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Abstract

Abstract

Superluminescent light-emitting diodes (SLEDs) are optoelectronic devices
which combine different aspects of laser diode and LED performance. The
device utilises a ridge waveguide structure to amplify spontaneously emitted
light. Steps are taken to suppress feedback by minimising facet reflectivity. The
result is a high-power, directional light source with a broad, smooth emission
spectrum.

The combination of high-power, high spatial coherence and low temporal co-
herence initially saw SLEDs used in specialist applications such as sources for
fibre-optic gyroscopes, optical coherence tomography and optical memory read-
out. The emergence of GaN based SLEDs in recent years has seen SLEDs mooted
as potential sources for a range of emerging applications such as LiDAR, high
resolution OCT and machine vision as well as for everyday applications like dis-
plays and car headlamps.

This work focusses on the development of GaN based surface emitting SLEDs.
The devices use an integrated turning mirror at either end of the ridge waveg-
uide to divert light downward through the transparent substrate. The turning
mirror in combination with an antireflection coating applied to the back side of
the chip are effective in suppressing the formation of Fabry-Perot modes in the
device. This allows for high optical powers to be attained without sacrificing
spectral quality. The device provides 2.2 W of optical peak power under pulsed
operation, a record for a SLED device. At this maximum output power, the
emission spectrum has a FWHM of 6 nm. The far field characteristic indicates
a divergence of 7°x15° from a single output.

A model is presented which assists in the optimisation of SLEDs. Simulated
L-I curves and spectra allow for the behaviour of devices to be predicted prior
to fabrication. This enables the user to estimate the optimum device charac-
teristics such as length, epitaxial structure, and facet reflectivity without going
through the costly and time-consuming process of device fabrication.

The optimisation of several key process steps are described. The development of
an ohmic Pd p-contact allowed for the demonstration of simultaneously driven
SLED arrays. An inductively coupled plasma etch was developed to provide
smooth, angled sidewalls for the integrated GaN turning mirror.

Further work should be done to develop a suitable package for the device to dis-
sipate the heat generated and allow for higher duty cycles and CW operation.
The integration of optics such as micro-lenses or colour converting phosphors
onto the back of the chip should also be investigated.
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Chapter 1
Introduction

The increasing complexity of applications for which photonic devices are used
requires a variety of different light sources. While laser diodes and
light-emitting diodes (LEDs) are now ubiquitous, some specialist applications
require a light source which can combine the high-power and directionality of
a laser diode with the broad emission spectrum of an LED. Superluminescent
LEDs (SLEDs), can meet these requirements. The goal of this chapter is to
introduce the SLED device and to explain the motivation behind its
development.

SLEDs are devices with a structure similar to that of a laser diode. A ridge
waveguide is used to guide and amplify light. Steps are taken to prevent
reflections at the facets ensuring that light is only amplified in a single pass
along the waveguide. This amplified spontaneous emission (ASE) process
provides a smooth emission spectrum free from the oscillations caused by the
formation of Fabry-Perot (FP) modes. Figure 1.1 shows a schematic of LED,
SLED and laser diode spectra on the same wavelength scale.
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Figure 1.1: Example spectra of (a) an LED, (b) a SLED and (c) a laser diode on the same
wavelength scale. The SLED exhibits a broad, smooth emission spectrum.

The first SLEDs developed emitted in the infra-red part of the spectrum in the
800 - 1500 nm range. The small emitting area and high directionality provided
by SLEDs allows for efficient coupling of light into fibre-based systems. This
along with the low temporal coherence provided by a broadband light source
makes them optimal sources for fibre-optic gyroscopes (FOGs) where the low
coherence reduces the amount of interference providing more accurate
detection of the rotation speed. This reduction of noise in the signal due to
reduced interference also made the SLED a useful light source for optical
memory readout and the evaluation of waveguides for silicon photonics
applications. The low levels of interference also made SLEDs suitable for
assessing optical fibres. Optical coherence tomography (OCT) is another
application in which SLEDs are widely used as light sources as their broadband
emission spectrum allows for high axial resolution. The hybrid nature of
SLEDs makes them a potential solution to numerous other applications such as
LiDAR, encoders and machine vision. The introduction of GaN SLEDs brought
the devices into the blue spectral range, bringing the possibility of SLEDs as
sources for displays, higher resolution OCT and solid state lighting (SSL). This
potential has led to increasing interest in SLED research with a significant rise
in the number of papers published on the topic in recent years. This is
illustrated in Figure 1.2 which shows that the number of SLED based papers
has more than doubled since the turn of the century.

This introductory chapter discusses the history of the SLED since its
introduction in the 1970s. The evolution of SLED fabrication techniques and
the specialist applications for which they have been used over the past few
decades are discussed. The development of GaN as an efficient material for the
electrical generation of light is also discussed. The recent developments of
SLEDs in the GaN material system are analysed and parasitic lasing is
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Figure 1.2: The number of papers published per year on the topic of SLEDs has increased
in recent years. This data was obtained using a Google Scholar search for the keywords
"superluminescent LED" "SLED" and "superluminescent diode". Data for GaN SLED papers
used the same terms, also including "GaN", "InGaN" and "Gallium Nitride".

identified as the main limitation on the optical power which can be obtained
from a SLED.

While all GaN SLEDs reported to date have been edge emitting devices, this
thesis focusses on GaN based surface emitting SLEDs. These substrate emitting
devices demonstrate a novel method of extracting high levels of light without
the onset of parasitic lasing. The following chapters present theoretical and
experimental work explaining the effectiveness of this design, as well as the
improvements that could be made in the future. At the end of the chapter the
motivation and content of the remainder of the thesis are explained.
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1.1 The History of Superluminescent
Light-Emitting Diodes

1.1.1 Early Advances in the Arsenide Material System

The first superluminescent light-emitting diodes were demonstrated by Pei et
al. in 1973 [1]. The devices were introduced in the arsenide material system,
emitting in the red. The objective at the time was to fabricate a device with
low temporal coherence which could be efficiently coupled into an optical
fibre. The initial motivation for a this type of light source was to avoid the
formation of high energy density nodes due to Fabry-Perot (FP) mode
formation in laser diode cavities. These nodes could result in a high build up
of energy at the facet resulting in catastrophic optical damage, greatly
reducing the lifetime of laser diodes.

Lasing was suppressed in the first SLEDs by using an absorbing region at one
end of the waveguide. The resultant device could provide optical peak power
up to 80 mWW under pulsed operation with a pulse width of 200 ns and a
repetition rate of 2 kHz. The spectral FWHM was 8 nm with a low divergence
allowing for 80% coupling efficiency to a multimode optical fibre with a NA of
0.63. The device itself however was quite inefficient with external quantum
efficiency (EQE) of 3.4%.

Several variations on the same geometry were used to fabricate SLEDs over
the course of the next decade, with absorbing regions and antireflection
coatings the preferred method of suppressing FP modes in the waveguide.
Typically, the devices reported in this era could provide tens of milliwatts of
power in CW operation with FP modulation depths between 10% and

25% [2]. The devices reported are exclusively in the AlGaAs material system.
A significant advancement in SLED technology occurred in the late 1980s
when the innovation of a tilted waveguide geometry was reported by Alphonse
et al [3]. By choosing a suitable angle (5°) at which to tilt the waveguide with
respect to the facet, the facet reflectivity could be reduced by a factor of 10,
while maintaining a directional, low divergence beam. These tilted waveguide
devices could provide 15 mW of optical power in CW mode while maintaining
a smooth emission spectrum with a FWHM of 8 nm. Efficiency was also greatly
increased as an absorbing region was not required to control feedback in these
devices. This meant that energy was not wasted generating photons when
would go on to be absorbed in the waveguide.
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Further investigations into SLED technology included extending the
wavelength range further into the infrared. This was achieved using
InAlGaAs/InP heterostructures [4,5]. Power of up to 5 mWW were reported for
devices with a peak emission wavelength at 1.5 um in 1990 by Noguchi et

al [6]. Later in the 1990s SLEDs were introduced for the AlInP material system
emitting at 670 nm. These devices were aimed at the DVD reader market.

In 1993 Lin and Tang reported ultrashort pulse generation from a SLED by
using an integrated optical absorber [7]. Pulses as short as 190 fs were
realised, increasing the SLED’s credentials as a potential source for optical
communications, machine vision and light detection and ranging applications.
Further research on GaAs SLEDs in the 1990s focussed on increasing spectral
quality and spectral broadness. The bent waveguide structure was introduced
in 1996 [8]. This structure had one end normal to the cleaved facet with the
other bending to make a 7° angle with the facet. This bent waveguide SLED
provided 6 mWW of optical power with low spectral ripple of 10%. In 1997 an
AlGaAs SLED with a spectral width of 91.5 nm was fabricated using a structure
with four quantum wells (QWs) each of a different thickness.
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Increased optical power was also of interest to researchers. Yamatoya et al.
reported optical powers of greater than 1 W under pulsed operation in a
InAlGaAsP SLED in 1999 [9]. The device used a tilted, tapered waveguide for
the gain section and maintained a broad 60 nm spectrum at high power. Song
et al then reported 20 mIV of optical power in CW operation using a single
mode tilted waveguide [10]. The high power was achieved by optimising the
device mounting; the device was mounted p-side down on a copper heat sink.
This effective heat sinking delayed the saturation of the L-I curve from 400 mA
of applied current to 800 mA. This shows the importance of effective
packaging of superluminescent devices to optimise performance.

1.1.2 21st Century Advances in GaAs and InP Based SLEDs

More recent developments in GaAs and InP SLEDs include the introduction of
quantum dot (QD) based SLEDs [11-13]. These were first suggested in a
theoretical paper in 1999 by Sun et al. [14] as a potential solution to provide
very broad spectra. The favourite application for these very broadband devices
was optical coherence tomography [15] due to their efficient fibre coupling
and very low temporal coherence. Some of the QD based devices could
provide spectral widths greater than 130 nm [16] with wavelengths in the
infrared between 1.2 um and 1.5 um. Research also continued into the use of
SLEDs as sources for FOGs [17] and gas sensing [18]. Quantum dot based
SLEDs have been introduced in the InAs material as a means of increasing the
bandwidth of the device [19, 20]. The size and indium content variation of the
dots allows for a much broader range of wavelengths to be generated by the
SLED with bandwidths of up to 144 nm being realised using this method.

As GaAs SLED technology matured it became commercially available with
companies such as Superlum, OSRAM and EXALOS offering fully packaged
GaAs SLEDs in the late 2000s. In the past year, surface emitting SLEDs were
demonstrated by Jentzsh et al [21], using a monolithically integrated mirror to
reflect light downward through the substrate.
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Figure 1.3: 2D schematics of different SLED structures: (a) passive absorbing region, (b)
tilted facet, (c) tilted waveguide, (d) bent waveguide, (e) surface emitting SLED with 45°
turning mirror which is introduced in this thesis.

1.1.3 The Development of GaN Based SLEDs

The first single crystal GaN was reported in 1969 [22]. The material was
grown using Hydride Vapour Phase Epitaxy (HVPE). The difficulty in growing
large crystals with low defect density inhibited their use as efficient light
emitters. The large number of defects was mainly due to the lack of a suitable
substrate for the growth of GaN films. Most GaN was grown on sapphire
substrates which suffered from a significant lattice mismatch. GaN films
showed naturally good n-type conductivity. Early attempts to p-dope GaN
resulted in semi-insulating layers.

The first light emission from GaN was observed in 1971 when a very high
voltage ( 60V) was applied to a GaN m-i-n structure resulting in green
luminescence at 515 nm [23]. The luminescent GaN featured a Zn-doped
p-region. Not long after this, the first blue GaN based LEDs were reported
using the same Zn-doping [24]. The luminescence of these devices was at 475
nm. The issue with these early GaN LEDs was the very high voltages required
for light emission due to the relatively poor conductivity of the Zn-doped
p-type layers.

The introduction of Mg p-doping in 1972 greatly improved the conductivity of
the p-type layers. This was demonstrated by the fabrication of a blue LED
operating at 10 V with the emission spectrum centred at 425 nm [25]. Few
significant advances were made in the ensuing years until the growth of GaN
films with an AIN buffer layer using molecular beam epitaxy (MBE) by Yoshida
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et al. in 1983 [26]. This was followed by Amano et al. using Metal Organic
Vapor Phase Epitaxy (MOVPE) to grow GaN with an AIN buffer in the

1986 [27]. These methods provided the twin benefits of better quality crystals
and a reduction of the carrier density in the unintentionally doped GaN layers.
The p-type layer resistivity still restricted the efficiency of GaN devices and
prevented entirely the possibility of fabricating a laser diode which would
require large current density to induce stimulated emission. The breakthrough
in the solving this issue was made by Nakamura in 1992 [28]. By thermally
annealing Mg doped GaN, passivated Mg dopant atoms could be activated,
providing a more conductive p-layer. Amano, Akasaki and Nakamura would be
awarded the Nobel prize in 2014 for enabling the fabrication of efficient blue
LEDs. The first high-brightness GaN based LEDs were reported in 1994. A
double heterostructure was used to confine carriers with undoped InGaN QWs
sandwiched between GaN barriers acting as the active region. Tuning the
Indium content of the QWs allowed for the desired wavelength to be precisely
chosen.

As high-quality material and conductive p-type contact layers were now
available research began into fabrication of blue laser diodes based on GaN.
The first GaN based laser diode was reported by Nakamura et al. in 1996,
emitting at 417 nm [29]. These early devices required high currents to reach
the lasing threshold and suffered from poor lifetimes due to relatively high
defect density due to growth on non-native substrates.

In 2003 Sumitomo et al. introduced a new method for growing bulk GaN
substrates [30]. These substrates were grown using inverse pyramidal pits to
eliminate dislocations in the material. This method confined dislocations to
stripes on the wafer with very low defect density regions in between. Other
methods of lateral overgrowth have also been used to grow high quality GaN
films in recent years [31]. This method also allowed for the growth of
semi-polar and non-polar GaN [32], a potential solution to the wavelength
shift and efficiency reduction in GaN based devices due to the quantum
confined Stark effect (QCSE).

The combined developments of efficient p-type doping and high-quality bulk
GaN films allowed for huge improvements in GaN based laser diode
performance. Green laser diodes, semi-polar and non-polar laser diodes have
become popular areas of research. Record low lasing thresholds of 10 mA and
optical powers greater than 107 W have been reported [33]. Today GaN based
laser diodes are widely available commercially and are used in applications
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such as BluRay readers and laser-based projection systems. The maturation of
the GaN laser diode led to investigation into more novel device structures such
as the SLED. In 2009 the first GaN based SLED was reported by Feltin et

al. [53]. The optical power from the device was 10 mW in CW operation. This
result sparked increasing interest in blue SLEDs over the next few years.
Several different methods of preventing reflections in GaN waveguides were
suggested in the early 2010s including KOH wet etching to roughen the front
facet [35], bent waveguides, tilted waveguides and anti-reflection coatings.
Schematics of these different types of SLED are shown in Figure 1.3. These
early SLEDs typically offered tens of milliwatts of optical power with spectral
widths of 6-10 nm. The first high-power SLEDs (>100mWW optical power)
were reported in 2011 by Ohno et al. [36]. By using a tilted, exponentially
tapered waveguide to reduce reflectivity and optical density at the front facet,
200 mWV of optical power was achieved . The spectral width of the device was
relatively narrow at 3 nm with visible modulations in the spectrum. This work
showed that much higher powers could be obtained from blue SLEDs if the
feedback could be sufficiently controlled.

Some of the key issues with early GaN based SLEDs were highlighted by Kafar
et al. in 2012 [37]. They studied SLEDs of different lengths using different
methods of reducing facet reflectivity and found the most important factor in
increasing the optical power from a SLED was the length of the device.
Increasing the length also had negative impacts such as narrowing the
emission spectrum and increasing the spectral modulation depth. The factor
which limited the output power of the SLEDs was not gain saturation or device
failure at high power as might have been expected. The biggest obstacle to
very high-power SLEDs was the tendency of the devices to lase at high current
densities. Reinforcing the key finding of Ohno’s paper; if the effects of parasitic
lasing were minimised there was potential for the fabrication of SLEDs with
much higher output powers.

High Power Superluminescent Light-Emitting 9 Rory Cahill
Diodes



1.1 The History of Superluminescent

1. INTRODUCTION Light-Emitting Diodes
10000
=
1000 -
3 =Ohno (2011) =Shen (2016)
< 100 Feltin (2009) m "Kafar (2012)
g
o
g
B 104 EXALOS (2020) =
© JKopp (2012)m Hardy (2009)=
1 T T T T T T T T T T T T I T

FWHM (nm)

Figure 1.4: Optical peak power and FWHM of recently developed GaN based SLEDs.

Other important advances at this time included the extending of GaN SLED
wavelengths into the Cyan/Green region by using QWs with high indium
content in the active region [38]. The first high-power (powers >100 mW)
SLEDs based on semi-polar GaN substrates [39] using an absorbing region at
the back end of the device to reduce feedback.

At the beginning, one of the applications generating interest into GaN based
SLED research was pico-projection [40,41] . However, the potential for high
modulation speeds and visible wavelength led to blue SLEDs being proposed
as potential sources for smart solid-state lighting [42] and underwater visible
light communications [43]. The characteristics of low temporal coherence and
short wavelength has seen blue SLEDs mooted as a potential source for
high-resolution optical coherence tomography [44]. Interest in the
fundamental physics of the devices was also motivation for research. GaN
based SLEDs were seen as a potential solution to the issue of thermal
efficiency droop in nitride based emitters [45].

In recent years the optical power being reported in blue SLEDs has increased.
By modifying commercial blue laser diodes Alatawi et al. reported a blue SLED
capable of providing 487 mW of optical peak power under pulsed

operation [46]. This device as used in tandem with colour converting
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perovskite nanocrystals to create a directional white light source with a high
colour rendering index (CRI) [47]. Once again, the limiting factor for these
devices was parasitic lasing. Significant modulations are visible in the
spectrum at high current. The interest in colour converting SLEDs to create a
white light source is due to their potential as a source for Li-Fi [48]. The broad
spectrum as well as high speed switching capabilities are suited to both room
lighting and information transfer. As well as colour converters, RGB SLEDs
were explored as sources for white light and displays [49].

Other recent developments have trended towards increasing the spectral
bandwidth and include the fabrication of short cavity GaN based SLEDs [50].
That amplification can be achieved in these short cavity devices shows the high
levels of optical gain in GaN structures which makes them ideal for SLED
fabrication. Goldberg et al. also demonstrated enhanced spectral bandwidth
using a three-section device [51] with bias applied to an absorbing rear section
in order to control the spectral broadness. Table 1.1 shows the current state of
the art for GaN based SLEDs. Analysis of the state of the art of GaN SLED
devices suggests that parasitic lasing and high transparency current density are
the principle obstacles to efficient, high-power operation.

1.2 GaN Surface Emitting SLEDs

This thesis introduces GaN based surface emitting SLEDs [52]. This device
used a monolithically integrated turning mirror at either end of the waveguide
to divert light downward through the transparent GaN substrate. A 3-D
schematic of the device is shown in Figure 1.5. The two emitting facets and
effectiveness of the turning mirrors in suppressing FP modes allowed for very
high optical powers while maintaining a broad, smooth emission spectrum.
2.2 W of optical peak power was recorded from a single device at 1.5 A under
pulsed operation with a 1% duty cycle. At this maximum power the FWHM of
the spectrum was 6 nm. This result showed how important the minimisation of
facet reflectivity is in the design of a SLED as very high efficiency and optical
powers can be realised without lasing action if mode formation is prevented.
This thesis will focus on the design development and characterisation of these
devices. The result of this work is the device which has produced the highest
optical peak power from a SLED to date as shown in Figure 1.4.

The epitaxial laser structure consists of two InGaN QWs with AlGaN cladding
layers to confine the light in the waveguide. A narrow ridge is used to
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generate the high carrier density required to reach transparency.

Light reflected

InGaMN QWs

Figure 1.5: 3-D schematic of surface emitting SLED based on GaN.

One of the advantages of the surface emitting approach is that the amplified
light is reflected out of the plane of the waveguide. This makes it more difficult
for feedback to occur and for FP modes to form. The design also means that
both facets emit in the same direction, effectively doubling the amount of light
which can be collected from the device. As the light is emitted normal to the
substrate, there is potential for the integration of additional technology such
as micro lenses or colour converting materials onto the back side of the chip.
The motivation of this thesis was to develop and increase understanding SLED
devices.The optimisation of these surface emitting SLEDs presents the
opportunity to create a reliable high-power, broad spectrum light source which
is much improved on the current state of the art. The thesis aims to address
the areas of the device design and fabrication process which can be controlled
to optimise the device.
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Table 1.1: Current state of the art for superluminescent light-emitting diodes.

Year Group Design Optical Power (mW)|Apear (FWHM) (nm)
2009| Feltin et al [53] Tilted facet 100 420 (6)
2011| Ohno et al [36] | Tapered stripe 200 405 (3)
2012| Kopp et al [38] |Bent waveguide 4 500 (4.4)
2012| Kafar et al [37] |Bent waveguide 125 405(6.5)
2016| Shen et al [39] |Passive absorber 256 447 (6.5)
2019|Jentzsh et al [54] |Surface emitting 250 950 (3)
2019|Alatawi et al [55]| Tilted facet 487 457 (3)
2019| Cahill et al [52] |Surface emitting 2200 416 (6)
2020 Zhang et al [50] AR coating 1.25 427 (7.5)
2020| EXALOS [56] Tilted facet 6 510 (10)
1.3 Thesis outline

Chapter 2 - The fundamentals of SLED Operation

This chapter discusses the fundamental physics which is relevant to the
operation of a SLED. Concepts such as carrier and photon confinement,
carrier recombination, gain and mode formation are covered. This
chapter points out the key points of difference between SLEDs, LDs and
LEDs. The important factors which must be considered when designing
the geometry and epitaxial structure of a SLED are highlighted.

Chapter 3 - Design and optimisation of SLEDs

A model for simulation the L-I and spectral characteristics of SLEDs is
presented. Special attention is given to the non-uniform distribution of
carrier and photon density across the waveguide. Numerical simulations
are used to find the steady state conditions of longitudinal carrier density
distribution, photon density distribution and optical gain in a SLED
ridge. The results are analysed and suggestions made on how to best
optimise the geometry and epitaxial structure for GaN based SLEDs.

Chapter 4 - Process optimisation

The process of SLED fabrication is outlined and the most important steps
highlighted. The optimisation of these key process steps is then described
later in the chapter. The optimisation of the p-contact is described. A low
resistivity p-contact is critical to minimise the level of Joule heating at
the metal-semiconductor interface and maximise the device lifetime. A
wafer preparation process and thermal annealing are shown to greatly
improve the contact resistivity of Pd on p-GaN. The development of an
etch for the sloped turning mirror facet is described. The resist reflow
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process was modelled in 3-D using the Surface Evolver soap film model
to optimise mask design. An inductively coupled plasma etch was
developed for the smooth etching of angled sidewalls. The optimisation
of the bondpads for best heat management is also discussed in this
chapter.

Chapter 5 - Device characterisation

The key characteristics of the SLED device are measured and analysed.
The Light-Current-Voltage characteristics, spectra, near field and far field
measurements are presented. A record optical peak power for a SLED is
measured under pulsed operation. The impact of an anti-reflection
coating on the emission spectrum is also examined. Results are compared
with the theoretical model presented in Chapter 3. The characterisation
of surface-emitting SLED arrays is also presented for the first time.

Chapter 6 - Conclusions and future work

The most important results of the thesis are summarised and
recommendations for further development and understanding of SLEDs
are made.

Appendix
The appendix includes the MatLab code which was used for the
simulations discussed in Chapter 3.
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Chapter 2

The fundamentals of SLED
Operation

2.1 Introduction

This chapter explains the mechanisms by which superluminescent LEDs work
as well as the different factors which can impact their performance. The
beginning of the chapter explains the structure of a GaN SLED. Section 2.2
discusses how the epitaxial layer structure is used to confine excited carriers
and how generated photons are confined using a ridge waveguide. Special
attention is given to the challenges associated with working with the InAlGaN
material system.

The injection of carriers into the device is then discussed. This section explains
how the excited carrier population is affected by applied current and bias.
The concept of gain is introduced. This section explains that population
inversion must be achieved in order to amplify light in a semiconductor. The
different carrier recombination mechanisms in a GaN SLED are discussed in
section 2.5. This section outlines how carrier can be expected to recombine at
different levels of injection and how this would affect the performance of a
SLED.

Potential issues which could negatively affect the device performance are
examined at the end of the chapter. Thermal management of the devices is one
of the main issues in this area. The impact of facet reflectivity and optical
coatings is also examined. Finally spatial and temporal coherence are
discussed as the combination of high spatial coherence with low temporal
coherence is what separates a SLED from both a laser diode and an LED.

15
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2.2 Device structure

A SLED is a form of diode. P-doped and n-doped materials are put into
physical contact with one another. This leads to the diffusion of free carriers
into the material of opposite conductivity, leaving behind ionised donor and
acceptor atoms. The result is an electric field between the two materials at the
junction which prevents further carrier diffusion between the materials and a
‘depletion region’ free of charge carriers is formed. Diffusion and drift
processes eventually lead to equilibrium in the system and the formation of a
constant Fermi level throughout the system. The asymmetric distribution of
carriers also results in a bending of the valence band and conduction band
with a potential difference V,; between the bands in the p-type material and
n-type material. When a bias is applied in the forward direction the bands are
flattened and there is a net movement of charge through the material. When
an electron and hole come into contact with one another they can recombine,
resulting in the emission of a photon.

To maximise the probability of radiative recombination, a heterostructure is
used. Very narrow regions in the order of nanometers called quantum wells
(QWs) form the active region. The bandgap is lower in the active region than
in the surrounding p-type and n-type layers. High concentrations of carriers
are then confined to the QWs creating a high spatial overlap of electrons and
holes which recombine radiatively.

The band structure of a GaN based laser diode with two InGaN QWs in
forward bias is shown in Figure 2.1 (a). The QWs are where the bandgap is
lowest. Increasing the indium content in the QWs would lower the bandgap
further. This is where the majority of carriers will be confined when a bias is
applied. Next to the QWs is the wide bandgap AlGaN electron blocking layer
(EBL). This layer provides a potential barrier which stops electrons from
escaping the active region without recombining. A similar layer is not required
to prevent holes from escaping as they have a higher effective mass and lower
mobility than electrons. This band diagram was generated using the SiLENSe
laser simulation package [57]. Figure 2.1 (b) shows a typical AlGaAs QW laser
diode band structure.

The band diagrams illustrate one of the challenges of using GaN in laser diode
and SLED fabrication. The inbuilt piezoelectric field in the InGaN QWs results

in a shifting of the allowed electron states to lower energies and the hole states
to higher energies. This causes a redshift of the emission wavelength as the
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Figure 2.1: Band diagrams of (a) GaN (b) GaAs laser structures with applied bias above

the bandgap.
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bandgap energy is reduced. The electrons and holes are also pushed to
opposite sides of the well, reducing the overlap integral and thereby
decreasing the rate of radiative recombination. The result of lower overlap can
be a reduction of internal quantum efficiency (IQE) by a factor of 2 [58]. This
effect is known as the quantum confined Stark effect (QCSE).

At high current, the high number of carriers in the QWs can screen the QWs
from the piezoelectric field. This results in the band flattening and the spatial
overlap of electrons and holes increasing. This also results in a blueshift of the
emission spectrum as the electrons are shifted back to higher energies while
the holes are shifted down to lower energies in the absence of the QCSE. This
effect is illustrated in Figure 2.2 where the band diagram at different bias
voltages is presented. At higher bias, a flatter band structure with a larger
energy gap £, is seen in the QWs. The QCSE increases the threshold of laser
and SLED devices with InGaN QWs due to the reduced overlap integral at low
current. Once this is overcome however, high powers can be achieved at high
current where the carriers are screened from the effects of the QCSE.

The QCSE does not affect GaAs or InP based devices to the same extent as GaN
based devices. This allowed for a greater spatial overlap of electrons and holes
at low current. This allows for a greater rate of radiative recombination and a
lower lasing threshold.
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Figure 2.2: Band diagram of InGaN QWs where the carrier density in the QWs is (a)
3 x 10¥%em ™3 and (b) 6 x 10%em™3. Carrier screening of the electric field reduces the
QCSE.

Confinement of the emitted photons in the transverse direction is achieved by
using cladding layers in the stack. These layers are positioned either side of
the active region. The active region has a higher refractive index than the
cladding layers and so a portion emitted photons are confined by total internal
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reflection. Figure 2.3 shows a the transverse refractive index profile typical
GaN laser stack. The size of the optical mode is clearly much larger than the
size of the QWs. The level of overlap between mode and QWs defines the
magnitude of the optical confinement factor I'. Increasing the thickness of the
QWs or using a greater number of wells can help to increase the level of
confinement.

The refractive index of the free-standing GaN substrate is higher than the
refractive index of the cladding layers. This creates the risk of the mode
coupling into the high index substrate. This creates a second intensity lobe in
the far field making it more difficult to focus the light to a small spot. The
n-AlGaN layer must be thick enough to prevent this coupling of the mode into
the substrate.
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Figure 2.3: Refractive index profile of a GaN laser stack. The cladding layers with refractive
index much lower than the active QW region confine light in the transverse direction. The
optical mode is shown in red.

To confine photons in the lateral direction a ridge waveguide structure is used
as shown in Figure 1.5. A narrow ridge with a metal contact on top is etched
into the top layers of the semiconductor. An insulating material such as SiO, is
deposited around the ridge. This prevents the metal from coming into contact
with the sidewalls of the ridge waveguide, potentially shorting the device or
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increasing the waveguide loss. The current is only injected through the narrow
ridge. This means that recombination and population inversion occur only in
the region underneath the narrow stripe. This region will be the only part of
the chip which has optical gain, meaning all of the amplification of light takes
place under the stripe and not at the sides. This is known as gain guiding.
When the level of carrier injection is low, the SLED will behave as an LED,
spontaneously emitting incoherent radiation in all directions. If a sufficiently
high concentration of carriers is reached and population inversion is achieved
then those spontaneously emitted photons which are coupled into the
waveguide will go on to induce further recombination events as they travel
along the waveguide. The results is an exponential increase in the number of
photons travelling in the waveguide. The device is now behaving as an optical
amplifier or SLED. The increasing carrier density with current provides higher
levels of gain and spontaneous recombination. This allows for increasing
optical power from the SLED.

The device structure in the longitudinal direction consists of the long ridge
waveguide with a facet at either end. Optical feedback and the formation of FP
modes is prevented by taking steps to reduce the reflectivity at the facets.
There are several different techniques which can be used to achieve this which
are discussed in Chapter 1. Figure 1.3 illustrates some of these methods.
Preventing the formation of modes reduces the level of spectral narrowing in
SLEDs. This is discussed in detail in section 2.8.

2.3 Carrier injection

In optoelectronic devices such as SLEDs the principle source of excited charge
carriers is the electrical current applied to the device. The application of a bias
either by applying a voltage or as a result of applying a current changes the
electron and hole populations so that they cannot be described by a single
Fermi level. Instead, separate quasi-Fermi energies for electrons (£¢) and
holes (Ey/) are used to describe populations close to the conduction and
valence bands. These quasi-Fermi levels are separated approximately by the
magnitude of the applied bias. The ground and excited states of the system are
written as F; and F,. The population in both bands follows the Fermi-Dirac
distribution given in equations 1 and 2.

B 1
fe= 1 + e(E2—Ec)/kT

(2.1)
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1

Fo= 1 + e(B1i—Ev)/kT (2.2)

Where f. describes the distribution of electrons in the conduction band and

1 — f, describes the distribution of holes in the valence band.

As the current provides excited carriers, other processes in which electron-hole
pairs annihilate each other remove carriers from the system. The overall
carrier density in a device can be described using the continuity equation for
electrons:

ON J
E_G_R—i_ﬁ (2.3)

Where N is the excited carrier density, ¢ is time, GG is the rate of photon
generation not related to the applied current (e.g. electron hole pairs
generated due to light absorption), R is the electron-hole recombination rate
and J is the applied current density, ¢ is the electron charge and d is the
thickness of the active region. The principle of charge neutrality demands that
the net charge in the semiconductor be equal to zero. The total carrier density
in the QWs can be measured by measuring the injected electron density i.e.
the current density.

The rate of recombination R can be split into several components;

R= Rspon + Rstim + Rnonrad (24)

The spontaneous emission recombination rate (R,.,), the stimulated
emission recombination rate R, and the non-radiative recombination rate
(Rponrad)- The first two terms together provide the overall radiative
recombination rate i.e. the rate at which excited carriers recombine to emit a
photon. The latter term refers to cases where excited carriers recombine with
the resultant energy being released in the form of a lattice vibration or
phonon. Each of these terms is described in more detail in the coming sections.

2.4 Recombination mechanisms

2.4.1 Spontaneous Emission

Spontaneous emission occurs as a result of random fluctuations in field
strength [59]. The strength of the fluctuation induces the recombination of an
electron-hole pair resulting in the emission of a photon. These vacuum
oscillations are random in direction and phase and similarly the emitted
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photons are random in phase and emitted uniformly in all directions. Because
spontaneous emission is a two-particle interaction, the spontaneous emission

rate is proportional to the square of the carrier density.
Rspon - Bnp (25)

Where n is the electron density, p is the hole density and B is the bimolecular
recombination coefficient. It is assumed that the electron and hole populations
are approximately equal so the square of the carrier density N? is used. The B
factor is dependent on the electron-hole overlap wavefunction.

The energy of a spontaneously emitted photon corresponds to the energy-gap
between the recombining electron-hole pair. The spontaneous emission
spectrum then has a peak at a slightly higher energy than the band-gap. This is
due to the higher concentration of excited carriers near the edges of the band.
While the spontaneously emitted photons are emitted randomly in all
directions a small portion of them are coupled into the optical waveguide. The
ratio of coupled photons to the total number of spontaneously emitted photons
is approximately +; where M is the number of possible optical modes in the
cavity. These photons can go on to induce further recombinations and so the
spontaneously emitted photons can be thought of as the trigger for the
amplified spontaneous emission process. Maximising overlap of electrons and
holes in the QWs increases the level of spontaneous recombination. For this
reason semi-polar and non-polar GaN are being investigated as potential
materials for SLED fabrication. These orientations of GaN do not have the
same inbuilt piezoelectric field which causes spatial separation of electrons
and holes in the QWs in c-plane GaN.

2.4.2 Stimulated Emission

Stimulated emission occurs when a downward transition of an excited electron
and recombination with a hole is induced by a photon. The resultant emitted
photon will have the same energy, phase and direction as the photon which
induced the transition. The rate equation for photon density in a SLED or laser
can be written in terms of the recombination rates from Equation 2.4 as:

s S
% = Rstim + BRspon - g (26)
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Where S is the number of photons per unit volume. The isotropically emitted
spontaneous emission is scaled by the factor 5 which represents the proportion
of spontaneously emitted photons coupled into the waveguide. The % term
refers to the photon losses due to absorption where 75 is the photon lifetime.
If the gain in the waveguide is positive, the photons in the waveguide will
induce further stimulated recombination, as a photon travels along the
waveguide the photon density will increase as:

S(z) = S(0) - el9=2)= (2.7)

Where z = n:} 7 is the distance travelled by a photon along the waveguide, c is
the speed of light in a vacuum, n. is the effective refractive index of the
material, ¢ is the material gain and « is the waveguide loss.

Assuming that stimulated emission is the dominant photon generation
mechanism above threshold, the time derivative of Equation 2.6 gives the
stimulated emission rate as:

Rstim = FQUS (28)

Where the velocity of light in the semiconductor v = n:ff. The rate of
stimulated emission is then directly proportional to the photon density and the
gain. Gain will be discussed in more detail in Section 2.5.

In a conventional laser diode the reflective facets would lead to photons
completing multiple round trips of the cavity. This leads to the formation of
resonant cavity modes which favour the amplification of certain wavelengths
leading to very narrow discrete spectra. As a broad smooth spectrum is
desirable in SLEDs steps are taken to prevent reflections at the facets so that
any photon only makes a single pass along the waveguide. In this particular
scenario the stimulated emission process is known as amplified spontaneous
emission (ASE). The absence of reflections at the facets has implications on the
carrier density distribution in the device. If the distribution of photons in a
device of length L is modelled by considering two waves travelling in opposite
directions then the photon density at any point along the waveguide is given

by Equation 2.9.

This leads to a non-uniform distribution of photon density across the
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waveguide with the maximum density at either end. ASE is a faster
recombination process than spontaneous emission and becomes increasingly
fast with increasing photon density with the ASE recombination lifetime in the
order of femtoseconds while spontaneous transitions typically have a lifetime
of several nanoseconds [60]. This means that regions of the devices with a
higher density of photons will be dominated by stimulated recombination.
This results in lower carrier density at the waveguide ends due to a high level
of stimulated recombination. This non-uniformity becomes more pronounced
as the gain increases. This effect is illustrated in Figure 2.4.

Lower carrier density decreases the transparancey of the waveguide and can
cause a reduction in the efficiency of the device. After a certain point extra
current injection will not result in an overall increase in carrier density due to
the high level of photons in the waveguide inducing stimulated recombination.
This effect needs to be considered when designing SLEDs as the optimal point
to operate is the lowest current density which still achieves the maximum
possible carrier density.

4

Photon density

Carrier density

Rear facet Front facet

Figure 2.4: Above transparency photon and carrier density distribution for a SLED calcu-
lated using equation 2.9 with a positive net gain of 30 cm™".

High Power Superluminescent Light-Emitting 24 Rory Cahill
Diodes



2. THE FUNDAMENTALS OF SLED OPERATION 2.5 Gain

2.5 Gain

2.5.1 Material gain

From Fermi’s Golden Rule, the photon induced upward (W ;,) and downward
(Wg,y) transmission rates between the conduction and valence bands can be
written as [61]

Woaps = 2;;|Heh|2pfv<1 — fe) (2.10)

2
W = == |Hen["pfe(1 = f2) (211
where the the Hamiltonian squared:

Ao

Hol* =
[Hanl? = (52

)ZH\IT\2 (2.12)
p is the density of states, f, and f, are the Fermi distributions given in
equations 2.1 and 2.2, M7 is the transition matrix element and A, is the
constant vector potential.

As carrier density increases with applied current, the gap between the quasi
Fermi levels increases. When the carrier density exceeds a certain transparency
density Np, and population inversion is achieved the number of downward
transitions begin to exceed the number of absorption events. The material now
has optical gain.

The material gain g,,, is the difference between the number of downward
transitions Wg,, — Was and upward transitions. Using Equations 2.10 and
2.11 gain can be written as:

2
mat = %\Heh\%(fc — 1) (2.13)

It is clear that a greater separation of quasi-Fermi levels and higher density of
states will provide higher levels of material gain. The (f. — f,) part of Equation
2.13 is dependent on the level of current injection. Increasing the excited
carrier density by injecting current then will lead to increased gain in the
material, allowing for greater levels of light amplification. The gain at a given
energy level is saturated when the Fermi function reaches its maximum value
of 1. The other terms in Equation 2.13 relate to properties which are inherent
to the material and are not influenced by the applied current.
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2.5.2 Modal gain

In shallow etched ridge waveguide devices the size of the optical mode will
exceed the size of the waveguide. Amplification takes place in the region
where the mode overlaps with the active region, as shown in Figure 2.3. The
modal gain takes this into account with the addition of the optical confinement
factor I so that

9mod = Fgmat (214)

The optical confinement factor I' is given by

Va
Vmod

I'= (2.15)
where V, is the volume of the active region and V., is the volume of the
optical mode. The optical confinement factor can be influenced by the epitaxial
layer structure and by engineering the optical mode. These parameters should
be optimised to give the maximum modal gain for a given current density.

2.5.3 Loss

The total loss o can be expressed as:
o= + oy (2.16)

where «; is the internal waveguide loss and «,,, is the mirror loss.
The mirror loss describes photons which exit the waveguide through the facet.
These photons form the beam of the SLED. The internal losses describe
photons which are lost due to parasitic absorption and through scattering on
the side walls of the waveguide. The total loss defines the threshold gain for a
laser.

Loy = (2.17)

As the facets of a SLED are designed to have much lower reflectivity than the
facets of a laser diode and FP modes are not formed, the threshold is less well
defined than for a laser. Rather than instantly switching to a higher slope
efficiency regime at transparency as a laser would, when the gain overtakes
the loss there is an exponential increase in power with current.
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2.6 Non-radiative recombination

Non-radiative recombination in semiconductors can broadly be described by
two processes: Shockley-Read-Hall (SRH) recombination and Auger

recombination. The total non-radiative recombination rate is then roughly:
Rnon—rad = RSRH + RAug (218)

Both of these processes generate vibrations in the lattice which increase the
overall temperature of the semiconductor. The device efficiency is reduced by
these processes as they use up carriers which could otherwise combine
radiatively.
SRH recombination is caused by defects in the crystal lattice. These defects
create states at ‘forbidden’ energies between the conduction and valence
bands. The energy released as electrons drop down from these trap states is in
the form of a phonon. The rate of SRH recombination is directly proportional
to the carrier density, NV,

Rsry = AN (2.19)

where the constant A is the SRH recombination coefficient.

As these trap states exist within the band-gap they can be filled even when the
carrier density is low. Choosing high quality materials with low defect
densities can reduce the effects of SRH recombination on a device.

Auger recombination occurs when an electron drops from the conduction band
to the valence band and the energy is released in the form of a phonon. This
energy is transferred to another electron which is excited to a higher energy
within the conduction band. When the second electron loses energy and
returns to the bottom of the conduction band, the energy released is in the
form of lattice vibrations. Auger recombination takes place at high carrier
densities as it is a three particle interaction which increases proportionally to
the carrier density cubed. The Auger recombination rate is written as:

Ry = CN? (2.20)

where the constant C' is the Auger recombination coefficient. As SLEDs require
high current density to operate, a high level of Auger recombination is a
potential barrier to high efficiency. It is often cited as the reason for the
efficiency droop noticed at high current in GaN based LEDs [62]. This effect is

discussed in more detail in the next section.
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2.7 SLED operation

When the net gain in the waveguide is positive, a SLED is said to enter the
superluminescent regime. For an ideal SLED i.e R; = R, = 0 the power output
from a SLED in superluminescent mode can be written:

Pideal - Psp : (e(Fg(N,/\)—a)L - 1) (221)

where g,,.:(N, \) is the carrier density and wavelength dependent material
gain and P, is the power of the guided component of the spontaneous
emission.

For laser diodes, a certain ‘threshold’ current density where population
inversion is achieved, a sharp superlinear increase in power output is observed.
In SLEDs, however, the transition between the spontaneous emission regime
and superluminescent or amplified spontaneous emission regime follows a
gradual exponential curve. This difference is illustrated in Figure 2.5.
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Gain laser
H =———Gain SLED
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Optical Power
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T T T
Current Current

Figure 2.5: Plots showing the (a)difference in typical L-I curves for a laser diode and SLED
and (b) typical gain vs current curves for a laser diode and SLED.

Increasing current density will increase the carrier density allowing for higher
gain and higher optical power. This trend continues until all of the available
states are filled and the carrier density reaches a maximum value. When the
carrier density no longer increases with increasing current, a phenomenon
called gain saturation is observed. As there are no more carriers available for
stimulated recombination the device power levels off with increasing current.
Once the material gain has been saturated, it is no longer efficient to increase
the applied current density as it will only lead to more heat generation which
made cause the device to degrade. Due to the extraction of photons after a

single pass along the waveguide this gain clamping process will occur more
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slowly than it would in a laser diode where the gain is immediately clamped
above threshold.

In superluminescent mode the overall spatial coherence of the light emitted
from the device increases. Below transparency where all of the light is emitted
spontaneously the emission pattern will be Lambertian i.e. uniform in all
directions. Above transparency the ASE process produces more photons
travelling in the same direction. As the ratio of directional photons generated
increases with respect to spontaneously emitted photons the far field pattern
moves away from the Lambertian as most of the light is emitted through a
smaller solid angle. This allows for better coupling of the light into optical
systems.

In the superluminescent regime, the emission spectrum begins to narrow. This
is due to wavelengths closer to the peak of the gain spectrum being amplified
preferentially to those wavelengths further from the peak. The peak of the
amplified spontaneous emission spectrum is at a lower energy than the peak of
the spontaneous emission spectrum. This is due to the higher density of states
at lower energies. This means that population inversion is most easily
achieved at these energies and so most of the light amplification takes place at
these energies.

The light amplification causes narrowing of the emission spectrum while the
suppression of Fabry-Perot mode formation prevents the spectrum from
narrowing to a series of discrete lines. This puts the SLED between a laser and
LED in terms of spectral quality. This is illustrated in Figure 1.1.

2.7.1 Carrier recombination and efficiency droop

An obstacle to the efficient operation of nitride devices at high current density
is the efficiency droop phenomenon. This is the reduction in internal quantum
efficiency of GaN based emitters at high levels of injection. One of the main
explanations offered for this phenomenon is Auger recombination [63-65]. As
Auger recombination is a three-particle interaction which is proportional to the
carrier density cubed, it becomes dominant at when high carrier densities are
present. This is important to consider in modelling SLEDs as high levels of
current injection and carrier density are required to reach the
superluminescent regime. For this reason, the relative recombination rates of
non-radiative Shockley-Read-Hall (SRH) recombination, spontaneous
emission, Auger recombination and stimulated emission were modelled to

allow for the potential impact of Auger in a SLED at high injection to be
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estimated.

Using equations 2.3, 2.5, 2.7, 2.19 and 2.20 and assuming a low rate of

external optical excitation, the carrier density rate equation can be written as:
dN J

— =% —-AN - BN?-CN? —
dt q neff

95 (2.22)

This gives recombination in the InGaN QWs. The values used for the
recombination coefficients were A =5 x 1057, B = 10~ %m=3s~! and

C =10"*em %57t [66]. Above J,;, stimulated recombination comes into
effect. The photon density in the device was calculated using equation 2.9.
Plotting the fraction of current going to each recombination mechanism
against current density gives the result shown in Figure 2.6.
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Figure 2.6: Recombination in SLED against current density.

Initially the SRH recombination dominates however this term is quickly
saturated and overtaken by the spontaneous emission rate. Close to J;;, the
Auger recombination increases to a level similar to that of the spontaneous
emission. Above transparency however the stimulated emission quickly
dominates. This is because the stimulated emission is proportional to the
photon density, which increases exponentially above transparency. This is a
faster increase even than the N3 relationship by which Auger recombination
increases. The rate of stimulated emission initially prevents Auger
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recombination from causing efficiency droop above transparency. Similar
results have previously been reported in laser diode modelling [62].

The dominance of stimulated emission can bee seen in Figure 2.7 by looking at
the total level of recombination in the device. Above transparency, J,ccoms
increases rapidly with current density due to the rate of stimulated
recombination.
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Figure 2.7: Total recombination in a SLED with increasing current density.

When the gain saturates at very high levels of injection (> 100k Acm~2) the
Auger may become the dominant recombination mechanism. Such high levels
of injection are however unlikely to be required to achieve maximum
efficiency and would probably result in damage to the device.

2.7.2 Power conversion efficiency

Power conversion efficiency (PCE) is a measure of how much of the electrical
power applied to the device is converted into optical power. This measure
takes into account not only the proportion of injected carriers which
recombine radiatively, but also the energy of the injected carriers. If a the
injected carriers have a higher energy than the emitted photons, the excess
energy will be released as heat, reducing the efficiency of the device. The
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power conversion efficiency 7, is given by [67]:

_ nihv
Tlp = qV

(2.23)

where 7, is the internal quantum efficiency (IQE) and V is the applied bias.
LEDs tend to have high peak PCE as they operate at low current. Lasers and
SLEDs however require high current density to reach threshold. High voltages
are required to supply these currents, increasing the energy of the injected
carriers. Figure 2.8 shows a comparison of PCE for a GaN based LED, SLED
and laser with identical A, B and C recombination coefficients and in the case
of the SLED and laser, identical gain curves. The extraction efficiency is
assumed to be 1.
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Figure 2.8: Example of power conversion efficiency for GaN based LED, SLED and laser.

The LED reaches the highest PCE of 0.8 at 300 Acm 2. The laser and SLED
have lower peak PCE values of 0.7 and 0.5 respectively due to the higher
energy of the injected carriers. Reducing the resistivity of the contacts and of
the p-GaN layers would help to improve the PCE of the SLED and laser. The
laser shows greater efficiency due to photons making multiple round trips in
the cavity. The higher photon density in the laser cavity results in more
stimulated emission and a higher IQE than in the SLED. Introducing a
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reflective back facet to the SLED to allow for a single round trip of the cavity
could increase the IQE in the SLED, however the spectral quality could be
reduced. This will be discussed in more detail in Chapter 3.

2.8 Facet reflectivity management

The key distinction between SLEDs and laser diodes is in the management of
the facet reflectivity. For laser diodes, highly reflective facets are desirable to
allow for multiple round-trips of the cavity and the formation of Fabry-Perot
modes. In the case of SLEDs it is preferred to have facets with low reflectivity
to prevent the formation of modes and maintain a broad, smooth emission
spectrum.

From the Fresnel equations the reflectivity of the interface between two media

with refractive indices n; and n, for a normally incident beam is given as:

nl—”2|2

n1+ na

Ry = (2.24)
For example for a GaN based device with a waveguide index of ng,y = 2.4 the
facet reflectivity is ~ 17%.

To analyse the impact of facet reflectivity on a SLED, a Fabry-Perot cavity with
finite reflectivity is considered where the power output P,,; is

-1 (1— Rp)(RpGs + 1)

Pou - 5.
t g —« 1+ (RrRpG,)? — QRFRBGSCOS(%)

(2.25)

where R, and R, are the facet reflectivities, and n,,,, is the waveguide
refractive index and G, = ("9~ is the single pass gain. The magnitude of
the cosine term is dependent on wavelength and facet reflectivity. The
maximum and minimum powers at a given wavelength P,,,, and P,,;, occur
when the Cosine term is equal to zero and one respectively.

The spectral modulation depth is defined as:

Pmin
pmax

Dypoq =1 — (2.26)
The modulation depth then is dependent on the facet reflectivity as higher
reflectivity will increase the magnitude of the cosine term in Equation 2.26.
Keeping the modulation depth to a minimum is very important for maintaining
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a broad, smooth emission spectrum. The influence of facet reflectivity on the
output power and spectra of SLEDs will be discussed in more detail in the next
chapter.

2.8.1 Fabry-Perot modes

The way in which parasitic lasing can occur in a SLED device is by the
formation of a Fabry-Perot cavity. This cavity is formed by two parallel
reflective surfaces at either end of the semiconductor waveguide. When two
waves of equal frequency are travelling in opposite directions in such a cavity,
destructive and constructive interference results in a standing wave. The

allowed wavelengths in the FP cavity are given by:

_mL

)\l l?

(2.27)

where L is the length of the waveguide, n is the refractive index of the
semiconductor and / is the mode number. The wavelengths which do not
satisfy Equation 2.27 are suppressed. The result is a series of narrow linewidth
peaks in the spectrum. These modes are separated by §\, which is given by

2
o\ = A0

= _—, 2.28
2nlL ( )

As the formation of these standing waves is dependent on photons making
multiple round trips of the cavity, reflections at the facet increase their
prominence. While no device can have zero facet reflectivity, minimising the
reflections at the facet can help to prevent the formation of these modes.

2.9 Thermal management

In order to reach the levels of gain required for a SLED to produce high optical
powers, large current densities must be applied to the device. This inevitably
leads to high levels of non-radiative recombination and heat generation in the

device.

Heat is generated in SLEDs by Joule heating. The metal-semiconductor
interface provides a resistance. When a current density J is applied to the
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device heat is generated at a rate P.

P
5= Jpe (2.29)

where p¢ is the contact resistivity and A is the area of the contact. As very
large current density is required to achieve population inversion, it is crucial to
minimise the contact resistivity.

As some level of contact resistivity is unavoidable, steps can be taken to reduce
the thermal load on the device. Thick bondpads can help to dissipate heat
generated under the metal contacts away from the junction.

The active-region can also be a source of heat. At high current density the
Auger recombination becomes significant as it goes with the carrier density
cubed. In a SLED however this can often by reduced as stimulated emission is
the dominant recombination mechanism at high current density. This is
discussed in more detail in section 3.3.

These heating effects must be considered as they can impact the device
efficiency by reducing the gain and lifetime by thermal runaway. High
temperatures can also result in short circuits and the localised failure of the
metal contact. Methods such as utilising packaging to dissipate the heat or
operating the device in pulsed mode can be used to reduce their effect.

2.10 Spatial and temporal coherence

Key advantages of SLEDs over LEDs and laser diodes can be explained in terms
of spatial and temporal coherence. It is the unique combination of high spatial
coherence and low temporal coherence which makes SLEDs suitable for
applications such as pico-projection, optical coherence tomography (OCT) and
fibre-optic gyroscopes.

2.10.1 Spatial coherence

Spatial coherence describes the relationship between waves at a given point in
space. If a wave has only single value of amplitude over a region of space it is
said to be perfectly spatially coherent in this region. This would be the case for
a monochromatic point source.

For sources of a finite size and emitting multiple wavelengths however, the
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photons emitted from different points on the source may not be perfectly
correlated in phase and wavelength. Spatially coherent sources then, are
emitters which emit photons with a fixed phase relationship. The spatial
coherence of a source can be measured using a Young’s slits experimental
setup [68]. When the slits are illuminated by a coherent source a set of
interference fringes are visible. The spatial coherence can be determined using
these fringes by the relation:

Iimaz — Imin
W= A~ (2.30)
Where I, is the central peak intensity and /,,,;, is the neighbouring valley
intensity.

The ASE process produces photons with identical phase and direction to the
photon which induces recombination. This means that SLEDs operating in the
superluminescent regime will be highly spatially coherent. Deng et al. showed
that SLEDs can demonstrate p = 0.67, close to that of a laser diode ( i = 0.81).
In LEDs, where the photons are emitted spontaneously over a large area with
random direction and phase relationship the spatial coherence is low, less than
0.1. Spatially coherent sources are useful for systems in which the light must
be directed or controlled by optics.

2.10.2 Temporal coherence

Temporal coherence describes the correlation between waves over time. In
effect temporal coherence is a measure of how monochromatic a light source
is. It measures the degree of interference a wave can have with itself at a given
time. Equation 2.31 gives the coherence length for a light source with a

Guassian emission spectrum [69].

I - 2in(2) \?

c — AN (2.31)

Where )\ is the central emission wavelength and A\ is the full width half
maximum of the emission spectrum.

A perfectly monochromatic source will have infinite temporal coherence.
Waves with a broader range of frequencies will have a shorter L. and
decorrelate quickly. Because of the formation of FP modes in laser diodes,
these devices tend to have very narrow bandwidth and high temporal
coherence. This can lead to interference effects such as speckle when the light
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strikes a surface [70]. The high degree of correlation between incoming and
reflected waves allows for destructive interference to occur. In LEDs and
SLEDs, the broad spectrum means there are several frequencies in the
travelling wave. The wave decorrelates quickly. The lack of correlation means
that effects such as speckle and diffraction have less of an impact on these
devices.

The level of temporal coherence is equivalent to the axial resolution of OCT
systems. The axial resolution also depends on the peak wavelength of the
system, with shorter wavelengths providing shorter coherence lengths. This
means that GaN based blue SLEDs in particular could be an ideal light source
for high resolution OCT. GaN SLEDs have been demonstrated to provide axial
resolution of less than 7um [44].

2.11 Summary

Superluminescent LEDs based on GaN are based on similar principles to laser
diodes. To obtain superluminescence, high power and high efficiency, carrier
population inversion must be achieved by electrical injection. As the light is
only amplified in a single pass along the waveguide, and mirror losses are
high, SLED can be expected to have a higher transparency current density than
a laser diode. The high gain required for the device to operate in
superluminescent mode can be achieved by applying high current density to
the device generating a high carrier density in the QWs. As the carrier density
in a SLED is not clamped at threshold as it is for a laser diode, increasing
carrier density above threshold can provide high levels of gain and optical
power. The number of QWs can influence the threshold and overall gain and
will be investigated in the next chapter.

The various recombination mechanisms in a SLED are examined. Simulations
show that GaN SLEDs may be able to overcome the efficiency droop which
affects GaN based LEDs. Once transparency is reached the combination of
increasing gain with drive current and increasing photon density result in a
large amount of stimulated emission. The rapid increase in stimulated
recombination above transparency prevents Auger from becoming the
dominant recombination mechanism in a SLED.

The high carrier and current densities cause heat to be generated in SLEDs.
Contacts with low resistivity are required to reduce the amount of Joule
heating which can cause degradation and failure.
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Chapter 3

Design and Optimisation of SLEDs

3.1 Introduction

Several factors can influence the performance of SLEDs including the device
geometry, facet reflectivity, wafer structure and thermal management. The
interaction of these factors determines the maximum achievable power,
efficiency, spectral quality and modulation speed of the device. The goal of this
chapter is to find the combination of these factors which provide the best
balance of low transparency, high power and low temporal coherence.

While a certain amount can be achieved using analytical models and
experimental studies, this can require high degrees of complexity in the case of
analytical models, and, in the case of experimental work, can be time
consuming and limited in the number of variations which can be examined. A
numerical tool which could calculate the impact of different device
geometries, facet reflectivities and wafer structures could help to find the
optimal device design without the need for expensive and lengthy trial and
error based fabrication.

Section 3.4 presents a numerical model used to analyse the impacts of these
parameters and discussed how best to use them to optimise SLEDs for a given
application. The model considers the co-dependent relationship of the carrier
and photon densities in the waveguide, using these parameters to calculate the
optical gain. The average optical gain over the entire waveguide is then used
to calculate the output power and spectral modulation depth. The model is
designed to work with any III-V material system so that the simulation of
SLEDs at any wavelength can be done provided there is knowledge of the
relationship between optical gain and carrier density in the active material.
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The model provides insight into which factors are the most important for
achieving the best SLED performance. Low facet reflectivity emerges as the
most important design feature for high power devices as maintaining spectral
quality becomes more difficult when dealing with a high density of photons.
While the model in this chapter describes the potential capability of ideal
SLEDs, in practicality there are many limitations on device performance. These
include degradtion due to heating, limitations of current sources and
fabrication considerations. The model presented in this chapter is used to
optimise the devices within these limitations and this will be discussed further
in Chapter 5.

3.2 Design considerations for SLEDs

The parameters which will be discussed in relation to their impact on SLED
performance are:

* Length
The length of the waveguide can have a significant effect on SLED
performance. As seen in Equation 2.21, increasing the device length can
exponentially increase the optical power output from a SLED. The longer
device length will also increase the area of the p-electrode however
which will increase the level of applied current needed to reach
transparency and to reach equivalent levels of gain as shorter devices.
This has implications for the efficiency of the device at different currents.
The shorter devices are more efficient at lower currents due to their
lower threshold while longer devices become more efficient at higher
currents as the amplification of light is greater once threshold is reached.
This needs to be considered when designing a SLED for a given
application. Knowing the level of power required, the most appropriate
length can be chosen for maximum efficiency.

* Width
Increasing the width of the waveguide increases the emitting area of the
device, increasing the maximum possible optical power output.
Increasing the width of the waveguide introduces also introduces extra
risks by increasing the potential for the device to operate in filamentary
mode and for the formation of higher order modes.

¢ Material Gain
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Different numbers of QWs will provide different levels of material gain.
This should be considered before designing a SLED for a given material
system. Materials with higher material gain can potentially provide very
high optical power, however high values of gain can also make these
materials more prone to lasing so extra steps may need to be taken to
maintain good spectral quality. Other factors which can influence the
overall material gain are the number of QWs, the material loss, the
cladding layers and the strength of the QCSE which influences the
overlap of the electron and hole wavefunctions. SLEDs with lower
material gain may need different geometry (i.e. longer or wider ridges)
than higher gain equivalents to achieve the same optical powers.

Facet reflectivity

The facet reflectivity is a crucial parameter to SLED operation. More
highly reflective facets allow for a higher level of amplification and
greater optical power. Increasing reflectivity can lead to narrowing of the
spectrum and increase the modulation depth. Depending on the
application, the ideal reflectivity must be chosen to give the best balance
of optical power and spectral quality.
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3.3 Modelling SLEDs

3.3 Modelling SLEDs

The symbols and values of parameters used in the model described in this

chapter are summarised in Table 3.1.

Table 3.1: List of parameters used in modelling of SLED:s.

Symbol | Definition Units | Value
S* Forward and backward propagating photon | cm =3
densities
st Normalised forward and backward propa-
gating photon densities
N(z) Carrier density distribution cm ™3
Ny, Carrier density at transparency em™ |7 x 10"
A Non-radiative recombination coefficient st 5 x 10°
B Radiative recombination coefficient em3s™1 | 10710
C Auger recombination coefficient embs™1 | 10731
T Average carrier lifetime s 2.5 x 107
P Optical power output w
P, Optical power due to spontaneous emission | W
I6] Spontaneous emission coupling factor 1073
a Linear gain coefficient cm? 1.5 x 10716
gmoa(z) | Modal gain em™!
g Average material gain em™t
r Optical confinement factor
Iy Optical confinement factor, lateral compo-
nent
I'r Optical confinement factor, transverse com-
ponent
11 Size of optical mode cm? 1077
z Longitudinal position along waveguide | m
length, z=0 is the rear facet
J Applied current density Acm™2
A Wavelength nm
o Optical loss em™t |25
G Single pass gain
n Refractive index 2.4
Rp, Rp | Front and rear facet reflectivity
q Electron charge C 1.6 x 10719
L Ridge length cm
w Ridge width cm
d Active region thickness cm
h Planck’s constant Js 6.63 x 10734
v Frequency st
c Speed of light ms~t |3 x 108
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3.3.1 Amplificiation, gain and loss

For modelling purposes the SLED can be considered to be similar to a
semiconductor optical amplifier (SOA) with zero external optical input. In this
model, the distribution of photons in the SLED waveguide is imagined as two
waves travelling in opposite directions from opposite ends of the waveguide.
The forward and backward propagating photon densities for an ideal SLED
(zero facet reflectivity) S, and S_ at a position z in a waveguide of length L
can be written as:

5neffRsp0n (Fgf )
= ————— @)z _ 1 .1
S, (2) (T — ) (e ) (3.1
and Bnus iR
_ PMeffflspon ( (Pg—a)(L—2) _ q 2
S_(2) {Tg—a) (e ) (3.2)

where ¢ is the average gain across the waveguide, given by

1 L
g= Z/ g(z)dz (3.3)
0
and the power out from a single facet is
PouH— - hVCHS—I— (L) (3.4)

where 5 is the spontaneous emission coupling factor, « is the waveguide loss
and IT is the size of the optical mode [71].

In this simulation the values 5 = 1073 [72], o = 25cm ™!, and II = 10~ "em 2
were used. The o parameter was measured experimentally.

The material gain g(z) is assumed to be linearly dependent on the local carrier
density N(z) which in turn is linearly dependent on the local photon density
S (z) + S—(z). This mutual dependence demands numerical analysis of the
system. To model the system numerically the waveguide is divided into n
sections of length AL.

3.3.2 Carrier and photon distributions

From the model of a SOA by Brosson [73] the carrier density at a given
position z along a waveguide of a SLED with current density J applied is:

JT/qd

N =5 5.0

(3.5)
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where 7 is the average carrier lifetime and ¢ is the electron charge. The active
region thickness d is equal to the number of QWs in the structure times their
width. Here the photon density is normalised with s, = carSy. This inverse
dependence of carrier density on photon density is due to the high rate of
stimulated recombination as a result of the higher number of photons
available to induce recombination.

In this model it is assumed that the material gain is linearly dependent on the
carrier density, so the modal gain is given by:

Imoda(2z) = Ta(N(z) — Ny.) (3.6)

where « is the constant of proportionality relating the material gain and the
carrier density N(z) and N, is the carrier density at transparency. In the
simulations described in this chapter these parameters have the values
a=15x10"%m? and N,, = 7 x 10'®¢m 3. These values are consistent with
the reported characteristics for InGaN QWs [66, 74, 75]. It is expected that the
increasing levels of stimulated emission will deplete the carriers at the
waveguide ends reducing gain in these regions. When the photon density
reaches a certain threshold the carrier density will no longer increase with
increasing current as all available free carriers are used by the stimulated
emission process. This leads to the saturation of carrier density and thereby
the saturation of gain in the device. Finding the level of current at which the
optical gain saturates can help to decide the ideal operating conditions for a
SLED.

3.3.3 Numerical model

As the the carrier density, photon density and optical gain are mutually
dependent on one another, a numerical model was used to simulate the
system. The waveguide is divided into n sections of length AL as shown in
Figure 3.1. The model assumes the initial carrier density is uniform across the
waveguide of length L. This carrier density determines the gain through the
relation in Equation 3.6 and spontaneous emission rate which are in turn used
to calculate the photon density in each segment of the waveguide.
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AL

R, | 1 2 n-1 n R:

L

Figure 3.1: SLED waveguide split into n segments of length AL. The front and back facets
have reflectivity R and Rp.

The program uses the changes in the photon density to continuously update
the values for the carrier density and optical gain in each segment which on
the next iteration would update the value for the photon density. The program
was run until a steady state convergence was reached. The schematic in Figure
3.2 illustrates this process.

Set uniform carrier density

-

Calculate gain

=

Calculate photon density

=

Calculate new carrier density

Convergence?

N
© l Yes

End loop

Figure 3.2: Schematic showing loop used to calculate steady state gain, photon density
and carrier density in a SLED.

The following assumptions were used in the calculations:
1. The initial carrier density is distributed uniformly across the ridge.
2. Carrier leakage is negligible.

3. The material gain is constant with photon energy close to the peak

wavelength.
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4. The material gain evolves linearly with carrier density.
5. Polarisation is not included in the model.

6. The carrier lifetime 7 is constant above transparency. From the
recombination simulations above it is assumed that stimulated emission
is the dominant recombination mechanism above transparency, with a
carrier recombination lifetime of 300 ps. The other dominant
mechanisms are Auger and spontaneous emission which are both
assumed to have a lifetime of 10 ns. The carrier lifetime is calculated by

1—-_1 4+ _1 tobe 350 ps above transparency.

T Tstim Tnonrad

Once a steady state convergence had been reached the resulting gain value
was used to calculate the optical power out of the device using the equation
for the optical power from a Fabry-Perot cavity with finite facet reflectivity:

(1 — RF)(RBGS + 1)
(RFRBGQQ — 2RFRBGSOOS(@>

Pout = Psp(Gs - 1)(1 i (37)
Where P, is the spontaneous emission coupled into the waveguide. This is
approximated as SBN? where 3 is 0.1%. The equation is evaluated close to
the peak of the gain spectrum where the gain has an approximately constant
value.

The single pass gain G, is given by:
Gy = ell9=)k (3.8)

Where the gain g is the average material gain along the waveguide. This is
calculated by taking the sum of the gain in each segment and dividing by the
number of segments.

9= Zn: N(n) (3.9)
1

e

An example of a gain curve calculated using this numerical model is shown in
Figure 3.3 which shows the gain curve with current density in a 1 mm long
device with a 3 um long waveguide. The loss of 25cm ™! is a value which was
measured experimentally by extracting the gain curve from the measured L-I
characteristic of a GaN SLED. This is discussed in more detail in Chapter 5. Rp
and Rp are the front and back facet reflectivities. They are set equal to 0.1%
unless otherwise specified.
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Figure 3.3: Modal gain curve for 1 mm GaN SLED with 2 QWs calculated using numerical
model. The waveguide loss of 25cm ™! is a value which was measured experimentally.

The simulations were carried out for a number of different device parameters.
In all cases the non-uniform longitudinal distribution of carriers and photons
played an important role in determining the material gain and optical power
output. An example of these distributions is shown in Figure 2.4

3.4 Length Variation

Figure 3.4 shows the simulated two-facet L-I curves of SLED devices of
different lengths. The peak efficiency of each device occurs at different levels
of current injection and output power. The longer devices are less efficient
than shorter devices at low current as high current injection is required to
reach the transparency current density. While shorter devices reach
transparency more easily, the shorter length of the gain medium and smaller
area means that the level of amplification is lower and that gain saturation
occurs more quickly as high carrier density results in more non-radiative
recombinations, heating up the chip and reducing the gain. This limits the
maximum optical power which can be obtained from a given device. For
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example, the 0.5 mm long device shows the highest level of efficiency if 800
mW of power is required, however the 1 mm device becomes more efficient
for generating powers greater than 800 mV.

2.0 1

W)

1.5 1

1.0 4

Optical peak power (

0.5 1

0.0 1 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Current (A)

Figure 3.4: Simulated L-I curves of GaN SLEDs with different waveguide lengths.

Figure 3.5 shows the variation of power with length for devices with the same
current density applied. The cases where non-uniform carrier density is
considered and where a uniform carrier density model is used are compared.
While the models show good agreement with one another at lower powers,
there is a large deviation for devices with higher material gain. The potential
increase in optical power which can be obtained by increasing the length is
overestimated by the uniform carrier density model. The non-uniform model
factors in the large decrease of carrier density near the waveguide ends which
decreases the average gain. It is clear from these results that the
non-uniformity of carrier density distribution in the waveguide must be
considered when optimising the length of high-power SLEDs. The uniform
carrier density model is a suitable model for lower power devices.

Increasing the length also results in an increase in modulation depth. Figure
3.6 shows simulated gain spectra for SLEDs of different lengths with 1%
reflectivity at both facets and modal gain of 30 ¢m~!. The gain spectrum is
assumed to be Gaussian and symmetrical about the peak. While the 2.5 mm
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Figure 3.5: Power versus length for SLEDs with different material gain. The dotted lines
show the uniform carrier density approximation. Solid lines show the non-uniform carrier
density model.

device offers the highest power, the spectral quality is greatly reduced. The
FWHM reduces from 5.5 nm to 4.2 nm as the length is increased from 1 mm
to 2.5 mm. This should be considered if SLEDs are being designed for an
application such as OCT where a short coherence length is key to achieving
high axial resolution. In the example shown, the 2.5 mm SLED provides an
axial resolution of 18.2 ym while the 1 mm device provides an axial resolution
of 13.8 um, albeit with lower optical power. Using an array or shorter SLEDs
may be a more effective way to achieve high power while maintaining the
broad spectrum required for such an application.

High Power Superluminescent Light-Emitting 48 Rory Cahill
Diodes



3. DESIGN AND OPTIMISATION OF SLEDS 3.5 Width variation

1.8
1.6
] 2.5 mm P 6.0

14 2mm \ T 1.
. Il 15mm = E£554 g
[ / L
5 1.2 1mm | |/ S a
g 1|—— 500 um| '/ é 5.0 g
8 1.0+ o N 1 u
= 1 N 45 117171
@ 0.8 ) N 0.51.01.52025
m -
2 064 Length (mm)

0.4 1

0.2

0.0 +—— S . . . VIV e

410 415 420 425

Wavelength (nm)

Figure 3.6: Simulated ASE spectra for GaN SLEDs of different lengths with 50 kAcm ™2
applied current density.

3.5 Width variation

A common method to achieve high optical power from a ridge waveguide
device is to use a wide ridge, increasing the emitting area and the number of
photons in the waveguide.This has the effect, however, of increasing the
transparency current. This is a particular concern when designing a SLED as
the transparency current is approximately double that of a laser diode based
on the same material.

Increasing the width also has the benefit of increasing the lateral component
of the optical confinement factor I'. As a greater fraction of the generated
photons overlap with the active area, the modal gain is increased. This reduces
the transparency current density and increases the potential maximum optical
power. Figure 3.7 shows the optical change in optical confinement factor and
transparency current density with ridge width.

The risk associated with increasing the ridge width is that the device may
begin to operate in filamentary mode with some sections of the waveguide
lasing preferentially over others [76,77]. This can lead to the formation of
higher order which would distort the spectrum. This means that keeping the
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ridge as narrow as possible while maximising the I" factor should be the
objective when designing a SLED. Figure 3.8 shows the simulated L-J curves of
SLED devices with different ridge widths. The devices in these simulations
have a waveguide length of 1 mm and the reflectivity of both facets is 0.1%.
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Figure 3.7: Lateral component of the optical confinement factor and transparency current
density of a GaN SLED versus ridge width.
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Figure 3.8: Simulated L-J characteristic for 1 mm long SLEDs with different ridge widths.

It is clear that wide ridge devices are more efficient at any current density due
to their lower transparency current density and greater emitting area. The
current required to reach these current densities is much greater, however,
than it is for narrower ridge devices. Figure 3.9 shows the simulated L-I curve
up to 2 A for devices with different ridge widths. The narrower ridge devices
are more efficient in this region and therefore appear a better design choice for
applications where the extremely high currents required to drive the wider
devices cannot be easily supplied.

An advantage of using an increase in ridge width rather than length to
increase optical power output is that the gain medium remains the same
length. This means a lower modulation depth and a reduced chance of the
device beginning to lase at high power. The optical power boost increases
linearly with width however as the emitting area is increased, while increasing
the length provides a superlinear increase in optical power.
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Figure 3.9: Simulated L-I characteristic for 1 mm long SLEDs with different ridge widths.

3.6 Facet reflectivity variation

Controlling the reflectivity of the facets is vital to prevent parasitic lasing and
achieve high optical power. While an ideal SLED has zero reflectivity at the
facets, optical power can potentially be increased by allowing some reflectivity
at the back facet, allowing the light a double pass of the waveguide. This
would lead to a greater level of stimulated recombination and greater
amplification of the light in the waveguide. Figure 3.10 shows the evolution of
power with device length for SLED devices with different facet reflectivity. In
this case the SLED device is considered to be an InGaN based device with a
modal gain of 60 cm ™. The dotted lines show powers for which the
modulation depth in the spectrum is above 0.5 and the curves cut off at the
point where the modulation depth reaches 1 which is analogous to lasing.

The plot shows that a significant boost to output power can be achieved by
increasing the rear facet reflectivity. The devices with rear facet reflectivity
however are more prone to high levels of modulation. The results suggest that
a small increase in rear facet reflectivity when combined with low front facet
reflectivity can provide approximately one order of magnitude greater optical
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Figure 3.10: Power versus length for SLED devices with different facet reflectivities. The
lines become dotted when the modulation depth exceeds 0.5.

power while maintaining a modulation depth less than 0.5.

For some applications where low temporal coherence is essential such as OCT
or projection, low modulation depth is essential. Figure 3.11 shows the
evolution of modulation depth with device length for devices with different
facet reflectivities. The modulation depth increases rapidly with facet
reflectivity. It is clear that maintaining very low front facet reflectivity is
essential for applications where spectral quality is important. The simulations
suggest that even a facet reflectivity as low as 1073 is not sufficient to prevent
parasitic lasing in a high power device.
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Figure 3.11: Modulation depth versus length for SLED devices with different facet reflec-
tivities.

3.7 Quantum Well Variation

The epitaxial structure used in device fabrication decides the material gain,
carrier confinement and optical confinement. The number of quantum wells in
the structure is a very important factor for the performance of the device.
Including a larger number of quantum wells in the structure increases the
mode overlap with the active region, increasing the maximum gain which can
be achieved. Fewer quantum wells allow for higher carrier densities to be
achieved in the wells at lower driving currents which will decrease the
transparency current density. Achieving the optimum balance between high
gain and low threshold can be achieved by choosing the correct number of
quantum wells. The gain curves for GaN devices with different numbers of
quantum wells were simulated using the SiLENSe laser diode simulation
package. This package simulates the bandgap, carrier density and electric field
distribution for a given layer structure. For these simulations, identical current
injection and cladding layers were used and the number of wells in the active
region was changed between calculations.

The laser parameters used in these simulations are shown in Table 3.2. These
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parameters were chosen to simulate a SLED with low facet reflectivity. The
software calculates the TE and TM modes in the waveguide as well as the
mode overlap with the active region. These factors together with the carrier
density in the active region and the waveguide loss allow for the net gain per
well to be calculated by the program. This value is multiplied by the number
of wells to give the total gain in the active region.

Table 3.2: Laser parameters used in simulation of GaN based laser diodes.

Parameter Value (Units)
Waveguide length 1000 (um)
Waveguide width 3 (um)

Front facet reflectivity 0.01
Back facet reflectivity 0.01
Substrate thickness 300 (um)

Figure 3.12 shows the evolution of gain with current density for different
numbers of QWs. It is clear that reducing the waveguide loss would be highly
advantageous. The gain increases at the fastest rate at low currents with
diminishing returns as the current is increased further. A lower waveguide loss
would allow for a significantly decreased transparency current density as well
as greater amplification in the waveguide.

In the single QW device the gain overtakes the waveguide loss at a current
density of 6 kAcm 2. In the devices with more QWs the transparency is
reached at higher current densities. The gain in the MQW devices increases
more rapidly with current than in the SQW devices, providing the potential for
much higher power.

Figure 3.13 shows simulated L-J characteristics for SLEDs with different
numbers of QWs. As suggested by the gain curves, the SQW device is the first
to reach transparency, with the efficiency decreasing as the gain saturates. The
MQW devices increase rapidly with increasing current density above
transparency. This suggests that devices with fewer QWs should be used in
cases where the threshold for superluminescence in the material is high as
very high current density would increase heating and possibly damage the
metal contacts. For materials with relatively low transparency current
densities and where there is a robust contact, MQWs should be chosen to
maximise the output power.
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Figure 3.12: Simulated gain curves as a funciton of current density of GaN laser structures
of with different numbers of QWs.
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Figure 3.13: Simulated L-J curves of GaN SLEDs with different numbers of QWs.
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3.8 Waveguide Loss

Equation 2.21 shows that the power in a SLED increases exponentially with
the net gain, i.e. the modal gain I'g minus the loss «. In Figure 3.3, the loss is
25 em~t. The SLED enters the superluminescent regime when the gain
overtakes the loss. If the loss could be reduced, superluminescence could be
reached at a lower current density. Figure 3.14 shows simulated L-I
characteristics of 1 mm long SLEDs with different levels of waveguide loss.
As expected, decreasing the loss allows for higher optical power to be attained.
Reducing the loss from 25 em~! to 10 cm ™! leads to an increase in optical
power by a factor of 1.8. The gain appears to be saturating earlier in the
devices with lower loss. This is due to the high photon density inducing
recombinations and reducing the carrier density as discussed earlier in this
chapter. In GaN SLEDs the loss can be reduced by reducing the Mg doping
near the QWs. The extra holes in the p-type GaN can absorb photons,
increasing the loss.

Power (mW)

0 10 20 30 40 50
Current density (A cm™)

Figure 3.14: Simulated L-I characteristic of GaN SLEDs with different levels of waveguide
loss.

High Power Superluminescent Light-Emitting 57 Rory Cahill
Diodes



3. DESIGN AND OPTIMISATION OF SLEDS 3.9 Summary

3.9 Summary

In this chapter a model of the performance of SLEDs with different device
geometries and epitaxial structures is presented. The model shows how the
non-uniform distribution of the carrier density must be factored into the
calculations for high power devices. A uniform carrier density model
overestimates the increase in gain from increasing device length.

The trade-offs between increasing device power using length, facet reflectivity
and epitaxial structure and maintaining a broad emission spectrum are
discussed. The output facet reflectivity is found to be the crucial determinant
of whether a broad, smooth spectrum is achieved. With sufficiently low front
facet reflectivity, large optical powers can be produced without incurring a
decrease in spectral quality. The facet reflectivity must be particularly low in
high power devices, where a reflectivity as low as 0.1% can still result in
significant modulations.

It is suggested that for devices with lower optical gain, steps can be taken to
significantly increase power without needing to ensure very low reflectivity.
For these devices a reflective back facet could be a useful method of boosting
the optical power. For higher power devices such as GaN based SLEDs, extra
steps may be needed to prevent parasitic lasing. For example an anti-reflection
coating could be used as well as another feedback suppression method like a
tilted facet.

The epitaxial structure is discussed. It is shown that devices with fewer QWs
can achieve transparency at a lower current density than devices with more
QWs. Devices with more QWs can achieve higher gain and may be useful in
low threshold materials where contact resistivity is not an issue. Several
quantum wells are recommended for GaAs and InP based SLEDs where as
fewer QWs are recommended for GaN devices. Although using several QWs
theoretically enables the highest power conversion efficiency, very high bias
and current density are required to reach the regime where this occurs. For
example in the simulations shown the 2QW GaN SLED becomes more efficient
than the SQW device at an injection level of 50kAcm ™2 . Finding an Ohmic
contact which can provide low enough contact resistivity to allow this level of
injection without failure presents a difficult obstacle to realising such a device.
Choosing the configuration which is most efficient up to 50 kAcm 2 i.e using
one or two QWs appears to be the most practical option for high power GaN
SLEDs. The impact of waveguide loss on the output power is also discussed. It
is shown that reducing this loss can allow for a reduction in the threshold for
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superluminescence and boost optical power. This can be achieved by reducing
the level of p-doping close to the active region.

The optimisation of ridge geometry is discussed. Increasing the width of the
waveguide is shown to reduce transparency current density and provide higher
optical power. However, the benefits of this are only seen when very high
currents are applied. Also increasing the ridge width increases the risk of
filamentation and non-uniformity in the lateral intensity distribution. For these
reasons a narrow ridge appears to be the best choice for SLEDs.

Short cavity lengths appear to be a useful method of achieving high powers on
GaN devices, providing a lower transparency current and reduced spectral
modulations when compared with longer devices. Arraying shorter devices is
suggested as an alternative to lengthening waveguides as a means to achieve
higher optical peak powers from GaN SLEDs. The spacing and size of these
arrays would need to be optimised however to find the best compromise of
maintaining a small etendue and preventing overheating due to closely spaced
ridges.
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Chapter 4

Process Optimisation

4.1 Introduction

This chapter describes the fabrication of GaN surface emitting SLEDs. The
crucial process steps are identified and described in detail.

As high current density is required to achieve population inversion and
superluminescence, a high quality Ohmic p-contact with low resistivity is
essential. Achieving such a contact to p-GaN has been the subject of intensive
research for decades [78-80]. The difficulty in growing highly doped p-GaN
layers provides a challenge to forming laser-quality ohmic contacts. Another
challenge arises from the lack of metals or conducting oxides with a work
function greater than that of p-type GaN [81]. Palladium was selected due to
its high work function and usefulness as a hard mask.

The high current densities mentioned above also necessitate good heat
spreading to alleviate the thermal load on the Pd p-contact. A thick
electroplated gold contact was developed to improve heat dissipation. The
design of these contacts was important as heat dissipation needed to be
maximised while maintaining good optical and electrical performance.

Also crucial to the fabrication of these devices is the etching of a smooth 45°
sidewall for the downward reflection of light through the substrate. This
process requires knowledge and control of several factors including the resist
profile, etch chemistry and selectivity as well as the need to consider the
impact of other features such as the ridge waveguide on the mirror etch in the
mask design. The development of this etch is explained below.
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4.2 Wafer Structure

For superluminescence to be achieved, the modal gain in the waveguide
material must exceed the loss. For this reason, the GaN epitaxial structures
used for the fabrication of blue SLEDs were grown on bulk GaN substrates.
Bulk GaN substrates provide better lattice matching with the GaN epitaxial
layers grown on them than sapphire or silicon substrates. The reduction in
lattice mismatch reduces the defect density in the material. Fewer defects
means less non-radiative recombination and loss due to absorption, improving
the net gain and overall efficiency of the device while simultaneously reducing
the amount of heat generated during operation. The better quality growth
enabled by using a bulk GaN substrate also improves the reliability of devices
due to the reduction in defect density.

The epitaxial layers were laterally grown by metal organic vapour phase
epitaxy (MOVPE) on the c-plane (0001) Sumitomo GaN substrate [30]. This
growth method confines defects to high defect density ’lines’ shown in Figure
4.7, while the regions in between have very high crystal quality. The devices
are fabricated in these high quality regions.

The epitaxial structure is shown in Table 4.1. The laser waveguide structure
was composed of two InGaN quantum wells separated by GaN barriers, a 1 um
thick n-type AlGaN bottom cladding layer and Mg doped AlGaN
electron-blocking layer, a 100 nm thick p-type GaN waveguide layer and a 500
nm thick p-type AlGaN top cladding layer. A heavily p-doped GaN cap layer
completes the structure.
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Table 4.1: Wafer structure used for fabrication of blue SLEDs.

Layer Thickness (nm)
p-GaN cap 50
p-AlGaN 500
p-GaN 60
p-AlGaN cladding 20
p-GaN 50
GaN EBL 50
GaN barrier 150
InGaN QW -
n-GaN barrier -
InGaN QW -
n-GaN barrier -
n-GaN 150
n-AlGaN cladding 1000
n-GaN 1000

4.3 A typical laser diode process

Figure 4.1 shows a typical GaN laser diode structure. The wafer structure is as
described in the previous section with the cladding layers providing
confinement in the transverse direction. A ridge waveguide confines the light
in the lateral direction and two reflective etched facets at either end of the
device create the Fabry-Perot cavity.

A p-contact on top of the etched ridge structure and n-metal on the conducting
n-GaN substrate provide the contacts for electrical injection. The deposition of

P-contact
Sio,

P-GaN

GalN EBL | < P-AlGaN cladding
o .
InGaN QWs <«—GaN barrier

I
“——N-AlGaN cladding

N-GaN

N-contact

Figure 4.1: Cross section of GaN based laser diode.

High Power Superluminescent Light-Emitting 62 Rory Cahill
Diodes



4. PROCESS OPTIMISATION 4.4 SLED fabrication process flow

this p-contact is the first step in a laser diode fabrication process. After the
p-contact has been deposited the ridge structure is etched. As c-plane GaN is
chemically inert this is done by ICP dry etching. The next step is to deposit an
insulating oxide layer on to the surface of the chip. This is to prevent short
circuiting after the bond pads are deposited. A window is opened in the oxide
above the p-contact either by chemical wet etch or ICP etching. The bondpad
is then deposited on top of the exposed contact and oxide layer. The bondpad
is deposited to provide a larger electrical contact for wire-bonding during the
packaging process.

Next the n-contact is deposited on the back surface of the chip by e-beam
evaporation. The n-contact can alternatively be deposited on the top surface of
the chip if the surface is etched down to the top of the n-GaN layer.

Finally the reflective facets must be formed. This can be achieved by cleaving
the devices or by etching a vertical facet at either end and depositing
high-reflectivity coatings on the facets.

4.4 SLED fabrication process flow

A surface emitting SLED fabrication process has several key requirements in
order to produce a functioning and efficient device. While the fabrication
process is similar to that of a laser diode there are some unique considerations
which must be taken into account. The waveguide must be sufficiently long for
amplified spontaneous emission to provide high powers, as the light does not
undergo multiple round trips of the cavity a longer waveguide may be required
to reach laser-like levels of optical power. The waveguide must also be narrow
to confine the light in the lateral direction. The current injection area must be
small enough to allow high current densities to be achieved easily. The high
current density is required to cause the carrier population inversion needed for
light amplification. The turning mirrors must have extremely smooth sidewalls
so that beam quality is maintained during the reflection. If the sidewall is
rough the light will be scattered and the directionality will be lost. Thick gold
bondpads are required to make wire-bonding and probing the devices easier,
but also to help dissipate this heat. A process flow was created to efficiently
address all of these requirements. A brief outline of the process is described
here with the steps described in more detail in this section.
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4.4.1 P-contact deposition

The Pd p-contact is deposited by e-beam evaporation. A two level lift-off resist
lithography is used to pattern the semiconductor surface. First a pre-exposed
resist (PMGI SF11) is spun onto the surface of the semiconductor. This is cured
at 170C before the imaging resist is spun on. The pattern is generated by
exposing the imaging resist to UV light through a chrome and quartz mask.
The pattern is developed using a resist remover chemical which removes the
resist which has been exposed to UV light was well as any pre-exposed resist.
The pre-exposed resist is developed quickly resulting in an undercut of the
imaging resist.

After the patterning the sample is dipped in Aqua-Regia to remove any dirt or
surface oxides which may be present. The Pd is then deposited and the
samples placed in a solvent to remove the excess resist, leaving the patterned
metal on the surface. The patterned metal defines the ridge of the SLED.

4.4.2 Ridge etch

In order to confine the light in the lateral direction, the ridge waveguide must
be etched. The Pd pattern acts as a hard mask for this step so no alignment is
required. The samples are etched by ICP in Cl, plasma with laser end point
detection used to monitor the etch depth. The depth is confirmed using a
profilometer after the etch is complete.

4.4.3 Pd wet etch

As the Pd acts as a mask and is quite resistant to ICP etching, the Pd at the
ends of the waveguide must be removed to allow for the etching of the angled
turning mirror. The sample is patterned with an imaging resist and dipped in
Aqua Regia which removes the Pd from the exposed areas. Once the Pd has
been completely removed from the desired areas the resist is removed with
solvent.

4.4.4 Sloped mirror etch

The turning mirrors at the ends of the waveguide require a smooth, sloped
profile to reflect the light downward through the transparent substrate. The
ideal angle for this is 45 deg.
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4.5 P-contact optimisation

It is crucial in a SLED that the p-contact is optimised to provide the lowest
possible contact resistivity. Reducing the voltage required to drive current into
the device will reduce the amount of heat generated and allow the device to
operate at higher current densities or with longer pulse lengths. An ohmic
contact is also essential for the most efficient delivery of current from metal to
semiconductor. Initial attempts to form a contact to p-GaN laser material
showed that the contact was non-Ohmic as deposited. The contact resistivity
of the order of 1072Qcm? was also much higher than required. For this reason
additional steps had to be taken to optimise the Pd p-contact process on this
material.

4.5.1 Circular Transmission Length Measurements (C-TLM)

The principle method used to characterise the quality of the Pd contact on GaN
was the circular transmission length (C-TLM) method. This is a modified
version of the linear transmission line measurement however it is a simpler
test to perform as it requires only a single level of lithography where a linear
TLM requires both metal deposition and etching of a mesa.

The linear TLM measurement was introduced by Shockley [82]. Through this
method the specific contact resistance of a given contact could be calculated
using the known distance between contacts and the resistance between the
contacts. A disadvantage of this kind of structure can be the spreading of
current between adjacent contacts due to current crowding. To address this
issue the circular TLM structure was introduced [83]. The structure consists of
a circular central electrode separated from the outer electrode by a concentric
gap. A schematic of such a structure is shown in Figure 4.2.

For linear TLM structures the contact resistance is calculated by plotting the
point to point resistance (R,,) against the gap spacing between contacts. The
intersection of the linear fit of the data with the resistance axis gives the
contact resistance. The intersection of the fit with the distance axis provides
the magnitude of the transfer length, a measure of the quality of the ohmic
contact.

The specific resistance of a contact in a TLM structure is given by

Pec = RshL% (41)

High Power Superluminescent Light-Emitting 65 Rory Cahill
Diodes



4. PROCESS OPTIMISATION 4.5 P-contact optimisation

Figure 4.2: Schematic of a C-TLM feature. The grey indicates Pd deposited on the GaN
surface which is indicated by white.

where R,y is the sheet resistance and Ly is the transfer length. These are
related to the measured point to point resistance by

Rsh
2T

Ry 1 1
L R
R2—8)+ T(R2—8+R2)]

R,, = [In( 4.2)
Under the condition that Ry = R; + s the In term in Equation 4.2 can be

evaluated using a Taylor expansion. This allows the equation to be rewritten as

Ry
— L .
RPP 27TR1 [S + T]C (4 3)
where c is the correction factor
_ Ry Ri+s
c= . In( R ) 4.4

For circular TLM features the correction factor must be applied to each R,,
value [83]. This provides a linear data set from which the contact resistance
and transfer length can be extracted in the same way as with a linear TLM.

4.5.2 Surface preparation

In order to achieve a good ohmic contact between metal and semiconductor
the wafer surface must be cleaned before the metal is deposited. Initial tests
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on the high quality GaN wafers used for laser fabrication showed that the Pd
contact had a higher resistivity than on GaN LED material on a sapphire
substrate. As the evaporation conditions for both samples were identical, the
surface preparation was suggested as the potential reason for the difference in
resistivity. Another factor could be differing levels of doping between the two
wafers.

During the epitaxial growth of GaN, there is a tendency for carbon and oxides
to form on the surface of the p-type material [84]. This can act as a barrier to
hole transport and increase the p-contact resistivity.

For this reason the GaN LED samples were cleaned in KOH prior to loading
into the e-beam evaporator. KOH has been shown to be effective in removing C
from the surface of GaN wafers. It can also etch facets presented by threading
dislocations to present a "new surface" with a lower threading defect

density [85,86]. The laser material however was not cleaned in this way as
KOH attacks n-face GaN and would damage the back surface of the wafer. A
test was run to find the impact of KOH cleaning on contact resistivity on the
laser material. Two identical samples of free-standing GaN were used in this
test. The cleaning process was:

* 5 minutes in SiO, etchant

1 minute flowing DI water rinse
* 5 minutes in HCI

* 1 minute flowing DI water rinse

30 seconds in KOH at 100°C

30 seconds in DI water

1 minute flowing DI water rinse

The KOH step was skipped for one of the samples. A 40 nm layer of Pd was
then deposited onto the surface of the samples by e-beam evaporation. C-TLM
test sites were used to check the contact resistivity and sheet resistance of the
Pd. Figure 4.3 shows that the sample cleaned with KOH provides an ohmic
contact with much lower resistance than the sample which was not cleaned
with KOH. The sample which was not cleaned in KOH does not provide an
Ohmic contact. These measurements were taken using a Keithley 2400
sourcemeter which is accurate to within 0.12% in this range.

The samples were inspected using an optical microscope before and after
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cleaning. The KOH clean has a visible impact on the surface, with stains and
dirt removed after the KOH dip. Figure 4.3 shows the surface of a GaN laser
wafer before and after the KOH cleaning step. It is clear that the KOH step is
effective in removing foreign contaminants arising from the dicing process
from the wafer surface.

(a)

(b)

Figure 4.3: Surface of GaN laser wafer (a) before and (b) after KOH cleaning step in three
different locations on the wafer.

It is clear that a large contribution to the total point to point resistance on the
sample that was not cleaned comes from the contact resistance rather than
sheet resistance as there is very little change in point to point resistance with
decreasing feature size. If the sheet resistance is dominant and the contact
resistance is low the expected result is for the point to point resistance to
decrease with decreasing feature size as is observed on the sample which is
cleaned with KOH before the metal is deposited. This difference is most likely
due to the removal of C and native oxides from the surface of the material by
KOH allowing for a better metal-semiconductor contact [87]. From these
results it was decided that the KOH cleaning step is essential to achieving a
quality ohmic contact with low resistance.

4.5.3 Annealing
It was observed in early attempts at fabricating devices that annealing the

devices at 300°C for five minutes in Nitrogen ambient gas improved the
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Figure 4.4: Comparison of circular TLM measurements for Pd deposited on GaN laser
wafer with and without KOH cleaning. The inner contact radius for all sites was 25 um,
the outer radius Rj is indicated in the legend.

p-contact characteristics. This may be due to the formation of AlPd, and GaPd,
phases at the interface between metal and semiconductor [88,89].

These annealed contacts were on surfaces which had not been cleaned with
KOH prior to the Pd evaporation. To find the ideal conditions for annealing,
the improved KOH cleaned samples a series of anneals were performed with
different conditions.

Earlier work in this group showed that annealing Pd at temperatures greater
than 600°C can damage the contact while annealing at temperatures lower
than 300°C has little effect. For this reason the three temperatures used in the
annealing trials were 300°C, 400°C and 500°C. All samples were annealed in
N, ambient gas.

The samples were prepared according to the steps outlined in section 4.2.1,
including the KOH clean. Figure 4.5 shows the C-TLM data for each of the
samples. The correction factor has been applied to the data to provide a linear
data set from which the contact resistance and transfer length could be
calculated. Table 4.2 shows the correction factors used for each gap spacing.
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Table 4.2: Linear correction factors for different gap spacings (s) for C-TLM measurements.

Gap length (um) | Correction factor
175 0.501359
115 0.519097
85 0.584866
45 0.713171
15 0.874548
100000
W 300C 5 min
® 300C 10 min
1 A 300C 15 min
¥ 400C 5 min
80000 400C 10 min
400C 15 r_nin
1 @ 50 1omn .
% 500C 15 min
’g 60000 - Linear fit n
c
)
o 40000 4
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Figure 4.5: C-TLM data for GaN laser samples with Pd annealed for different times at
different temperatures. Linear correction factor has been applied to the data.

Initial measurements showed differing levels of sheet resistance between the
samples. It was noticed that the high defect density lines in the material had a
significant effect on the R,,. This is why the increased slope comes into effect
at high gap spacings on some chips. If a high defect density line ran through
the gap as shown in Figure 4.7, the R,, is greatly increased. This is much more
likely to occur at a feature with a larger gap spacing. This may explain the
apparent difference in sheet resistance between the measurements shown in
Figure 4.5. The slopes look similar for all measurements at small gap spacing
with the apparent sheet resistance difference only evident as gap spacing

increases.
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Figure 4.6: Contact resistivity of Pd contact on samples with different anneal temperatures.

Taking care to measure only features without defect lines running through the
gap spacing, the sheet resistance is consistently 2.5 x 10* 2 on all samples.
This suggests that anneal does not affect the properties of the p-GaN itself,
rather the interface between the Pd and p-GaN.

The annealing does have an effect on the contact resistance particularly at
400C and 500C. The lowest contact resistivity was achieved on the sample
which was annealed at 500C for five minutes. On this sample the point to
point resistance measured at the site with 15 um gap spacing was 2228 ().
Resistances of this magnitude were also achieved with the 500C anneal for ten
minutes and fifteen minutes as well as with all of the 400C anneals.

The 300C anneals did not provide the same low contact resistivity as the
higher temperatures. This may have been due to it being insufficiently hot to
promote the formation of a thermal nitride at the interface. The ten minute
anneal at 300C provided particularly high contact resistance when compared
with the other results. This may be due to a poor lift-off or cleaning of the area
on which the contact is deposited.

The chips were inspected under an optical microscope after the anneal
process. There was no visible evidence that the anneal had damaged the
contact or impacted on the surface of the metal. The patterns remained well
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defined during the anneal.

Figure 4.6 indicates the high level of error in the contact resistivity
measurement. This level of error makes it difficult to determine which anneal
truly provided the lowest resistivity, however it is clear that the 300°C anneal
provides the highest resistivity. The margin of error also appears lowest for the
400°C anneal suggesting that it is a more reliable result and more likely to
provide low resistivity than the 500°C anneal. The 400°C anneal is also
preferred as there is a lower risk of damage to the material when a lower
temperature is used. The fabrication of LEDs using each of these anneals
would help to give a better indication of which anneal conditions provide the
best contact.

Figure 4.7: C-TLM site with high defect density lines. The position of these lines affects the
sheet resistance measurement at different positions.

4.5.4 Post-processing annealing

Some devices which were fabricated before the p-contact optimisation were
annealed in an attempt to improve the I-V characteristics. The devices were
annealed in N, at 400C for five minutes as these were the conditions which
provided the lowest contact resistivity. The results shown in Figure 4.8 show
that the anneal post-processing significantly reduced the operating voltage of
the devices.

Another explanation could be that the later devices were fabricated on a wafer
with a lower level of p-doping. This was an attempt to reduce losses in the
waveguide due to absorption by magnesium dopants in the cladding

layer [90]. While the lower level of doping may help to reduce waveguide
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losses it results in a more resistive path to the active region for injected holes
through the p-side.
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Figure 4.8: I-V characteristics of four 1 mm SLED samples before and after a 400°C
anneal.

4.5.5 Pd hard mask etching

The ridge etch step in the GaN SLED fabrication process involves using the Pd
contact metal as a hard mask. This simplifies the processing and improves
accuracy as it is a self-aligned process. There is potential however for the ICP
etching process to damage the Pd contact. The effects of the etch on the Pd
contact were investigated by fabricating LED devices on a GaN on Si wafer.
Both samples were cleaned identically and had the p-metal deposited in the
same evaporation. One sample was then etched with Cl, to a depth of 500 nm
to replicate the effects of the ridge etch. Both samples were then etched to a
depth of 900nm to form the mesa and a Ti/Al/Ti/Au n-metal contact was
deposited. The electrical characteristics of both sets of devices were measured
and are compared in Figure 4.9.

The LEDs devices with contacts which were exposed to the ICP etch display a
slower turn on at low current. At higher currents however the behaviour of

High Power Superluminescent Light-Emitting 73 Rory Cahill
Diodes



4. PROCESS OPTIMISATION 4.5 P-contact optimisation

3000

2500 +

Unetched
Etched

2000

1500

Voltage (mV)

1000

500

0 T T T T T T T
0 2 4 6 8 10

Current (mA)

Figure 4.9: Comparison of I-V characteristics of LED samples with contacts etched by Cly
and samples with unetched contacts.

these devices is identical to the devices with contacts which were not etched
by Cl,. Log IV measurements were taken to compare the low current
characteristics more closely. These results are shown in Figure 4.9.

An observation taken from SEM images after the Pd hard mask etch was the
presence of some residue on the surface of the Pd which is shown in Figure
4.10.

This residue had a polymer-like appearance and could be easily removed using
1165 photoresist remover. It was suspected that this residue was PdCl,, a
polymer which can form at high temperatures. This did not have an impact on
the contact resistivity however a cleaning step comprising a dip in the
photoresist removal solvent 1165 was introduced to remove the residue to
prevent any interference with later processing steps.
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Figure 4.10: SEM images of Pd contacts on GaN after Pd hard mask ICP etch. The images
(a) and (b) show the contacts with residue before the solvent clean. (c) and (d) show the
contacts after the solvent clean which removed the residue.

4.6 Sloped mirror etch

The sloped mirror etch is an important step in the fabrication process of
surface emitting SLEDs. A smooth sidewall is required to prevent scattering
and preserve beam quality, while an angle close to 45° is desirable. Light
incident at 45 ° will be reflected at the same angle, providing a 90 ° turn with
the light travelling normal to the substrate. It is important that the light is
incident on the back surface at an angle less than the critical angle for efficient
extraction. The critical angle for a GaN/Air interface is 25°. Light striking the
back surface at an angle greater than the critical angle will be reflected and
trapped inside the chip.
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4.6.1 Resist profile modelling

Resist reflow was the technique used to achieve a sloped profile for the mirror
etch. This technique involves heating the photoresist above its melting point
after patterning. When the resist enters the liquid phase, surface tension
effects cause the rounding of sharp corners and sloping of vertical walls as the
surface energy moves towards a minimum. This process is governed by
Young’s equation [91]

045 = 015 + 01,C05(O) (4.5)

and the Young-Dupre equation:
Wasl = O'lg(COS(@) — 1) (46)

Where o, 045, 014 are the gas-solid, liquid-solid and liquid-gas interfacial
surface tensions respectively, © is the contact angle as illustrated in Figure
4.11 and W, is the wetting parameter, a measure of how well the liquid
adheres to the solid surface. A higher degree of wetting will mean a larger
interfacial surface area between liquid and solid.

Equations 4.5 and 4.6 describe how a liquid will interact with a solid at the
interface. The surface of the liquid droplet itself is described by the

Young-Laplace equation:
1 1

R R

Where Ap is the difference in outward and inward pressure at a across the

Ap = —( ) (4.7)

interface of the droplet, ~ is the surface tension and R; and R, are the
principal radii of curvature of the droplet.

Thermally driven polymer reflow is a dynamic process dependent on the
viscosity of the droplet. The energetic imbalances between at the interfaces
between liquid solid and gas drive a creep process which eventually leads to
the elimination of sharp corners and wetting of the substrate. Over time the
liquid-solid interfacial surface area and surface area of the droplet itself will
move toward the minimal energy state described by equations 4.5, 4.6 and 4.7.
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Figure 4.11: Schematic showing liquid droplet on solid surface.

ICP etching of GaN samples with Shipley 1828 resist showed 1:1 selectivity
between the resist and GaN. This was achieved by tuning the platen power
which influences the velocity at which the etching ions strike the
semiconductor surface. This meant that the profile of the GaN would be
wholly dependent on the profile of the photoresist. An example of this effect is
shown in Figure 4.12 where the photoresist profile is transferred directly on
the GaN sample. Figure 4.12 (b) shows that any lines or wrinkles in the resist
pattern will also be transferred into the GaN sidewall. It was clear that

controlling the resist profile would be crucial to achieving a smooth 45° etch.

Photoresist Photoresist

a of um ag \ o
13 7. 0111.5 mm21.7 um 30.00 label 13 745 11.5 mm21 0 KV Jabel

Figure 4.12: SEM images of 4.5um thick Shipley 1828 photoresist on GaN surface after
ICP etching in BCls chemistry. (a) shows a cross section of a cleaved GaN samples with
photoresist on top. The etched GaN sidewall follows the sloped profile provided by the
photoresist. (b) shows an etched feature where a wrinkle in the resist has been transferred
onto the GaN sidewall during the etch.

It was observed from previous fabrication trials that the sidewall angle on
reflown resist was not constant across all patterns and surfaces. Smaller
circular features such as uLEDs were observed to have steeper sidewall slopes
than larger patterns. Patterns with sharp corners such as squares and
rectangles had steeper sloped sidewalls near the corners. Also the same
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shaped pattern could provide a different sidewall angle depending on whether
the pattern was a hole surrounded by resist or a small patterned piece of resist
on an otherwise bare surface. With all of these metrics to consider it became
difficult to predict the sidewall angle that would result from a given pattern.

Figure 4.13: SEM top view image of rectangular mirror trench etched in GaN. The dark
colour is the bottom of the trench while the lighter colour is the p-GaN surface. The depth
of the etch is 4.6pum The sloped sidewalls are steeper at the corners and become more
shallow further from the corner.

The Surface Evolver [92] software package was used to simulate the effects of
surface tension on 3D objects. The soap-film model takes a given shape and
allows for the calculation of the minimum energy shape of the initial object.
Studies on photoresist reflow have previously been carried out using Surface
Evolver for micro-lens pattern optimisation [93]. Here, the program is used to
better anticipate the effect of photoresist reflow on the patterns used for SLED
mirror etches.

The simulations were based on the mound example given in the Surface
Evolver manual [94]. The surface energies of the photoresist and
semiconductor surface and contact angle are used to calculate the interfacial
energy between the liquid and solid. Over each iteration the energy of the
shape is moved closer to the minimum until convergence is reached. The
simulation was performed for substrate surface energies. The rest of this
section will present the results of these simulations.

Several different photoresist patterns were used in these simulations to
analyse the effects of reflow on patterns that could be used to fabricate ;LEDs
and SLED mirror trenches. The mesh was created using the Surface Evolver
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Table 4.3: Surface energy values used in Surface Evolver simulations of resist reflow.

Material Surface Energy (m.Jm=2)
GaN 2400 [95]
GaAs 860 [96]
SiO, 38 [97]
Photoresist 1813 33 [93]
Photoresist AZ4562 50 [98]

and the surfaces were assigned surface energy values obtained from literature.
These values are shown in Table 4.3.

The size of the mesh elements is important to consider, as larger mesh
elements will be greatly changed after each iteration, while finer elements will
converge to equilibrium more slowly. To simulate the ’creep’ of photoresist, a
relatively slow process, a fine mesh was used. The simulations were run until a
converge condition was met whereby the overall surface energy changing by
less than 0.01% between iterations ended the simulation.

(@) )

Figure 4.14: Surface Evolver models of disc shaped photoresist pattern sitting on GaN
(a) before and (b) after thermal reflow. The initial thickness of the resist is 4um with a
diameter of 20um

The first pattern analysed was a simple disc shape. This pattern could be used
in the fabrication of micro-lenses or uLEDs to provide a parabolic profile. The
slope was measured by using the Surface Evolver’s clip feature which allows of
a cross section of the pattern to be viewed. An example of the evolution of this
pattern is shown in Figure 4.14. The shape of the pattern does not change
after a number of iterations, indicating that after a certain amount of time the
reflow stops as the resist has reached its minimum energy state. Increasing the
temperature could allow for further reflow by decreasing the viscosity of the
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Figure 4.15: Sidewall angle of disc shaped pattern after reflow with changing ratio of
photoresist thickness to feature size.

The results of the simulations show that the ratio of resist thickness to the size
of the pattern is a key determinant in the sidewall slope. The slope is steep
when the resist thickness is large relative to the feature size. As the feature size
is increased or thickness is reduced, the slope begins to decrease. Increasing
the feature size to thickness ratio further, the sidewall slope begins to increase
again and eventually levels out. This is because for larger features the bulk of
the resist is not significantly affected by surface tension effects as it is already
at minimum energy. Only the sharp corners near the edge of shape are affected
with the rest of the photoresist remaining relatively stationary throughout the
reflow process. For the shapes with lower feature size to thickness ratios, the
entire pattern is affected by the reflow process as the height of the initially
vertical sidewall, which becomes parabolic during reflow, represents a greater
percentage of the shape’s surface area than it would on a larger feature.
Square shaped features were also studied as part of these simulations. It was
noticed from experimental results that thermal reflow could have result in the
rounding of sharp corners and bowing of straight lines. This effect did was not
consistent across all shapes however, impacting smaller features more
significantly than larger features. The relative change in surface area was used
to measure how the reflow affected each pattern. Figure 4.16 shows how a
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square shape with sharp corners is impacted by resist reflow. The relative
change in pattern area is shown in Figure 4.17. It is clear that smaller features
are more significantly affected by reflow and that this needs to be accounted
for in the mask design.

Figure 4.16: Top view of original square mask pattern (red) superimposed on shape after
reflow (grey).
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Figure 4.17: Percentage increase in photoresist pattern area on GaN surface after reflow
versus feature size/thickness ratio.

Reflow also affects trenches or openings in bulk resist. As this is the type of
feature required for the sloped mirror etch, these features were also modelled.
The simulations showed that the steepest slope was at the corners of the
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rectangular trench while the angle was less steep along the sidewalls. The
angle decreased with distance from the corner. This is can be seen in the SEM
image of a trench in Figure 4.13. The length of the sloped sidewall is shorter
closer to the corners of the feature, indicating a more vertical slope. Figure
4.18 shows a comparison of the simulation with an SEM image of a mirror
etch. The change in angle with distance from the corner in the simulation
shows good agreement with the SEM measurement. This is shown in Figure
4.18.
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Figure 4.18: Comparison slope angle versus distance to corner of reflown resist in rectan-
gular trench pattern for simulated reflow and experimental measurement.

As the angle becomes constant further from the corner, mirror trenches with
long sidewalls were chosen in the final mask design. This improved the
alignment tolerance and provided a long section of sidewall with a constant
angle. This helped to improve the beam quality of the devices.

The choice of photoresist was another important consideration in the mirror
etch process. The surface energy of the photoresist would partially determine
the final shape of a feature after reflow. Surface Evolver simulations were used
to simulate two resists: Shipley S1828 and MicroChem AZ4562. The
simulations showed that after reflow the shipley resist produced a pattern
closer to the original than the AZ series resist. The higher surface energy of the
AZ series resulted in pronounced rounding at the corned of the rectangular
trench. This result was observed experimentally and is shown in Figure 4.19.
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Figure 4.19: Results of Surface Evolver simulated reflow of rectangular trench opening in
(a) Shipley 1828 and (b) AZ4562 photoresists and SEM images of rectangular trenches
with sloped sidewalls etched using reflown (c) Shipley 1828 and (d) AZ4562 as the mask.
The resist thickness in both cases was 4.5pum.

4.6.2 Sloped etch for GaN devices

Using the results from shown in the last section, the patterns for the etch
trenches were designed. With the shape of the trench being determined by the
photoresist the next step was to achieve a smooth GaN sidewall. A BCl;
chemistry was chosen for the etch as it has been shown to provide smooth
sidewall features in high temperature GaN ICP etches [99].

GaN test samples were loaded with different shapes patterned in photoresist
on the surface. The platen power and coil power were varied to find the
optimum etch. The combination of 800 W coil power with 100 W ICP power
provided 1:1 selectivity between Shipley S1813 photoresist and the underlying
GaN. As the reflown resist provided a 43.5° sidewall, this was transferred onto
the material, giving a smooth sidewall with a 43.5° slope. Sidewall angles
were measured using a profilometer and also by using SEM imaging. With the
depth of the etch known, the slope could be calculated using lateral length of

High Power Superluminescent Light-Emitting 83 Rory Cahill
Diodes



4. PROCESS OPTIMISATION 4.7 Bondpad electroplating

the slope from a top view SEM image.

Figure 4.20 shows several features etched using the BCl3 ICP etch. The reflown
photoresist is seen on top of the GaN surface, providing the sloped sidewall
profile. The pattern in Figure 4.20 (a) shows how the sidewall slope varies
depending on the distance to the corner of a right angled feature. It also
shows how the slope differs between concave and convex corners. The convex
corners have a less steep slope as surface tension effects pull the photoresist at
the corners back into the bulk of the resist in these areas. This effect does not
occur at the concave corners as the forces pulling the resist back into the bulk
are balanced by those pulling outward from the nearby sidewalls. Figure 4.20
(a) illustrates this phenomenon.

Figure 4.20 (b) shows the end of a rectangular trench. It shows that
elongating the long side of the shape gives a consistent sidewall slope far from
the corner. Figure 4.20 (c) shows features with different radii. As predicted by
the resist modelling, the sidewall angle is different for different sized features.
The effects on square features which were described in the previous section
can also be seen in Figure 4.20 (d) where the smaller square feature has
become rounded by reflow, now resembling a circle.

Increasing the RF power appeared to increase the etch rate without
influencing the selectivity. This is because the RF power affects the velocity of
the ions in the chamber, not the density of the plasma itself.

The ICP did have some impact on the selectivity, with higher density plasmas
etching the GaN more preferentially.

4.7 Bondpad electroplating

With a very narrow p-contact on top of the ridge, bondpads are required to
allow for probing and wire bonding of the devices. These bondpads serve as a
larger area for bonding and probing, with an insulating oxide layer preventing
them from forming a short circuit on the side of the ridge. The bondpads also
improve the reliability of the devices by spreading the heat generated at the
contact over a larger area. A schematic showing the configuration of the
bondpads is shown in Figure 4.21.

The bondpads can be either be deposited by e-beam evaporation or by
electroplating. The plating process involves the evaporation of a seed metal
layer to provide a conductive surface for the electroplating. In this case Cr:Au
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Figure 4.20: SEM images of various patterns etched into GaN by ICP etch. Photoresist is
visible on top of the GaN surface.

is chosen for good adhesion to SiO,. The sample is then patterned with thick
photoresist and placed in a solution containing Au ions. An electric field is
applied between an anode and the sample, causing the ions to move onto the
chip and building a thick Au coating in the resist openings. The seed metal is
removed afterwards with commercial chemical etchants to isolate the devices.
Testing of GaN based laser diodes with both plated and evaporated bondpads
showed that the devices with plated bondpads were capable of withstanding
much higher currents without failing. This is due to the thickness of the plated
contacts. The plated bondpads were several microns thick while the
evaporated bondpads were in the order of hundreds of nanometers thick. This
extra thickness allowed for much better heat dissipation in the devices with

High Power Superluminescent Light-Emitting 85 Rory Cahill
Diodes



4. PROCESS OPTIMISATION 4.7 Bondpad electroplating

Figure 4.21: GaN SLEDs with gold plated bondpads.
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Figure 4.22: I-V characteristic of GaN laser diodes with evaporated and electroplated bond-
pads.

plated bondpads. Figure 4.22 shows the I-V characteristic of devices with
plated bondpads and evaporated bondpads. The devices with evaporated
bondpads fail and short circuit when a high current is applied while the devices
with plated bondpads avoid failure due to better thermal management.
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4.8 Summary

Surface emitting SLED devices were fabricated using a process similar to that
of a ridge waveguide laser diode. A wafer cleaning process was developed
which greatly improved the contact resistivity of the Pd p-contact. The
removal of surface oxides from the p-GaN layers is shown to be an important
step in the fabrication process. The impact of the cleaning process shows that
surface contamination can have a significant impact on the electrical
performance of a SLED or similar device. It is clear that a robust cleaning
method is required as the HCI and BOE dips by themselves were not sufficient
to allow an ohmic contact. As well as removing surface contaminants, the KOH
clean may help to reduce the Ga/N ratio at the surface which improves the
adhesion of the Pd contact [80].

The thermal annealing treatment of the Pd contact was also optimised. The
thermal annealing step helped to improve contact stability and resistivity with
a 400°C anneal providing an order of magnitude reduction. The impact of
annealing shows that the contact is not stable as deposited. If the sample is not
annealed during the process a change in contact resistivity and performance
may occur during the operation of the device due to Joule heating and
non-radiative recombination.

The Surface Evolver program was used to model the behaviour of photoresist
during thermal reflow. The program accurately predicted the shape of the
resist. With this tool the change in geometry from the shapes outlined on the
mask could be predicted. The thickness of resist to feature size ratio emerged
as a key parameter in determining the final reflow shape. This led to
adjustments being made to the mask design to allow for easier alignment and
more consistent mirror etch angles. The Surface Evolver has potential to be a
very useful tool in the design and optimisation of small photoresist features.
An ICP mirror etch process was designed to provide a smooth, angled sidewall
for the turning mirror. The BCl; based etch provided 1:1 selectivity between
GaN and photoresist. It was noticed that GaN was etched slightly more
preferentially when the ICP power was increased. This also increased the
overall etch rate as the energy of the ions in the plasma was increased. The
pattern transferred onto the semiconductor exactly matched the profile
provided by the photoresist, underlining the importance of predicting and
controlling the reflow.
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Chapter 5

Characterisation of SLEDs

5.1 Introduction

In this chapter the results of characterising GaN based surface emitting SLEDs
are presented. The characterisation was performed to measure the
performance of the devices in the key areas of SLED performance: optical
power, spectral quality, beam quality and efficiency:.

Where not stated the results in this chapter pertain to a 1 mm long device with
two outputs emitting in the same direction. The width of the waveguide for all
devices unless stated otherwise was 3 pm. There was a 10um passive
absorbing region in front of one output in order to reduce the impact of optical
feedback in the waveguide.The combination of 1 mm waveguide length and 3
wm width was chosen as it provided a suitably long gain medium to provide
significant amplification while still requiring a relatively low current injection
to reach the superluminescent threshold. The chip was thinned to a thickness
of 250um and featured a polished back surface with a SiO, anti-reflection
coating applied. The performance of devices with different geometries and
mirror structures as well as arrays of SLED ridges are also discussed. These
measurements are compared with the theoretical results in Chapter 3. The
measurements in this chapter also help to illustrate the impact of the
fabrication process improvements made in Chapter 4.
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Figure 5.1: GaN surface emitting SLED on AIN mount under pulsed operation. The device
is mounted substrate side up and is emitting from both facets.

5.2 Experimental set up

The light-current-voltage (LIV) characteristics of the GaN SLEDs were
measured by probing the devices on wafer. The devices were placed on a glass
microscope slide with a Thorlabs FDS1010 silicon photodetector positioned
underneath. The detector was placed as close as possible to the bottom of the
sample to ensure all of the light from both outputs was collected. The
photocurrent was measured by a Keithley 2000 multimeter.

Bias was applied to the device using a coaxial probe to minimise electrical
reflections in the cable. The voltage source was a HP 8114A pulse generator.
The applied current was monitored using a inductive current clamp and
Tektronix digital 5 G H z oscilloscope. A schematic of the experimental set up is
shown in Figure 5.2.

The device was tested in pulsed operation to reduce the effects of Joule
heating. The pulse length was 220 ns applied at 45.5 kH z giving a 1% duty
cycle. The pulse length was chosen as it was the shortest pulse which the pulse
generator could provide while maintaining a square pulse shape.

For higher current testing required to drive the arrayed devices into
superluminescent mode a PICOLAS laser driver was used. This driver is
capable of providing pulses with up to 20 A amplitude.

DC measurements were taken using a Keithley 2400 sourcemeter which was
used as a current and voltage source.
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Figure 5.2: Schematic of experimental set up for measuring LIV characteristics of surface
emitting SLED:s.

5.3 Electrical characteristics

5.3.1 DC measurements

The IV characteristics of a 1 mm long GaN surface emitting SLED in DC mode
up to 100 mA are shown in Figure 5.3. The device turns on at 3.5 V and the as
the current is increased to 100 m A the voltage increases by 2 V. The current is
not increased above 100 mA in DC mode to avoid destroying the device.
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Figure 5.3: I-V curve of GaN SLED in DC mode.
High Power Superluminescent Light-Emitting 90 Rory Cahill

Diodes



5. CHARACTERISATION OF SLEDS 5.4 Optical power

Figure 5.4: Square pulse of current 220 ns long delivered to SLED measured using 5 GH z
oscilloscope. The rise time of the pulse is 5 ns and the fall time is 10 ns.

5.3.2 Pulsed characteristics

Figure 5.4 shows an electrical pulse measured on the oscilloscope. The pulse
shows a square wave shape. The impedance mismatch between the 50 (2
pulser output channel and the device caused reflections in the cable initially;,
distorting the pulse shape. A 47 () resistor was introduced in series with the
3(2 device which improved the pulse shape resulting in a measurable square
pulse. Packaging the devices and minimising cabling would help to improve
this pulse further in future devices.

5.4 Optical power

The optical power measurements in pulsed mode were taken manually,
increasing the current in increments of 100 m A and taking the power reading
from the multimeter.

The L-I curve in Figure 5.5 shows that the devices enter the superluminescent
regime when 300 mA of current is applied. The current density then required
to induce superluminescence in the material was 10 kAcm 2. After this point
the optical power increase is superlinear with respect to applied current.

Under pulsed operation the SLEDs were stable up to 1.5 A of current which
was the limitation of the equipment used. The maximum recorded optical
peak power of 2.2 W was recorded at this current. This power was verified by
using a thermopile.

The high optical power is a testament to the high crystalline quality of the
material. The low defect density means there are fewer losses in the
waveguide and allows for a high net gain to be achieved.
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Figure 5.5: Light-current-voltage characteristics of GaN based surface emitting SLED.

Another factor is that a broad spectrum can be maintained even at these high
output powers, through a combination of the turning mirrors and
antireflection coating. The onset of parasitic lasing is a limiting factor of the
optical power which can be obtained from edge-emitting SLEDs. The spectral
measurements are discussed in more detail in section 5.6.

5.4.1 Efficiency

Figure 5.6 shows the external quantum efficiency curve of the device as
current is increased. The efficiency of the device is constantly increasing with
current in this range suggesting that greater efficiency could be realised if
higher current pulses could be applied. The maximum EQE realised was 51%
at 1.5 A. The slope efficiency of the device above transparency is 1.5 W A™!.
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Figure 5.6: External quantum efficiency of blue SLED. The devices operates at maximum
efficiency at high current.

The device reached maximum efficiency well above the transparency current.
Finding ways to reduce the transparency current by changing the device
geometry could also help to realise a more efficient device. The 2.2 W of peak
optical power measured from these devices is the highest optical peak power
recorded from a GaN SLED to date.

5.4.2 Pulse length

As some longer pulse lengths are desirable for some application, the effect of
increasing the pulse length was investigated. While pulse lengths were
increased the 1% duty cycle was kept constant throughout the measurements.
The impact of increasing the pulse length is shown in Figure 5.7.

The ASE spectrum is redshifted with increasing pulse length and the optical
power decreases. The peak ASE wavelength redshifts by 3 nm from 416 nm to
419 nm as the pulse length is increased from 200 ns to 1500 ns. The red shift
is an indicator of significant heating in the device. Using the Varshni
equation [100]:

By = E,(0) —aT?*/(B+T) (5.1)
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Figure 5.7: ASE spectra of GaN SLED at 1.5 A with different pulse lengths. The duty cycle
is 1%.

with the material constants o = 1.29 x 107 3¢V K ! and 5 = 1280K a
temperature increase of 100°C is calculated at the junction as the pulse length
is increased from 200 ns to 1500 ns.

The increase in pulse length also led to an irreversible loss of output power
from the device. As the duty cycle was the same for each pulse length it is
clear that the degradation occurred during the pulse and was not due to a
buildup of heat over the course of multiple pulses. Decreasing the duty cycle
or frequency then would not improve the device performance at longer pulse
lengths. The requirement to improve longer pulse performance is for better
thermal dissipation to remove heat from the junction quickly before any
degradation can take place.

5.4.3 Mirror shape

The shape of the turning mirror trench had an influence on the optical power
which could be collected from the device. This is attributed to the slope of the
mirror sidewall being different depending on the curvature of the feature. As
discussed in Section 4.6.1, the photoresist profile depends on the curvature of
the pattern. The process was optimised to provide a 45° angle for a straight
sidewall with no curvature. Other mirror shapes where included however with
a curved sidewall in an attempt to better contain the light in the lateral
direction. These shapes are shown in Fig 5.8.
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Figure 5.8: SEM images of different mirror trench shapes for GaN SLEDs.

The different resist profile meant that shallower angles were etched and less of
the light was reflected inside the critical angle and was instead coupled into
the chip. The angles for the mirrors with radii of curvature of 20 pum and
50um were 39.3 ° and 40.8 ° respectively. The difference in L-I curves between
the different mirror shapes is shown in Figure 5.9. In the future, the etch
process should be optimised to provide a 45° angled sidewall for these curved
mirror features. The lower power observed for the curved mirror shapes
illustrates the importance of achieving a mirror etch close to 45°.
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Figure 5.9: Light-current characteristic of blue SLEDs with different turning mirror shapes.
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5.4.4 Device length

The length of the waveguide influences the output power and transparency
current of a SLED. Figure 5.10 shows the L-I characteristic of 1 mm and 2 mm
long SLED devices. As predicted by the model presented in chapter 3, the
shorter device enters the superluminescent regime at a lower current than the
longer devices. The greater contact area of the 2 mm device means a higher
current is required to reach the transparency current density.
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Figure 5.10: Light-current characteristics of 1 mm and 2 mm long GaN based surface
emitting SLEDs compared with theoretical model.

Above transparency the 2 mm device shows good agreement with the
theoretical model. Once the longer device is driven above transparency, the
optical power increases more rapidly with current than the 1 mm device due
to the longer gain medium. It would be expected that driving the devices to
higher currents would result in the 2 mm device becoming relatively more
efficient than the 1 mm device.

The fit was achieved by editing the linear gain coefficient « which is described
in Chapter 3. This was tweaked until the 1 mm device from the simulation
matched the experimental measurement. The 2 mm simulation was then run

using the same a value to produce the result shown in Figure 5.10.
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5.5 Spectra

The electroluminescence spectra of the GaN SLED were measured using a high
resolution ANDO spectrometer. This spectrometer provided a resolution of 0.2
nm which was confirmed by measuring the spectrum from a laser diode with a
peak wavelength at 420 nm The experimental setup was similar to that
described in 5.2 with a lensed fibre optic cable in place of the silicon
photodetector. The spectra were measured on the same device before and after
the application of antireflection coating. No external polariser was used in
these measurements.

For the measurements of spontaneous emission spectra, the fibre optic cable
was used to collect light from the top side of the device to reduce the amount
of ASE collected. An external polariser was also used to filter out any excess
ASE which was being collected. The spontaneous emission spectra were
measured using an Ocean Optics digital spectrometer with a resolution of 2
nm, as the high resolution was not required to detect peaks in this case.

5.5.1 Antireflection coating

Figure 5.11 shows the evolution of the emission spectrum of a GaN SLED
without any AR coating applied to the back surface with current. The spectrum
narrows significantly above 750 m A and continues to narrow with increasing
current. This is evidence of parasitic lasing in the chip. After this observation a
SiO; AR coating with a thickness of 43 nm was applied to the back surface.
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Figure 5.11: Electroluminescence spectra of blue surface emitting SLED (a) before and (b)
after the deposition of antireflection coating.

Figure 5.11 shows that the AR coating significantly reduced the effects of
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parasitic lasing. The AR coated device maintains a broad smooth emission
spectrum with a FWHM of 6 nm up to the maximum driving current of 1.5 A.
This stability of the spectral quality is what allows the SLEDs to reach such
high optical powers. The non-AR coated example above shows that parasitic
lasing can cause extreme narrowing and roughening of the spectrum
effectively limiting the power of the device while in SLED mode to what can be
accomplished below 750 m A as once parastic lasing has begun the device can
no longer be considered a SLED. The broad smooth spectrum which is
maintained at these very high optical powers suggests that the combination of
AR coating and turning mirrors are very effective in preventing feedback in the
device. The AR coating also appears to boost the amount of spontaneous
emission which is extracted due to less light being trapped in the chip by total
internal reflection. The spontaneous emission continues to increase with
current up to the highest applied current density of 100 kAcm ™. This suggests
that the carrier population is not yet saturated and that additional gain is
possible if higher current densities can be applied.

Figure 5.12 shows the emission spectrum from the SLED at maximum power
on a linear scale. The spectrum shows that the ASE is the dominant
contribution to the total optical power. The peak wavelength is at 416 nm.
This is red shifted with respect to the peak of the spontaneous emission
spectrum. This is a result of the lower energy states being filled more quickly
as carriers are injected and being amplified more readily. A red-shift is visible
in the AR coated spectrum as current increases. This is due to heating in the
device.
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Figure 5.12: Electroluminescence spectrum of AR coated GaN SLED at 1.5 A.

5.6 Carrier population

5.6.1 Gain

The optical gain curve was extracted from the L-I curve in Figure 5.5 using
Equation 2.21. From this the material loss at transparency (300 mA) could be
calculated as 25 cm~!. It is assumed, based on results from SILENSe
simulations, that the material loss remains approximately constant regardless
of the applied current density.

It is notable that the gain continues to increase well above transparency. This
is indicative of an increasing carrier population in the QWs. It might then be
expected that Auger recombination would begin to cause a droop in efficiency
as the current density is increased. This however is not observed. A potential
explanation for this is that stimulated recombination is dominant in this
regime. The stimulated recombination rate is directly proportional to the
photon density [66] which increases exponentially above transparency with
carrier density. This means that once the devices enters the superluminescent
regime the level of stimulated recombination will increase rapidly with
increasing carrier density due to the higher number of photons in the

waveguide available to induce recombination. The stimulated recombination
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Figure 5.13: Extracted optical gain curve from SLED L-I measurement and theoretical gain
curve for 2 InGaN QWs.

increases even more rapidly than the Auger recombination which goes with
the carrier density cubed, meaning only a small portion of the injected carriers
go to Auger recombination. This would agree with the predictions of the
model presented in Chapter 3 as well as other recent models on GaN based
SLEDs [62] and laser diodes [101].

5.6.2 Spontaneous emission spectra

The spontaneous emission from the device was measured from the top side of
the device to reduce the collection of ASE which is emitted through the back
side of the device. A polariser was used to filter out any ASE light which may
have been scattered and collected by the detector. This works as the stimulated
recombination produces photons with identical polarisation. If these photons
are scattered into the detector they will still have the same polarisation as one
another. Using a polariser then will eliminate the ASE while allowing for most
of the randomly polarised spontaneous emission to be collected.

The evolution of the spontaneous emission with current is shown in Figure
5.14. It is evident that the spontaneous emission intensity is not saturated
even at very high current density. This is an indication of increasing carrier
density which is in agreement with the gain curve which suggests that
although the gain is beginning to roll over it has not yet fully saturated at 1.5
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Figure 5.14: Electroluminescence spectrum of AR coated blue surface emitting SLED.

A. The inital blue shift of the spontaneous emission peak from 412 nm to 405
nm is attributed to the screening of the inbuilt piezoelectric field by carriers in
the QWs, thereby reducing the effects of the quantum confined Stark effect.
The ensuing redshift at higher currents from 405 nm to 410 nm is attributed
to device heating.
The spontaneous emission spectra can be used not only to provide information
on the carrier population in the QWs but also the temperature of the carriers.
By taking the logarithmic slope of the high energy side of the spontaneous
emission spectrum the carrier temperature can be extracted using the
relation [102]: din(1) X

n
dhv KT, (>-2)

Using the spontaneous emission spectra above it was calculated that the

device temperature increases by 100°C between transparency and maximum
power. Using the Varshni equation and to calculate the increase in
temperature by measuring the redshift of the spontaneous emission peak also
gives an increase of 100°C between these two driving currents.

Figure 5.15 shows the spontaneous emission intensity versus current. The
spontaneous emission continues to increase above transparency up to the
maximum driving current of 1.5 A. This is an indicator that the carrier
population continues to increase above transparency. This shows that the
carrier density dependent gain is not clamped at transparency. This is a result
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Figure 5.15: Integrated intensity and peak wavelength of the spontaneous emission spec-
trum versus current.

of the low reflectivity facets preventing photon roundtrips in the waveguide.
Relatively low photon density in the middle of the waveguide allows for the
carrier population to increase in this region with increasing current even if it is
clamped near the ends of the waveguide.

5.7 Near and Far field characteristics

The beam quality of a SLED is a distinct advantage it has over conventional
LEDs. Low divergence allows for efficient coupling of high power into fibre
optic cables. This combined with the small etendue of a SLED mirror or facet
can provide far superior fibre coupling than an LED.

5.7.1 Near field

Near field measurements were taken using the setup outlined in section 5.2
with a lens and CCD camera in place of the silicon photodetector. A test
sample with circular patterns was placed above the CCD in place of a SLED
sample backlit using a white light source. The camera was focussed on these
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circular features to ensure the focal plane was correct for a near field image.
The test sample was then replaced with a SLED device.

The device was switched on and snapshots were taken at different levels of
driving current to record how the light output varied with current. Figure 5.16
shows the evolution of the SLED near field with current. The images show that
initially when low current is applied and spontaneous emission is the
dominant recombination factor, most of the light is coming from the ridge
waveguide. As the intensity is increased closer to transparency, the turning
mirrors become visible. Above transparency the light being reflected from the
turning mirrors becomes the dominant light source as ASE becomes the
dominant recombination process in the device. At maximum power the
spontaneous emission from the ridge is negligible with respect to the amplified
light from the turning mirrors. This is evidence that the device has a small
etendue with most of the light coming from the turning mirror which has an
emitting area of 80 pum?.

(@) () ©

Figure 5.16: Near field images of the end of surface emitting SLED waveguide at (a) 300
mA, (b) 750 mA (c) 1200 mA.

Near field images were also used to investigate the carrier population effects
described in Chapter 2. A decrease in spontaneous emission intensity would be
an indication of decreased carrier density in a given region of the device. It
was required for this measurement to measure the spontaneous emission only,
and not the amplified light as the spatial distribution of ASE intensity would
not be related to the carrier density distribution.

In order to avoid measuring any amplified light, a copper plate with a 1 mm
wide slit in the centre was placed underneath the device with the ridge
oriented perpendicular to the walls of the slit. The centre of the ridge was
aligned with the centre of the slit so that both turning mirrors were blocked
from the view of the camera by the copper plate. The images collected were
then of the spontaneous emission from the ridge waveguide only.
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Near field images of the ridge are shown in Figure 5.17. As the current is
increased the spontaneous emission intensity increases. The intensity profiles
show that as the current is increased while the spontaneous emission intensity
increases it also becomes more non-uniform across the waveguide. At and
below transparency the intensity profile is flate across the ridge while at high
current the spontaneous emission intensity peaks in the centre of the
waveguide with and decreases towards the end. This is evidence of high
photon densities at the end of the waveguide due to ASE causing higher levels
of stimulated recombination near the ends of the waveguide which leads to
lower carrier density in these regions.

Figure 5.17: Near field image of blue SLED ridge at 1.5 A.
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Figure 5.18: Intensity profile showing lower levels of spontaneous emission near ends of
SLED waveguide.

5.7.2 Far field

The far field characteristices of the device were measured in a similar manner
to the near field measurements. The circular test sample was focussed on
using the lens and CCD camera. A scattering element then replaced the test
sample, with the device positioned 10 ¢m above. Figure 5.19 shows the far
field characteristic of the device at maximum power. The divergence from a
single facet is 15° x 7°. The distance between the facets means the device
behaves as two separate point sources. Ideally for efficient fibre coupling all of
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the emission would be from a single facet to minimise the etendue.

The far field shows much higher intensity emission from one facet than the
other. The facet on the right exhibits approximately three times higher light
output than the left facet. This is due to a passive absorbing region before the
left facet, which serves to reduce the impact of reflections in the waveguide.
This asymmetry shows that higher powers could be achieved if this absorbing
region is removed, however additional care would need to be taken in order to
prevent reflections and the formation of a cavity.
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Figure 5.19: Far field emission characteristic of blue surface emitting SLED at 1.5 A.

5.8 SLED arrays

This section presents results obtained from surface emitting SLED arrays.
These devices comprise of multiple ridge waveguides arrayed under a single
bondpad with a shared turning mirror. The devices are driven simultaneously
with the objective of attaining higher optical power than a single SLED device
from a similarly small emitting area. The devices require higher currents to
reach the superluminescent threshold as the active area of the device is larger.
This required the use of a high power Picolas laser driver to deliver high
amplitude pulses.

5.8.1 L-I-V Characteristics

Figure 5.20 shows the L-I characteristic of the two-ridge and three-ridge SLED
arrays. The devices shows a much larger threshold than the single-ridge device
as expected, with superluminescence being achieved at an injection currents of

750 mA and 1.3 A respectively. The increase in power above transparency is
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large with a slope efficiency of 0.8 W A~! for the two ridge device. Maximum
optical peak powers of 1.2 W for the 2 ridge array and 1.05 W for the three
ridge array are measured at 3 A. The devices tended to break down at currents
higher than this. This was most likely due to large amounts of power being
converted to heat. At 3 A with an operating voltage of 9 V' the applied power
electrical is 27 W. With just over 1 W of optical power being detected this
suggests that the remaining 26 W is converted to heat. This heat causes a
failure of the p-contact resulting in a short circuit.
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Figure 5.20: Light-current characteristic of multi-ridge SLED arrays.

5.8.2 Spectra

Figure 5.21 shows the spectrum from a three ridge SLED array in pulsed
mode. The ASE peak can be seen to emerge at 1.1 A with a peak at 415 nm.
The peak remains broad a smooth up to the maximum output power with a
FWHM of 6 nm. At the maximum power, the ASE peak has redshifted to 418
nm due to heating in the chip. This is an indicator that the turning mirror is
preventing feedback in the ridges and that reflections are not occurring
between the ridges.
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Figure 5.21: Evolution of electroluminescence spectrum of 3 ridge SLED array with current.

5.8.3 Near field

Figure 5.22 shows the evolution of the near field pattern of a two ridge SLED
array under different injection currents. The turning mirror lights up when the
device is driven above transparency at 700 mA. Similarly to the single ridge
device, an interference pattern is visible due to the single slit diffraction effect
from the light striking the turning mirror. The yellow luminescence which is
visible is due to light being absorbed and down-converted in areas of the
substrate with a high defect density.

Figure 5.23 shows the same evolution for an array with three ridges. The near
field shows that the ridges are emitting approximately equal levels of light.
[llumination is not observed between the ridges This shows that the current is
not driving any ridge preferentially over the others, suggesting that the plated
bondpad is making good uniform contact with each ridge and that the ridges
are well isolated from one another by the SiO, layer. The even distribution of
current across the three ridges is confirmed at transparency, where three
distinct interference patterns are visible at the mirror. This shows that all three
ridges have been driven above transparency simultaneously.
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Figure 5.22: Near field images of two-ridge SLED arrays at (a) 400 mA, (b) 800 mA and
(c) 1200 mA.
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Figure 5.23: Near field images of three-ridge SLED arrays at (a) 500 mA, (b) 1000 mA
and (¢) 1500 mA.

5.9 Failure analysis

Over the course of this project, SLEDs were fabricated on different wafers. The
results presented above represent the best devices fabricated on the wafer
described in Chapter 4. Other devices fabricated on different wafers could not
provide the same optical power, efficiency or reliability of these devices despite
very similar or identical processing. The reasons for this are investigated in
this section. The wafers which are examined are; Wafer 1 which was used to
fabricate the best performing devices whose characteristics are presented
above; and Wafer 2 which had very similar processing, but did not provide the
same high optical power or reliability at high current density.

One of the characteristics of the poorer devices was to short circuit at high
current density. This effect is shown in the I-V curves in Figure 5.24. After high
current density had been applied with the pulser generator, the contact broke
down creating a path for the current from p to n contact without passing
through the junction.
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Figure 5.24: V-I curves of SLED devices before and after shorting due to high current

application

The spontaneous emission spectra of the wafers used in these runs were also
compared. The evolution of these spectra with current is shown in Figure 5.25.
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Figure 5.25: Spontaneous emission spectra of (a) wafer 1 and (b) wafer 2.

A clear double peak is seen in the wafer 2 spectra with the high energy peak at
405 nm becoming more prominent as current is increased. This is evidence of
an imbalance in the carrier populations of each QW, possibly due to a
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difference in thickness. If one QW is dominating with a higher carrier
population it will be the main contributor to the gain while the other QW is a
source of losses in the waveguide. This decreases gain and increases the
transparency current density.

Wafer 2 also provides a lower spontaneous emission intensity than Wafer 1. A
lower level of radiative recombination means that more of the electrical power
being applied is converted to thermal energy. This causes the device to heat up
reducing reliability and causing local failure of the metal contact.

These results show the importance of high quality growth. As high levels of
current density are required to provide gain, defects which result in
non-radiative recombination can have a significant impact on the performance
of a SLED.

The lower p-doping in the more recent wafers may also have prevented the
devices from reaching the same levels of optical power as the best performing
devices. The higher resistance on the p-side results in a higher bias required to
drive the electrons into the active region. This extra bias means the difference
between the injected electron energy and emitted photon energy is greater
than in the sample with higher p-doping. This extra energy is released as heat.
This extra heat may reduce the gain in the active region [103]. If this extra
heating is more significant than the reduction in modal loss due to lower Mg
doping, the device will be less efficient. Achieving the right level of p-doping
for the optimum balance of low waveguide loss and high power conversion
efficiency should clearly be a priority in the design of an epitaxial structure for
SLED fabrication.

5.10 Summary

The results presented in this chapter indicate the potential of blue surface
emitting SLEDs as a high-power, directional, low-coherence light source.
Record optical peak powers for a SLED of 2.2 I/ are measured in pulsed
operation at 1.5 A. The device shows external quantum efficiency close to
50%. A broad, smooth emission spectrum is maintained up to the maximum
output power with a FWHM of 6 nm. This shows the effectiveness of the
combination of the angled etched facet turning mirror and AR coating in
preventing feedback in the device. This ability to prevent parasitic lasing
allows for one of the principal barriers to Watt-class SLEDs to be overcome as
spectral modulation and lasing often onset before device failure. The results
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indicate the high levels of optical gain which can be provided by InGaN QWs.
While a high bias is required to drive the devices, the high separation of the
quasi-Fermi levels means the excited carrier density will be high, generating
high gain in the material.

The broad emission spectrum makes the GaN surface emitting SLED a
potential source for pico-projection, BCEAS or OCT. With a central wavelength
of 416 nm and a FWHM of 6 nm the temporal coherence length of the light
from these devices is 12 um. The use of a different active region based on
quantum dots or quantum well intermixing could help to further broaden the
spectrum and reduce the coherence length.

The near field and far field measurements show the high directionality of the
devices. There is potential for efficient fibre coupling of the devices for use in
integrated systems. In the future, the integration of micro-lenses onto the back
side of the substrate could provide better beam quality for more efficient
coupling or better beam quality for free-space applications. The integration of
colour converting technology onto the back surface could also provide a
directional light source for pico-projection and other display and solid state
lighting applications.

Arrays of SLED ridges under a single bondpad are demonstrated for the first
time. The arrayed devices are driven simultaneously with a shared turning
mirror. The results show a device capable of supplying high optical peak
powers in excess of 3 W in pulsed operation. SLED arrays present an
alternative to lengthening device to increase the power output. The advantage
of these devices over longer devices is the ability to obtain higher power
without increasing the device footprint.
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Chapter 6
Conclusion and future work

The aim of the research presented in this thesis was to study high power
superliminescent light-emitting diodes both for their potential applications as
a light source for the applications outlined in the introduction, and to further
the understanding of the fundamental physical properties on which these
devices are based.

It is demonstrated that surface emitting design can allow for high optical peak
powers to be obtained from a SLED. The dual output nature of a surface
emitting design combined with the excellent feedback suppression provided by
the angled turning mirrors allow for high power without being impacted by
parasitic lasing. Optical powers over four times greater than the previous
record are reported for which the suppression of parasitic lasing and dual facet
design is credited. The results in the modelling chapter of indicate the
optimum device geometries and wafer structures for GaN based SLEDs.
Recommendations are also made for the design of SLEDs using different
materials such as GaAs and InP.

This thesis also presents the optimisation of processing steps which can be
applied more generally to the fabrication of GaN based laser diodes.

The following chapter summarises the main results from chapters 3,4 and 5
before giving recommendations for future work in section 6.2.

6.1 Overview of the results presented

Chapter 3 focussed on the implementation of a numerical model to simulate
the performance of SLEDs with different design parameters. The model used
the dynamic interactions between the photon density and carrier density in the
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waveguide to find a steady state solution for the longitudinal distribution of
carriers and photons. This was then used to calculate the average gain in the
waveguide.

The model showed the importance of using numerical calculations to model
SLEDs as it allowed for the non-uniformity of the longitudinal carrier density
and photon density to be accounted for. Using a uniform carrier density model
is shown to overestimate the potential optical power, particularly in longer
devices where the discrepancies f orders of magnitude are observed.

The effects of device geometry were examined. The results showed that
increasing the waveguide length can increase output power but suffers from
lower efficiency when currents less than several amps are applied. Increasing
the length is also shown to increase the level of modulations in the emission
spectrum. Shorter cavity lengths are recommended for GaN devices to reduce
the transparency current while longer cavity lengths are recommended for
GaAs and InP devices to maximise the single pass gain.

Increasing the ridge width was shown to be a useful method of achieving
higher power by increasing the emitting area. Once the confinement factor is
close to the maximum however, increasing the ridge width further has few
benefits as the transparency current will increase proportionally to ridge width.
The effect of the number of QWs was simulated with fewer QWs appearing to
be the best solution for GaN devices as they have a lower transparency current
density. The effect of waveguide loss was also examined. It was shown that
reducing the loss can allow for significant improvements in output power due
to higher net gain.

Chapter 4 reported on the fabrication of surface emitting GaN SLEDs and the
optimisation of the key process steps.

The optimisation of the Pd p-contact is described. A KOH cleaning step and
thermal annealing helped to improve the stability and contact resistivity of the
p-contact. It was also shown that using the Pd as a hard mask for the ICP ridge
etch did not affect the contact resistivity.

The photoresist reflow effect was modelled in 3D using a soap film model. The
results were used to design the mirror etch trenches for the SLEDs. The model
also has other applications for micro-LED and micro-lens design. An ICP etch
was developed to provide smooth angled sidewalls for the SLED turning
mirror. The importance of bondpad plating for thermal dissipation is also
discussed in Chapter 4.

Chapter 5 discusses the characterisation of surface emitting SLEDs based on
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freestanding GaN substrates. In this chapter record levels of optical peak
power for a SLED are reported. The device produced 2.2 W of optical peak
power under pulsed operation. The results also showed that the combination
of turning mirror and antireflection coating are very effective in preventing the
formation of Fabry-Perot modes. No evidence of parasitic lasing was seen in
the emission spectrum up to the maximum power. The device also exhibited
high spatial coherence. High levels of heating were noticed in the device by
analysing the spontaneous emission spectra which illustrate the need for
effective package to manage heat dissipation.

6.2 Recommendations for future work

This work has resulted in the demonstration of the first surface emitting SLED
based on GaN. One of the advantages of the surface emitting nature is the
potential to integrate other technologies onto the back surface of the chip. As
the light emitted is high energy blue light, colour converting phosphors could
be integrated to provide a white light or RGB source. This could be achieved
using colour converting colloidal quantum dots which have been
demonstrated in conjunction with SLEDs as a potential source for solid state
lighting and displays [104,105]. Remote pumping of YAG phosphors is
another alternative which could make these devices a useful source for SSL
applications [39]. The high power and directionality of the SLEDs makes them
an ideal pump source for these colour converters and so this should be
investigated further in the future.

Similarly the integration of micro-lenses onto the back surface should be
considered. These optics could further improve the directionality of the SLEDs
and help to provide efficient fibre coupling which is crucial for applications
such as OCT.

The results presented in chapter 5 show the need for an effective packaging
solution for the surface emitting GaN SLEDs. Heating at high currents
prevented the devices from operating in CW mode or with longer pulse lengths
and higher duty cycles. This limits the applications for which the device can be
used as a light source. Future work should focus on developing a package
which quickly moves heat away from the ridge, preventing failure of the
contact. The package should also allow for easier operation of the devices as
the current method of probing is not suitable outside of a research
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environment.

Further work is also required on the optimisation of the p-contact. While
improvements were made over the course of this PhD project, low resistivity
will be required if the GaN SLEDs are to operate in CW mode above
transparency. Rapid thermal annealing and use of a sacrificial Pd layer are two
techniques which should be investigated to make progress in this area as they
have shown promising results elsewhere [80, 106].

The work in Chapter 3 revealed the potential of different epitaxial structures
and device geometries for GaN SLEDs. In the future a SQW structure should
be examined as a means to reduce the transparency current density. As well as
optimising the number of wells, the p-doping should be optimised. As
observed in Chapter 5, wafers with a lower level of p-doping can result in
lower power conversion efficiency due to high bias required to drive the
device. Increasing the p-doping however can lead to increased losses in the
waveguide due to modal overlap with the Mg dopants. Finding the best
balance between low loss and high power conversion efficiency will be crucila
to the further development of these devices. Some potential solutions to this
issue include superlattice cladding layers [107], InGaN barrier layers between
the QWs [108] and tunnel junction contacts [109].

Experimenting with different ridge geometries could allow for the realisation
of higher optical powers, low transparency current densities and broader
emission spectra. Further investigation into the effects of ridge geometry by
device fabrication would allow for a deeper understanding of how SLEDs work
and potentially provide suitable light sources for the myriad applications
outlined in Chapter 1. For example shorter cavity lengths could be used to
provide the broad spectrum required for imaging and OCT applications while
longer ridge lengths could be used for applications where optical power takes
precedence over spectral quality e.g. projection or BECAS.

The surface emitting SLED design should also be extended to other material
systems. Using the recommendations from Chapter 3, GaAs and InP based
SLEDs should be fabricated to produce high power, directional, broad
spectrum sources in the red and IR parts of the spectrum. High power SLEDs
emitting in this part of the spectrum could be highly beneficial for LIDAR
systems [110,111]. The ability to test these devices on wafer also provides the
potential for cost savings over conventional edge emitting lasers which require
cleaving and packaging prior to testing. This attribute could make surface
emitting SLEDs a cost effective replacement for laser diodes in many areas.
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Personal reflection

I would like to use this section to reflect on my experience of doing a PhD. This
project has without doubt been the most challenging thing I have ever done. It
has also, however, been the most fulfilling and satisfying. I have learned so
much about physics, research, other people and myself over the past few years.
I enjoyed working at something which is completely new. I had to become
more independent and self-reliant in my work. Figuring out a problem, or
lighting up a newly fabricated device gave me some moments of genuine
euphoria. These moments were more than enough compensation for the more
frustrating times.

I gained a new appreciation for the effort that goes into developing a new
technology and discovering new knowledge. I realised that it is not a sudden
eureka moment which brings us forward but more often several small steps. I
had to learn to be more collaborative. I was lucky to be part of an excellent
group who taught me much more than I could have ever learned alone. Most
of all I learned never to stop questioning or trying to learn more.

I gained confidence in myself by interacting and debating with people who are
leading in their field. I learned so much through discussions with my
supervisors and others at UCC and beyond at conferences and workshops. The
opportunities to speak publicly and defend my work allowed me to understand
my work more clearly and develop my speaking skills.

I think the experience has changed me as a person, and not just as a scientist. I
have learned to be more patient and diligent in all facets of my life. It has
made me more open to new challenges and experiences. I am thoroughly glad
to have had the chance to do this PhD and I feel like I am a better person for it.
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Appendix A

MATLAB script for SLED simulation

NO=1.5%x10"18; %equal to tau/gxd, reduced by a factor of 1078 to
allow for computations

Ntr= 7x10718; Stransparency carrier density

gam = (1—(1/(1+(3*w/1.4)"2.25)));%0ptical confinement factor

R1=0.0001;%front facet reflectivity

R2=0.0001;%back facet reflectivity

neff = 2.4; %refractive index

a = 1.5%10"(—16); %gain coefficient, increased by a factor of 1078
to compensate for reduction in carrier density

p = 1.125%10"(—16); %normalising factor equal to cxaxtau

dL = 0.000001; S%segment length

L = 1000; %device length in microns

b = 2500; %loss

B 10~ (—11); %bimolecular recombination coefficient

beta = 0.01; %spontaneous emission coupling factor

c = 3x1078;%speed of light

pow = 4.2x10"(—15); %converts photon density to power in Watts

kcount=0;
N=ones(1,L)*NO;

S=zeros(1,L);
S_sat = 0.015;

130



A. MATLAB SCRIPT FOR SLED SIMULATION

for q = 1:1:50 %this loop sweeps the current density from 1 to 50
kcount=q; %kcount sets the current density in A cm™—2
G(1l)=axNO/L; %initalises gain array
Pout(1)=0; %initialises output power array
diff = 1;%initialise tolerence for convergence loop
i=2; %initialise counts for convergence loop

while diff>0.01 && 1<1000 %this convergence loop gets the steady
state photon and carrier densities and average gain
Car(1l) = NO;

for j=1:L
N(j)=(Nox(kcount/(1l+kcount/30))/(1+((p*S(j)))));%
carrier density distribution
G(kcount)=gam*axmean(N) ;%average modal gain
S(j)= ((betaxBx(N(j)"2))/(G(kcount)))x*(exp((G(
kcount)—b)*jxdL)+exp((G(kcount)—b)*(L—j)=dL))/c;
%sphoton density distriubtion
Car(i) = mean(N); %initialises average carrier
density
diff = (abs(1—(Car(i)/Car(i—1))));%assigns new
value to difference between carrier density in
last loop and latest loop
i = i+l;%increments i for next loop
end
end
% G(kcount+1)=100*(D+(CD)/(1+((sum(N)/L)/(x0xL/1000)))"p);
Gsp(q)=exp((G(q)—b)x*LxdL);
Pmax(q)=(((kcount/(1+((kcount)/30)))/(G(q)—b)))=*(Gsp(q)—1)*((1-R1)
* (R2xGsp (q)+1)/ (1+(R1xR2xGsp(q) )*2—2+R1xR2xGsp(q)) ) ;
Pmin(q)=(((kcount/(1+((kcount)/30)))/(G(q)—b)))=*(Gsp(q)—1)*((1-R1)
* (R2*xGsp(q)+1)/(1+(R1xR2xGsp(q))"2));
Dmod(q)= 1-Pmin(q)/Pmax(q);
G(kcount+l)=axmean(N)/(1+(mean(S)/S_sat));
Pout (kcount)=pow*xS(L);

end
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