that a reduction of this would greatly improve the feasibility of 

GaN-based DFB devices for optical communications, among other things. 

Additionally, using the previously calculated damping rate for each device, 

the maximum possible -3 dB bandwidth can be calculated, which is where 

the damping factor is balanced by the resonance frequency, and is found 

from equation (5.8). This was calculated to be 𝑓?G2.*7 = 38.63	GHz for the DFB, 

𝑓?G2.*7 = 10.97	GHz for the OSRAM PL450B, and 𝑓?G2.*7 = 5.88	GHz for the OSRAM 

PL520B, as demonstrated in Figure 5.3.10. A high maximum -3 dB bandwidth 

Figure 5.3.10. Intrinsic Bandwidths of (a) the DFB, (b) the OSRAM 
PL450B, and (c) the OSRAM PL520B. 

(a) 

(c) 

(b) 
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is desirable in optical communications applications, such that data can be 

transmitted at much faster rates.   

5.4 Spectral Linewidth 
 

In addition to the characteristics found through parameter extraction, the 

laser spectral linewidth is an important device characteristic in applications 

including atomic cooling [30]. The current state of the art requires systems 

with bulky solid state lasers [31], and extra apparatus required for frequency 

doubling to achieve the target cooling wavelength. GaN-based DFBs would 

be an attractive alternative to realise a portable clock system. A narrow 

spectral linewidth is imperative, such that the laser can lock onto the 

transition in a robust manner. The Schawlow-Townes formula outlines the 

parameters that control spectral linewidth [32]: 

 

Δ𝜈 = Γ !!"
"!"

#$(&#'&$)&$()'&%)&

*+,'()
        (5.13) 

 

From equation (5.13), requirements for narrow linewidths include low 

propagation and mirror losses (𝛼- and 𝛼. respectively), reduced confinement 

and linewidth enhancement factors (𝛼q), and increased output power, as 

the photon energy (ℎ𝑓) and spontaneous emission factor (
𝑟&'

𝑅&'? ) remain 

constant.  

To acquire the laser linewidth, a scanning Fabry-Pérot interferometer was 

utilised [33], with a resolution accuracy of 6 MHz. This was undertaken at 

NPL in Teddington. The light from the DFB laser was collected using a 

collimating lens and was aligned onto the interferometer. The light was 

directed using mirrors and the associated software was used to ensure the 

spot size was correct and that the full beam was focused at the input. A 

linewidth of 18.7 MHz was acquired for a similar device to what was used for 

parameter extraction, as shown in Figure 5.4.1 (a). Figure 5.4.1 (b) shows 

the expected relationship of linewidth as a function of inverse power. 
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5.5 Summary and Conclusions 
 
In this chapter, the underlying mechanisms that govern laser diode 

performance, were analysed for GaN-based devices. After performing LVI 

and frequency response measurements, the theoretical basis for deducing 

the dynamic parameters of a GaN DFB, and two commercial laser diodes, 

one emitting light at a wavelength 450 nm and the other at 520 nm, was 

described. Following this, using the analytical techniques mentioned, 

parameters including carrier and photon lifetimes, differential gain, and 

parasitic response, were determined. Overall, it was found that the DFB 

device exhibited higher resonance frequencies, as well as improved 

modulation efficiencies and maximum possible -3 dB bandwidths compared 

to both FP devices. The results outlined in this chapter indicate the strength 

of GaN-based single wavelength devices in communications applications, 

from underwater communications to wavelength division multiplexing 

(WDM). The following chapter will describe the practical applications of 

GaN-based DFBs in filtered communications applications, which would 

eventually lead onto WDM systems based on visible light.  

  

Figure 5.4.1: (a) GaN DFB Laser linewidth using scanning Fabry-Pérot 
interferometry, with system uncertainties highlighted in brackets. 

(b) Relation of linewidth with inverse optical power for the GaN DFB. 
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Chapter 6 

Filtered Optical Communications using 
Distributed Feedback InGaN/GaN Laser Diodes 
In the previous chapter, the underlying elements affecting dynamic 

modulation of GaN-based laser diodes, in particular DFBs, were inspected. 

Following on from this, the devices can be applied in an optical 

communications system. One of the applications that are of particular 

interest is filtered comms, which can lead onto underwater applications, or 

present multiple devices in a wavelength division multiplexing (WDM) 

package, where several devices emitting at varying wavelengths, separated 

by as little as 1 nm, are incident on the same target, greatly increasing the 

data rate of the system. Firstly, the experimental techniques will be outlined 

and results presented, with high-speed measurements carried out at the 

University of Glasgow. Then, a brief background of optical filtering will be 

presented, and filtered communications for GaN-based DFBs will be 

detailed, indicating the usefulness of optical filters for visible light 

communications.  

 

6.1 Motivation 
 

Among the many potential desired applications for single wavelength GaN 

lasers, data communications is one of particular interest. This is particularly 

the case for remotely operated vehicles or sensor networks working 

underwater.  Subsea communications benefit greatly from these devices, as 

the attenuation coefficient of water is lowest in the so-called ‘blue-green 

window’ [1.2]. This allows for communications over much larger distances 

than AlGaAs/InP-based lasers, or radio frequency (RF) based systems, due to 

the conductivity of water limiting propagation  [3], putting blue lasers at a 

distinct advantage in this application. GaN-based FPs have been shown to 

achieve data rates up to 2.5 Gbit/s through 1 m of water using direct 

modulation [4], and 12.4 Gbit/s with quadrature amplitude modulation 
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(QAM) and orthogonal frequency division multiplexing (OFDM) through 1.7 m 

of water  [5]. One way to achieve increased data transmission rates using 

lasers with narrow linewidths would be to implement a wavelength division 

multiplexing (WDM) system  [6]. This is where several devices emitting at 

wavelengths close to each other are all used to transmit data from one 

source to another, increasing the total capacity of the system. For visible 

light systems, each laser’s emission wavelength could be as little as 1 nm 

away from each other, enabling multiple devices to be used in conjunction 

with each other. However, to avoid crosstalk between sources, filtering is 

necessary to distinguish sources. WDM systems can also be used in a variety 

of applications, including smart lighting for indoor or street lighting  [7], or 

intervehicle communications, which would be of interest with driverless cars 

an area of extreme research interest currently [8]. This chapter will discuss 

the operation of GaN-based DFBs in optical communications systems, the 

background behind optical filters, and experimental results for filtered 

communications for single wavelength blue lasers. 

 

6.2 Optical Communications with InGaN DFBs 
 
The following section will outline the experimental techniques used in this 

chapter. Frequency response, eye diagram measurements, and bit-error-rate 

(BER) tests were all undertaken, investigating the data transmission 

properties of GaN DFBs. The basic experimental methods here will lead onto 

the usage of optical filters in GaN-based systems.  

 

6.2.1 Experimental Methods 
 
This chapter will inspect the high-speed characteristics of a 39th-order GaN 

DFB with a cavity length of 1500	µm, with a view on optical communications 

applications. This was an as-cleaved, uncoated device, packaged in a chip-

on-tile configuration. The device had a threshold current of 85 mA, and an 

emission wavelength of 407 nm. For high-speed measurements, the device 

was biased using a ground-signal RF probe system, connected to a bias tee 

feeding DC signals from an Aim-TTi EL301R power supply, and an RF signal, 
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either produced from an Agilent E5071B (VNA) for frequency response 

measurements, or a bit-error rate test (BERT) system for eye diagram 

generation and bit-error rate (BER). The signal generated from the BERT was 

a non-return-to-zero (NRZ) on-off-key (OOK) pseudo-random binary 

sequence (PRBS), with a signal length of 27-1 bits and a peak-to-peak voltage 

of 2 V. This type of signal is typical of ethernet connections and fibreoptic 

channels, which use 8B/10B encoding schemes. The full experimental setup 

for frequency response is shown in Figure 6.2.1, while Figure 6.2.2 shows the 

experimental setup of eye diagram acquisition and Figure 6.2.3 shows the 

setup for BER measurements.  

In each system, a Newport 818-BB-21A photoreceiver was used to collect the 

optical signal. In all experiments, the device was held at a constant 

temperature of 17°C using a Thorlabs TED 200C temperature controller. For 

BER measurements, a 50:50 beamsplitter and a variable neutral density (ND) 

filter wheel was inserted into the system, which allowed for simultaneous 

recording of the optical power and error ratio, speeding up data collection 

and giving an accurate measurement of what the photoreceiver is observing 

Figure 6.2.1: Experimental setup for frequency response 
measurements. 
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at all times. The optical power meter used was a Newport 818-BB-UV/DB 

detector. While measuring the BER, a 2 GHz variable gain amplifier (Mini-

Circuits ZFL-2000GH+) was inserted between the photoreceiver and BERT to 

minimise the optical power necessary to achieve error-free transmission. 

Figure 6.2.2.  Experimental setup for eye diagram 
measurements.  

Figure 6.2.3.  Experimental setup for BER measurements.  
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Using these experimental methods, the frequency response (and 

subsequently the optical bandwidth), eye diagrams, and BER could all be 

found, leading onto filtered communications experiments. 

 

6.2.2 Results 
 
Initially, frequency response measurements were undertaken for the 39th-

order DFB. Figure 6.2.4 shows the frequency response of the device, while 

figure 6.2.5 shows the -3 dB optical bandwidth against drive current.  

As observed from Figures 6.2.4 and 6.2.5, the -3 dB bandwidth is found to 

have a maximum value of 1.6 GHz, which occurs at 100 mA. Following this, 

Figure 6.2.4: Frequency response of the 39th-order GaN DFB device. 

Figure 6.2.5: Bandwidth against drive current for the 39th-order DFB. 
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the bandwidth starts to roll over. There are a number of reasons for this, 

including a maximum bandwidth limitation of 1.4 GHz from the 

photoreceiver, as well as the relaxation frequency of the device at 100 mA 

artificially increasing the bandwidth of the DFB around this drive current, 

before reducing at 135 mA, then increasing again afterwards, which 

indicates that the relaxation frequency has indeed had an effect on the 

frequency response. 

Next, eye diagram measurements were investigated. Figure 6.2.6 shows the 

eye diagrams measured for the device without any signal amplification, using 

the setup outlined in Figure 6.2.2. A fast-sampling oscilloscope was used to 

acquire the data. The bias current was set to 100 mA for all measurements, 

with the highest observed bandwidth corresponding to the highest 

achievable data transmission rates for the device. Error-free transmission 

was found up to 3 Gbit/s, while an open eye diagram was still found at 

3.5 Gbit/s. 

 

To achieve a higher data rate with error-free transmission, a number of 

adjustments could be made to the system. Namely, a faster oscilloscope 

could be utilised, or by amplifying the data signal into the device a larger 

transmission could be achieved. Additionally, optical preamplifiers can also 
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Figure 6.2.6: Eye diagrams for the 39th-order GaN DFB at (a) 1.5 Gbit/s, 
(b) 2 Gbit/s, (c) 3 Gbit/s, and (d) 3.5 Gbit/s. 
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be used, which would increase the signal-to-noise ratio and therefore the 

quality of the signal. 

Finally, BER measurements were undertaken, using Figure 6.2.3’s setup. The 

light emitted from the device was subject to free-space transmission, with 

a NRZ-OOK PRBS signal used to modulate the device. Figure 6.2.7 shows the 

BER for data rates from 1 Gbit/s to 2 Gbit/s, as the variable gain amplifier 

used has a bandwidth of 2 GHz, and therefore faster data transmission rates 

would suffer heavy power penalties simply from reduced signal gain. The 

device power incident on the receiver and BER were measured 

simultaneously such that the received optical power could be accurately 

estimated. 

From Figure 6.2.7, it was found that error-free data transmission occurred 

at -15.2 dBm, -13.8 dBm, and -10.1 dBm for data rates of 1 Gbit/s, 

1.5 Gbit/s, and 2 Gbit/s, respectively. Generally, as data rates double, the 

necessary optical power for error-free transmission should double too. 

However, there is a difference of 5.1 dBm between the error-free 

transmission at 1 Gbit/s and 2 Gbit/s, resulting in a 2.1 dBm power penalty. 

This is in large part due to the variable gain amplifier’s bandwidth reaching 

its maximum at 2 GHz, and therefore impacting the signal at 2 Gbit/s. This 

would be reduced with a high-bandwidth amplifier, which in turn would 

allow for additional BER measurements at increased data transmission rates. 

Figure 6.2.7: Bit-error ratio against optical power of the GaN DFB at (a) 
1 Gbit/s, (b) 1.5 Gbit/s, and (c) 2 Gbit/s, measured at the optimal power 

for each data transmission rate. 
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Even so, this indicates the potential for GaN-based DFB communications in 

free-space systems, especially for WDM systems with multiple devices at 

varying wavelengths close to one-another. Additionally, this would be highly 

advantageous for underwater communications, which has been proved 

previously for GaN-based FPs, with DFB technology allowing for underwater 

WDM systems greatly increasing data transmission rates between subsea 

sources. This would require optical filtering to separate light sources, which 

is investigated in the next section. 

6.3 Filtered Optical Communications with InGaN DFBs 
 
Having shown the potential for GaN-based DFB communications in numerous 

applications, the next section will outline how this may be implemented. 

The basis of how optical filters are used will be initially discussed, before 

going into detail about how they could be used in a commercial setting. 

Finally, the results for optical filtered communications using a 39th-order DFB 

will be presented and discussed, showing their applicability for filtered 

communications systems.  

6.3.1 Optical Filters 
 
In this experiment, the main filter used was a Thorlabs 410-10 bandpass 

filter. As the device’s emission wavelength is at 407 nm, to optimise the 

system the central wavelength (CWL) of the filter must be adjusted. This is 

Figure 6.3.1: The basic schematic of laser light incident on an angled 
filter. 
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done by varying the angle of incidence of the light onto the filter such that 

CWL blue-shifts. Figure 6.3.1 shows this layout, with 𝜆@ being the incident 

wavelength, 𝜃 the angle of the light away from the perpendicular to the 

filter, and 𝜆< the transmitted wavelength through the filter. Up to 15°, the 

relation between the three parameters can be characterised as follows [9]:  

𝜆@ = 𝜆< A
√)(;QRS( r

)
D       (6.1) 

where 𝑛 is the effective index of the filter. One thing of note is that due to 

the fact that this is an even function, the filter is symmetric, resulting in 

both clockwise and counter clockwise tilting of the filter yielding the same 

result. Figure 6.3.2 shows how the CWL varies with incidence angle on the 

filter for varying filter refractive index, from 1.5 to 2.5.   

As observed from Figure 6.3.2, at small angles (up to ~1.5°), there is a 

variation of less than 1% in the wavelength with any filtering material, which 

in situations where small rotations of the filter may occur accidentally or 

unwantedly, is desirable, as the effect on the central wavelength and 

therefore the optical transmission would be slight. However as the rotation 

increases the changes become much greater between materials. The 

Thorlabs 410-10 filter is made of Schott Borofloat and Soda Lime, with a 

refractive index of 𝑛 = 1.48 at 407 nm [10]. Therefore, a rotation of 10.33° 

is required to shift the CWL to 407 nm. This is within the constraints outlined 

Figure 6.3.2: Variation of the CWL as the filter is tilted. 
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by Equation (6.1), and thus the device and filter can be used in conjunction 

with each other by careful placement of the angle of incidence. 

Additionally, to create a WDM system where GaN DFBs are emitting 

wavelengths at small intervals ~2	nm, multiple filters could potentially be 

utilised to narrow the FWHM of the filtering system. For a 407 nm device, 

for example, a Thorlabs 405-10 and 410-10 could be used in conjunction with 

each other. Figure 6.3.3 shows the optical transmission data of both filters 

with no filter rotation [11], with the 407nm line highlighted. 

From Figure 6.3.3 without tilting either filter, using both the 405-10 and 410-

10 filters yields a superposed filter, centred at 409 nm with a FWHM of 5 nm. 

The total transmission through both filters for light emitted at 407 nm, like 

the device used in Section 6.2, would be 14%. Therefore, the output power 

emitted by the DFB would have to reach 7 mW for 1 mW (0 dBm) transmission 

through the filters. For the system to be centred at 407 nm, the 405-10 filter 

must be tilted by 8.4°. Figure 6.3.4 shows the filtering system optimised for 

407 nm emission. 

 

 

Figure 6.3.3: Optical transmissions of the 405 nm and 410 nm filters 
without rotating either filter. The 407 nm line indicates the device used 

for experiments. 
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From Figure 6.3.4, the CWL of the filtering system is now 407 nm, with a 

FWHM of 3.57 nm. The total optical transmission now is 11.6%, therefore 

8.6 mW is now needed for 0 dBm to be transmitted through the system, 

which is 23% more power than before. This would impact data 

communications over long distances, requiring higher optical power output, 

and therefore increasing the drive current needed to bias the device, and 

therefore affecting the lifetime of the device used. However, this would 

allow for a  WDM system with device wavelengths separated by ~5 nm, 

allowing for a large amount of devices to be multiplexed with each other, 

and data rates far exceeding 10 Gbit/s could be possible. 

For the final experiment of this chapter, only the 410-10 filter was used, 

rotated to 10.33° such that the CWL of the filter is 407 nm, and the optical 

transmission through the filter at the CWL is 42.1%. The next section will 

describe some of the adverse effects that can occur through free-space or 

underwater transmission, and how optical filtering can mitigate this. 

6.3.2 Solar Rejection 
 
When implementing free-space or underwater communications systems, one 

source of interference that can affect a VLC system is ambient light, in most 

cases sunlight. At sea-level, the total solar irradiance can be as high as 

900 Wm-2 between 280–4000 nm, the vast majority of which is found in the 

IR region of the spectrum. Figure 6.3.5 shows the total solar irradiance at 

Figure 6.3.4: Optical transmissions of the 405-10 and 410-10 filters with 
the 405-10 filter rotated for optimised 407 nm emission.  
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sea level, with the inset figure focussed on wavelengths between 400 nm 

and 480 nm, the main area of interest for GaN-based devices. The data is 

provided by Air Mass 1.5 American Society for Testing and Materials (ASTM) 

G-173-03  [12], generally considered the standard reference for the 

efficiency of photovoltaic devices  [13]. 

The total solar irradiance between 400-480 nm generally varies between 1.2-

1.6 W m2 nm-1, with a Fraunhofer line at 434 nm from H-𝛾 absorption [14]. 

As would be expected, this can affect data transmission through free space 

drastically when the device is unfiltered, especially when transmitting over 

longer distances. For example, using a Newport 818-BB-21A photoreceiver, 

as in this experiment, the wavelength range is 300-1100 nm, yielding a total 

irradiance of 761.1 W m-2 over the bandwidth of the photodetector. If laser 

light from a DFB at 408 nm and a spot size of 2 mm is transmitted towards 

this receiver, the total background interference signal associated with this 

is 2.4 mW, which is significant for GaN-based devices which tend to operate 

at ~10-20 mW. This accentuates why it is necessary to introduce optical 

filters into these systems, as by simply using the Thorlabs 410-10 filter this 

background interference is reduced to 18.1 µW with the same spot  size, 

equivalent to -17.5 dBm. This still has an effect on the optical signal, 

however it is drastically reduced, and theoretically should have a minimised 

effect on the transmitted signal before the optical transmission becomes 

Figure 6.3.5: Maximum total irradiance of the sun at sea-level, with the 
inset figure focussed on visible wavelengths between 400-480 nm.  
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minuscule at extremely long distances. This could be reduced even further 

through multiple filter usage, such as the superposition of the 405-10 and 

410-10 optimised for 407 nm emission as previously discussed. Using this 

arrangement, the total solar background signal is 5 µW at its peak, 

corresponding to -23 dBm. This amount of background noise from solar 

irradiation would be considered negligible, and a WDM system with multiple 

devices using similar bandpass filter systems would be feasible for high-

speed data communications. If applied to underwater communications, the 

effect of sunlight would further decrease. As the depth of the device 

increases, solar interference decreases exponentially [15]. However, the 

attenuation coefficient of water would then need to be taken into 

consideration, which is as previously discussed at its lowest in the ‘blue-

green window’ [1]. Therefore, GaN-based underwater filtered 

communications presents an extremely interesting field of research, which 

could greatly benefit industries such as oil and gas companies and defence 

technologies for subsea intravehicular communications.  

6.3.3 Experimental Results 
 
Finally, in order to prove the feasibility of GaN-based DFB filtered 

communications as described above, an experimental arrangement was 

created using an optical bandpass filter. To recreate the effect of solar 

background, a GaN-based FP device, fabricated by TopGaN with an emission 

wavelength of 422 nm, was incident on the photoreceiver alongside the DFB. 

Ideally, light source that could accurately replicate sunlight should be used, 

however when the experiment was being undertaken there was none 

available, and therefore a LD was used to provide an interference signal that 

would have some emitted light at the emission wavelength of the DFB. This 

device was unmodulated, and biased to provide an output power of 2 mW, 

replicating solar interference on a laser transmitting data. The full 

experimental arrangement for this is outlined in Figure 6.3.6. Using this 

setup, data transmission at 1.5 Gbit/s was tested when the system is (a) 

unfiltered with no interference, (b) unfiltered, but an interference signal is 

introduced, and (c) filtered, with interference present. The data 
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transmission rate of 1.5 Gbit/s was chosen to ensure that the bandwidth of 

the variable gain amplifier would not impact the observed BER. 

The experimental results for these experiments are presented in Figure 

6.3.7, with BER against optical power shown for each experimental 

configuration. When no interference is present, an optical power of -

13.8 dBm is required for error-free transmission. Once solar interference is 

produced, error-free transmission requires -7.0 dBm, equivalent to a 

fourfold increase in power needed. Finally, after the introduction of the 

optical filter, error-free transmission is found at -13.2 dBm. There is an 

overall power penalty of just 0.5 dBm between the filtered system and that 

where no interference is present, corresponding to an increase of 5.5 µW 

between both systems. This value is smaller than predicted from the 

calculations in section 6.3.2, which is due to the optical spectrum of the FP 

not covering the full range of the filter. If a source covering the whole 

Figure 6.3.6: Experimental arrangement for the filtered communications 
experiment. 
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spectrum was used then the value of the interference signal would likely be 

closer to the 18 µW predicted mathematically. Even so, this is extremely 

promising for filtered DFB communications applications, highlighting that a 

WDM system, either in free-space, underwater or potentially through plastic 

optical fibre (POF), would be a feasible use for these devices. To further 

explore this, a WDM system with multiple sources could be designed, as well 

as measurements in an underwater system could be undertaken to find the 

BER in subsea experiments, which has been previously completed for FP 

devices. If GaN DFBs were indeed placed in a WDM system, emission 

wavelengths separated by 5 nm between 400-435 nm, which are within the 

range that have been fabricated, all transmitting data at a rate of 

1.5 Gbit/s, a total data transmission rate of 12 Gbit/s could be achieved. 

Using the maximum error-free transmission rate found previously, 3 Gbit/s, 

a data rate as high as 24 Gbit/s is possible in the system.   

  

Figure 6.3.7: BER for Filtered optical communications, showing 
1.5 Gbit/s transmission with (a) no interference, (b) no filter with the 
introduction of an interference signal, and (c) a filtered system with 

interference present. 
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6.4 Summary and Conclusions 
 
This final experimental chapter presented one of the possible applications 

for GaN-based DFB devices which is of notable interest, that being filtered 

optical communications. A 39th-order GaN DFB with an emission wavelength 

of 407 nm was experimentally tested for its frequency response, eye diagram 

measurements and bit-error rate. A maximum bandwidth of 1.6 GHz was 

found, with open eye diagrams up to 3.5 Gbit/s observed, and BER tested up 

to 2 Gbit/s. Then, a theoretical background of optical filtering was 

introduced, as well as solar rejection, the main detrimental factor in free 

space optical communications. Using a 10 nm FWHM optical filter, it was 

proven that the effect of background interference from ambient light could 

be minimised and essentially neglected, highlighting the feasibility of GaN-

based DFB devices in filtered communications applications. This could be 

used in WDM system production, or for underwater communications, a field 

of research of interest for many industries, including oil and gas companies 

and security and defence. Following this, the experimental chapters of my 

PhD are complete. The final chapter will look at drawing conclusions from 

the full body of work, as well as investigating where this project could be 

taken further in the future, with a number of interesting and exciting, 

industrially viable, applications warranting further research. 
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Chapter 7 

Conclusions 
 

This thesis has presented the design, fabrication, and characterisation of 

GaN-based DFB LDs, discussing and investigating their numerous potential 

applications, most notably in optical communications and cold atom 

systems. Using RSoft’s LaserMOD software tool, GaN-based devices were 

modelled, providing information for device fabrication. Experimental 

measurements included LVI, optical spectra, frequency response, bit-error 

ratio, and eye diagram measurements, indicating that the potential of these 

devices in atomic clocks and visible light communications systems are great.  

Chapter 1 provided a general introduction to the thesis. A brief history of 

laser diode development, especially GaN devices, was outlined, with 

significant research achievements noted. Following this, the theoretical 

background of laser diode operation, followed by GaN material properties, 

methods of achieving single-mode operation in laser diodes, and finally the 

several commercial applications of single-mode blue lasers, was described.  

In Chapter 2, further theoretical details on distributed feedback operation, 

the chosen fabrication method, were given. A review of various methods of 

achieving DFB operation, including buried heterostructures, surface 

gratings, and laterally coupled sidewall gratings, was presented, highlighting 

the advantages and disadvantages of each technique. Due to the complex 

epitaxial steps required in GaN to achieve a buried grating, and the potential 

to damage the p-type contact through etching surface gratings, a lateral 

grating was the chosen method, in two different grating orders: a lower 

order 3rd-order grating, and high order 39th-order grating, both of which 

operate slightly differently. Then, the operating principles of optical 

communications were presented, with a focus on both multiplexing 

techniques for laser diodes, of which WDM is a particularly notable 

application for single-mode LDs, and underwater communications, which due 
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to the ‘blue-green window’ in the transmission spectrum of water makes 

GaN-based LDs a focal point of potential systems.  

The design and fabrication of GaN DFBs was presented in Chapter 3. 

Modelling on Rsoft’s LaserMOD was undertaken, in order to estimate 

parameters such as the coupling coefficient and modal confinement factor 

and better understand which parameters dictate GaN LD operation. The 

coupling coefficient found for a GaN DFB led to an ideal device length of 

500 − 1000𝜇𝑚, and the optical confinement factor of the device important 

for calculations in chapter 5. The fabrication of 3rd- and 39th-order GaN LC-

DFBs was then discussed, with similar techniques used for both device types. 

Chapter 4 discussed several experimental measurements for both 3rd- and 

39th-order DFBs, and compared to a commercially available device, that 

being an OSRAM PL450B. While threshold and slope efficiency were higher in 

the DFBs than the FP, measured through LVI, the power output was 

comparable for both DFBs and the FP, with tens of mW emitted. The optical 

spectra showed increased wavelength stability and tunability with drive 

current and temperature for both DFBs over the FP, which suggests that such 

devices can be controlled to a precise wavelength, which is extremely 

important in atomic clock applications. Finally, through direct modulation, 

the frequency response of each device was measured, with the FP exhibiting 

a maximum of 1.2 GHz while the 3rd- and 39th-order DFBs showed 2.4 GHz 

and 1.7 GHz, respectively, highlighting the potential of GaN-based DFB LDs 

for optical communications, most notably in the 3rd-order geometry. 

Chapter 5 took an in-depth look at dynamic properties of GaN DFBs. Through 

frequency response subtraction methods, parameters including photon and 

carrier lifetimes, modulation efficiency and differential gain were 

calculated, and compared to two commercial FPs, an OSRAM PL450B and an 

OSRAM PL520B. The parameters found for the DFB device were improved on 

those shown by the FPs, however in comparison to the current state of the 

art InP and AlGaAs systems, there are improvements still to be made. 

Additionally, the spectral linewidth was found to be 18 MHz for the DFB using 

a scanning Fabry-Pérot cavity, which is the first published linewidth 
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measurement for a GaN DFB [1], however it leaves much to be desired for 

applications such as quantum cooling.  

Finally, Chapter 6 explored filtered optical communications with GaN DFBs. 

Error-free data transmission at 3.5 Gbit/s was demonstrated, and BER up to 

2 Gbit/s, limited by the amplifier used, was measured. The theory of optical 

filters and motivation behind underwater communications was then 

presented, and filtered communications at 1.5 Gbit/s with an interference 

signal was measured, showing exceptional potential for a tight optical 

filtering system using GaN. These results were presented at Applied Optics 

and Photonics 2019 [2].  

 

7.1 Further Work 
 
Even though the development of GaN-based DFBs has progressed drastically 

over the past few years, there is much that can be done to improve the 

device quality. The spectral linewidth demonstrated in Chapter 5 is too high 

compared to requirements for Sr+ atomic clocks, therefore further 

optimisation of this is essential to ensure that a Sr+ atomic clock can be 

realised with GaN-based DFBs, through application of dielectric facet 

coatings, reduction of cavity losses, an increase in device output power, and 

the addition of phase shifts to the gratings, which was briefly touched upon 

in Chapter 1. Another issue that can affect the linewidth is the range of drive 

current at which a device remains in single mode, which limits the maximum 

single-mode output power exhibited by the device. Extending this is 

especially important, due to the inverse relation between output power and 

spectral linewidth.  

Chapter 6 investigated and demonstrated the feasibility of GaN DFBs for 

filtered optical communications. To increase bandwidths, and by extension, 

data transmission rates, there are several epitaxial choices that can be 

made. The device length should be reduced in order to increase bandwidth, 

while increasing differential gain. The former would require increasing the 

coupling coefficient κ, which is not easy to achieve with LC-DFBs. The grating 

widths or depths could be changed, however the maximum value of κ 

achievable through this would be limited by the possible change in refractive 
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index. Ideally, a buried grating system would be implemented, however as 

mentioned due to the complex overgrowth steps this is currently not possible 

in GaN. Epitaxial changes may be necessary to facilitate further 

improvements in this regard. To optimise the differential gain, 

improvements in material quality is desired, while increasing the number of 

quantum wells, and thus the optical confinement factor, could be an 

actionable improvement. 

Further investigations could also be undertaken in the development of a 

WDM system using GaN DFBs. A system implementing several devices 

separated by just a few nm could be developed using optical filters, which 

could enable high data rate transmission VLC for terrestrial and underwater 

systems. Underwater-specific measurements could be an area of interest, in 

order to exploit these devices for subsea communications as outlined in 

Chapter 6.  

Finally, while 422 nm is an interesting wavelength for Sr+ cooling, other 

target wavelengths can also be considered. 461 nm is of particular interest, 

with Sr lattice clocks requiring lasers at this cooling wavelength. 369 nm is 

also desirable for Yb+ cooling. Other wavelengths targeting the Fraunhofer 

lines, for example at 396 nm, could be useful in optical communications to 

minimise the effect due to solar irradiance.  
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